STRATEGIC
ANTISUBMARINE WARFARE
AND NAVAL STRATEGY

Tom Stefanicl

Institute for Defense & Disarmament Studies

Lexington Books
D.C. Heath and Company/Lexington, Massachuserts/ Toronto



Library of Congress Cataloging-in-Publication Data

Stefanick, Tom.
Strategic antisubmarine warfare and naval strategy.

Includes index.

1. Anti-submarine warfare. 2. Fleet ballistic missile
weapons systems. 3. Naval strategy. 4. Nuclear
warfare. 5. Nuclear disarmament. 6. Underwater
acoustics. 1. Title.

V214.874 1987 359.4°3 86-45596
ISBN 0-669-14015-5 (alk. paper)

Copyright © 1987 by Institute for Defense & Disarmament Studies

All rights reserved. No part of this publication may be reproduced or
transmitted in any form or by. any means, electronic or mechanical,
including photocopy, recording, or any information storage or retrieval
system, without permission in writing from the publisher.

Published simultaneously in Canada

Printed in the United States of America

Casebound International Standard Book Number: 0-669-14015-5
Library of Congress Catalog Card Number: 86-45596

The paper used in this publication meets the minimum requirements of
American National Standard for Information Sciences—Permanence of
Paper for Printed Library Materials, ANSI Z39.48-1984,

™

878889909187654321



You have seen 688 class submarine. It is a mean
looking machine. They are paranoid about that big black
submarine.
Adm. Kinnaird McKee
Congressional testimony
May 1984

The Soviet Union will not allow any disruption of the
present military-strategic balance in peacetime, and in a
war it will always be ready to take crushing retaliatory
action against any aggressor.

G. M. Sturua

«grrategic ASW: American

Views and Policies”
February 1985

It will come,
Humanity must perforce prey on itself,
Like monsters of the deep.

william Shakespeare
King Lear
First performed in 1606
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Foreword

Randall Forsberg

Executive Director
Institute for Defense & Disarmament Studies

Tom Stefanick has performed an exceptionally useful service for all concerned
with the issues of peace and arms control: He has identified the major differ-
ences between the United States and the Soviet Union in the vulnerability of
strategic submarines (SSBNs) and in strategy and forces for conducting stra-
tegic antisubmarine warfare (ASW).

For too long, Western analysts have tended to assume, without hard evi-
dence, that Soviet SSBNs, like their US counterparts, were virtually invulner-
able to detection. The first detailed, unclassified study to investigate this
critical assumption, Stefanick’s work shows that throughout the past 30 years,
Soviet SSBN's have been much more vulnerable to detection than US SSBNs.
Stefanick’s study also shows that threatening Soviet strategic submarines has
been a deliberate part of US naval strategy. Among other things, there are plans
to send US attack or “hunter-killer” submarines, which are quieter than their
Soviet quarry, into areas near Soviet SSBN ports. There they can, in theory,
detect, trail, and destroy exiting submarines of all types, ignoring the risks that
would be involved in attacking SSBN. Alternatively, they could be directed to
discriminate by sound signature between strategic and nonstrategic submarines
and limit their attacks to the latter.

The vulnerability of Soviet SSBNs has undoubtedly had a profound
impact on other aspects of Soviet policy. It has certainly increased Soviet
reliance on land-based ICBMs. It has probably made the Soviet Union reluc-
tant to accept fully symmetrical quantitative limits on strategic forces. Together
with other factors, it may have influenced the size and composition of the
Soviet general purpose Navy, which is designed in part to provide defensive
barriers around SSBN deployment regions. (The US Navy has no counterpart
to this mission.)

For years, the goal of arms control has been to increase crisis stability—
making the use of nuclear weapons in a war or crisis extremely unlikely—while
the goal of US nuclear policy has been to make escalation to acts of nuclear
warfighting plausible, in order to help deter an East-West conventional war.
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Strategic ASW is just one of the varied means of implementing the long-
standing US policy of extended deterrence. Perhaps more than any other fea-
ture of US nuclear-warfighting capability, however, strategic ASW tends to
erode the firebreak between nuclear and conventional war. For clandestinely
destroying a strategic submarine carrying up to 200 nuclear warheads, using a
conventional torpedo fired from an attack submarine, blurs the st arp line that
we typically draw in our imaginations between nuclear and conventional war.

Given the risk that strategic ASW might lead to a general nuclear war, it is
reassuring to learn from Stefanick’s study that the vulnerability of Soviet
SSBNs is declining. For some time it has been widely known that Soviet SSBN's
became somewhat less vulnerable to detection in the 1970s, when long-range
missiles allowed them to begin operating in shallow northern seas, instead of
mid-ocean areas, where the deep sound channel can carry submarine noise for
hundreds of miles. The new evidence assembled by Stefanick indicates that
Soviet SSBN's have become even less vulnerable in the 1980s, and are likely to
continue the trend in the 1990s. This is due to increased Soviet emphasis on
submarine quieting, and diminishing returns to the US submarine quieting and
sonar programs, as they approach the physical limits of achievement.

Stefanick concludes with several recommendations for US policymakers. He
proposes that the US Congress mandate a study of the control of strategic
ASW. He argues that the United States should stop contemplating threats to
Soviet strategic submarines as an indirect means of forcing the USSR to end a
conventional war. He observes that although in the near future Soviet general-
purpose naval forces, especially new, quiet submarines, may be tied down
defending SSBNs, this is unlikely to be so in the next century, given steady
improvements in Soviet SSBNs. He concludes that such ““tie down” should not
be assumed in planning future US naval forces. Stefanick also points out that
in order to strengthen US ASW capabilities against the increasingly quiet
Soviet submarines of both types (strategic and general purpose), greater empha-
sis must be given to “distributed” airborne and fixed systems. Such systems
will do much more to improve tactical ASW, aimed at defending the sea lanes
across the Atlantic and the Pacific, than to strengthen capabilities for strategic
ASW.

Stefanick’s concluding recommendations stress technical developments and
policy changes that tend to improve US military or naval efficiency while
reducing the far forward ASW operations that threaten strategic submarines.
Similarly, Stefanick’s analysis of potential bilateral arms control measures to
reduce or prevent strategic ASW stresses incentives for the US Navy to agree.
He argues, for example, that limiting the ratio of each side’s SSNs relative to
the opponent’s SSBNs might be “in US interest” because the United States
“will be facing a decline in its technical advantage” over Soviet SSN's; and he
dismisses SSBN sanctuaries on the grounds that they would release Soviet
general purpose forces for other uses and would not benefit the already secure
US SSBNs.
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The most basic point raised by Stefanick’s study is whether the conduct of
strategic ASW in a time of severe crisis or conventional war will increase the
risk of a general nuclear war. Although concerned about this possibility, Stefan-
ick concludes that US attacks with conventional weaponry on Soviet strategic
submarines are not likely to provoke the use of nuclear weapons by the USSR,
for several reasons: large-scale Soviet nuclear attacks on US cities would be
suicidal; Soviet nuclear attacks on US aircraft carriers carrying nuclear weap-
ons would not be necessary to sink or disable the carriers; and use of Soviet
nuclear weapons against US attack submarines or other naval forces might start
a tactical nuclear war near Soviet territory.

These points are plausible. The firebreak between conventional and nuclear
war may hold, even if many Soviet strategic submarines are sunk by US forces
in a war, because Soviet use of nuclear weapons is not a rational response.
However, in a time of war or crisis, control and information will be in short
supply, and responses may not be fully rational. Thus, in assessing the impact
of strategic ASW, it is important to ask not only whether it will make the use of
nuclear weapons likely, but also whether it will make the use of nuclear weap-
ons more likely than if threats to Soviet strategic submarines were assiduously
and explicitly avoided. Even if we accept Stefanick’s view that US strategic
ASW during a conventional war will not make Soviet use of nuclear weapons
likely, we must allow that it may make Soviet use of nuclear weapons more likely
than it would be otherwise. In fact, US attacks on the Soviet strategic nuclear
reserve, in the heat of battle and with incomplete information, are almost
certain to increase tension, confrontation, fear, suspicion, and hostility in a way
that will pull the Soviet nuclear tripwire tighter than it might be otherwise.

Since US wartime conduct of strategic ASW will almost certainly increase
the risk of a general nuclear war—even if it does not make a general nuclear war
likely—policy recommendations in this area should look beyond the narrow
“interest”’ of the United States as defined by pre-nuclear military standards to
the broader global, US, and even post-nuclear military interest in avoiding a
nuclear war. The standard of minimizing the risk of nuclear war—which should
be the bottom line of every policy in the nuclear age—suggests that the United
States, the Soviet Union, and the international community should all support
stringent bilateral limits on the SSN-SSBN ratio—preferably less than one,
certainly no more than one—and should adopt peacetime practices and wartime
rules of engagement that provide SSBN sanctuaries in areas contiguous to
SSBN ports.

These strategic ASW arms control measures may conflict with other inter-
ests of the United States, NATO, the US Navy, and, indeed, of the Soviet
Union. And they may raise problems in regard to implementation (e.g., whether
to count allied SSNs in the ratio) and enforcement (what to do if an agreed
sanctuary area is violated). But the conflicting interests and the practical prob-
lems can and should be subordinated to the general interest in minimizing the
risk of nuclear war. In force design, in warplans, and in peacetime deployments,
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threats to the opponent’s strategic submarines should be strictly avoided. The
US Navy should be directed to follow this policy by the US civilian leadership;
and the international community should press the US civilian leadership to
adopt the policy.

This difference on concluding policy recommendations concerns an important
but small part of Stefanick’s impressive study. The appendixes cover a truly
extraordinary range of relevant technical material, which they digest and expli-
cate clearly for the nonexpert. The analytical chapters of the main text clarify
many poorly understood connections not only between strategic and tactical
ASW, but also between nuclear and conventional war, between naval and land
warfare, and between offensively oriented and defensively oriented naval forces.
In sum, Stefanick’s work represents a major advance in the unclassified literature
on nuclear policy, on naval strategy, and on antisubmarine warfare.

Perhaps most important for the Institute for Defense and Disarmament
Studies, Stefanick’s study provides an essential piece of the technical foundation,
previously lacking, needed to develop sound alternative defense policies. One
component of such policies must be to dismantle the huge, dangerous panoply of
US and Soviet nuclear-warfighting forces, built up over the past 30 years,
cutting back to small, stable minimum or finite deterrent forces. Because stra-
tegic submarines are less vulnerable than other nuclear forces, they are the
preferred candidate for carrying the residual force, after other nuclear systems
are abolished. Whether or not they are adequately invulnerable to comprise the
only remaining nuclear forces, on both sides, and for how long are important
questions that Stefanick’s thorough, meticulous study will help answer.
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1
Strategic Antisubmarine Warfare

Introduction

In the United States, missiles on submarines at sea are considered the most
survivable strategic nuclear force, and submarines carry about as many nuclear
warheads as ICBMs and bombers combined. Soviet submarines are considered
to be more vulnerable, and for geographical, technical, and bureaucratic rea-
sons submarines carry a smaller portion of Soviet strategic warheads.

A concept from arms control theory closely associated with survivability is
that of crisis stability: the reluctance of each side to launch strategic weapons in
a crisis when it is clear that the opponent will retain enough nuclear weapons to
retaliate with an intolerable blow, in the perception of the side that might have
to bear the retaliation. This form of stability increases with the survivability of
the weapons on both sides. The quintessentially unstable situation is one in
which all strategic nuclear weapons on each side are vulnerable to rapid and
total destruction. As long as leaders on each side believe that some portion of
their own and the opponent’s forces are invulnerable, some measure of crisis
stability is preserved. This is the context in which the question of submarine
vulnerability is usually posed: “Can enough strategic submarines survive a
preemptive attack to deter the use of any strategic nuclear weapons in a
preemptive first strike?”’

The requirements of a sudden, totally disarming strike against missile
submarines (SSBNs) are extremely stringent. Such a strike must be coordi-
nated with attacks on land-based missiles and bombers; virtually all submarines
must be destroyed, since the nuclear warheads on just a few submarines could
destroy many targets on the homeland; and the entire attack must be very
rapid. Moreover, the planning and preparation for such an attack must be
covert. These requirements place a huge demand on command and control
systems and on general purpose naval forces, which would have to be diverted
from other missions to this one. The coordination requirement alone rules out
such an attack, since the time needed for one side’s 1CBM:s to attack the other’s
is just 30 minutes, while the time needed for one side’s antisubmarine forces to
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diminishes.

A disarming or damage-limiting strike becomes more plausible, however, if
attacks on strategic submarines are carried out in an extended campaign of
attrition prior to attacks against land-based forces. Moreover, the likelihood
that World War III would begin as a conventional war introduces a period
during which such an attrition campaign could be waged. In scenarios involv-
ing a protracted conventional war, for example, in east Asia or Europe, US
naval forces would attack a wide range of targets, including bomber bases,
shipyards, surface ships, aircraft, submarines, and their bases. In the course of
such attacks, missile submarines at sea and in their hardened bases could be
attacked by mines, torpedoes, and missiles.

The Soviet Navy is extremely unlikely to find even one US strategic sub-
marine at sea. The US Navy, in contrast, has a good chance of finding at least a
few Soviet missile submarines, and given time perhaps more than a few. The
US Navy plans to take advantage of this capability by trailing some Soviet
SSBNs in peacetime, and destroying them immediately upon the outbreak of
conventional war. In addition, some Soviet SSBNs would probably be de-
stroyed by US mines or by US attack submarines operating “far forward,”
engaged in a random search for Soviet submarines.

This raises several important questions: How much capability does the
United States have to destroy Soviet strategic submarines? How much would it
cost in general purpose naval forces for the US Navy to achieve various levels of
attrition of Soviet ballistic missile submarines? What might the United States
gain from destroying some Soviet missile submarines if it cannot destroy all?
Related questions concern possible Soviet responses to attacks on their strategic
submarines: How many missile submarines might the Soviet military command
be willing to lose? What portion of the general purpose naval forces might they
be willing to invest in defending the missile submarines?

There are four interlocking objectives that might be achieved by a partial
US strike (or threatened strike) against Soviet missile submarines. The first is
significantly limiting damage to the United States—that is, eliminating at least
some of the weapons that can strike the United States. Without nearly complete
elimination of the Soviet submarines and all other strategic forces, however, an
attempt to limit damage is of questionable value for protecting population in an
era of massive overkill,

A second potential objective is to help win a conventional war by means of
a strategy of “horizontal escalation,” in which a stalemate or US disadvantage



Strategic Antisubmarine Warfare * 3

States. If the forces needed to carry out that mission are deliberately threatened
by the United States in response to Soviet actions elsewhere, implying that
continued hostilities will lead to the loss of more and more submarines, this
may create pressure t0 end hostilities or to concede some other political objec-
tive. History suggests, however, that the calculated responses, risks, and bene-
fits of such an indirect strategy are¢ highly uncertain, and that horizontal
escalation can backfire in many ways.!

A third potential objective of threatening partial destruction of the Soviet
strategic submarine fleet is to provide the US Navy with conventional advan-
tage at sea. Given the high priority of the strategic reserve mission in the Soviet
Navy, the threat to destroy strategic submarines or their actual destruction may
reasonably be expected to elicit a defensive response. Uncertain as to the mag-
nitude of the threat, the Soviet leaders, some US planners believe, would tend
to overestimate it and would allocate 2 disproportionatcly large part of their
general-purpose naval forces 10 defend their strategic submarines. The basic
principle is that an unknown threat to a highly valued asset can produce 2
magnified response because of uncertainty, 2 principle loosely referred to as
leverage. In the words of Adm. Kinnaird R. McKee, director of the Nuclear
Propulsion Program:

In a crisis, fear of our attack submarines ties up Soviet naval and air forces that
might otherwise be used against our NATO resupply; in support of a land
campaign in Europe, or against our own supply lines. What we would most
like to do is insert such uncertainty into Soviet estimates that they will be
deterred from executing their war plans in the first place.?

The major concern of the US Navy in confrontations between US and
Soviet general-purpose forces is the large Soviet fleet of attack submarines
armed with torpedoes Of cruise missiles. The Navy hopes t0 ““tie up”’ many of
these vessels, 50 as tO lessen the potential threat to US aircraft carriers—a threat
that is growing as Soviet attack submarines are built with quieter propulsion
machinery. At the same time, reducing the number of Soviet attack submarines
in the North Atlantic and North Pacific eases the burden of protecting the
wartime sea lines of communication to Europe and Japan.

The aim of “tying up” the Soviet fleet during conventional war is t0 gain
sufficient use of the sea, SO that the Soviet leadership will be unlikely to be able
to stop the resupply of allies (these scenarios assume a long conventional war).
According to Navy officials this prospect is expected to inhibit the Soviet
Union from going to war in the first place and from directly interfering with the
United States in regions of competing interests.

The fourth objective of threatening Soviet SSBNs is t0 apply leverage at
the strategic nuclear Jevel. The Soviet leadership is sufficiently concerned
about the survivability of its sea-based strategic forces that it has dedicated an
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escalation from such 2 conflict will Jead them into a Jeve] of warfighting in
which they believe themselves to be inferior., Thus, the sum of the attrition
threat from Strategic antisubmarine warfare (ASW)—which would occur dur-

version of the third objective,3

This study addresses strategic antisubmarine warfare in two basic contexts:
the threat of a Preemptive disarming first strike by either side against the other,
and the US capability to conduct limited strikes against Sovijet strategic subma-
rines versus the Soviet Capability to defend these submarines. The bulk of the
analysis and discussion is on the US threat to Soviet strategic submarines, not
because that question is more important, but because the nearly unanimoys

ability of Soviet submarines.

The remainder of chapter | outlines the varioys means of attacking strate-
gic submarines, with particular emphasis op detection, and identifies probable
limits to Improvements jn detection Capabilities. The chapter concludes with a
discussion of the vulnerablhty of submarines to underwater explosions as back-
ground for later discussions of barrage attack. Chapter 2 applies the general
principles of chapter | to the case of US Strategic antisubmarine warfare against
Soviet SSBNs, ending with 3 discussion of Soviet defense against US attack
Submarines, Chapter 3 is an introduction to open ocean Soviet ASW threats to
UsS Strategic submarines, Unfortunately, the lack of time and resources pre-
vented a more extended discussion of US submarines and Soviet ASW .4 Chap-

Submarine Detection and Destruction

There are severa] essential tasks involved in destroying a submarine: detection,
classification, localization to a smaj area, and destructijon, Detection may provide
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very little information or a great deal, depending on the circumstances under
which it is made. At one extreme, if the detection information is, say, that a
submarine has passed through a strait from one sea to another, antisubmarine
warfare forces may still face a formidable task in localizing it. At the other
extreme, if a submarine enters an ared fully monitored by a network of detec-
tion devices, it may be detected and tracked continuously. If the initial detec-
tion is made using a few long-range sensors that give only a rough indication of
where the submarine is located, then additional effort will be needed to pin-
point it. If a detection system comprising many widely distributed, short-range
sensors is used, then the detection and localization will be simultaneous. At
some point in the process of detecting and Jocalizing a submarine, it is usual to
classify it by country, type and class.

Once a submarine is located and sufficient information about it has been
gathered, it may be attacked. If the localization is very precise and if the
submarine can be attacked promptly, 2 small weapon such as a torpedo may
have a high probability of destroying it. If the location of the submarine will be
less certain by the time the weapon arrives, then the attacking forces must use
several weapons, or a far more powerful weapon, Ot a weapon that can seek out
the target. Modern navies take all three approaches: Soviet surface ships use
short-range, rocket-propelled conventional depth charges in barrages; both the
United States and the Soviet Union have nuclear-tipped ship- and submarine-
launched weapons; and both sides use homing torpedoes of various types.

The location of the target may be uncertain by the ime the weapon arrives
because of a time 1ag, the “time late,” between the launching of the weapon and
its arrival at the point where the target was at launch time. Between launch and
arrival, the submarine may have moved in any direction. Thus, the area of
uncertainty is a circle whose radius is the product of the speed of the target
submarine and the time late. Ballistic missiles suffer from a time late problem
because their targeting information cannot be updated. A system such as a
cruise missile or 2 terminally guided warhead, which can receive updated
information in flight, or 2 homing torpedo ot aircraft, which can generate its
own updated information from on-board sensors, can compensate for the time
late to some extent.

There are five potential operational schemes for conducting antisubmarine
warfare against strategic submarines or SSBNs:

1. Area search and destroy: With no prior knowledge of the location of
individual SSBN, ASW platforms (aircraft, ships, or submarines) may Sys-
tematically search large ocean areas believed 10 contain them. Using their own
sensors and weapons, these ASW systems can attack SSBNs as soon a8 they are
detected and localized.

2. Barrage: Again, with little or no prior knowledge of the location of SSBNs,
one side can barrage an area with weapons, hoping to destroy all SSBNs that
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may be in the area. To have high confidence of being effective, this would
require a regularly spaced pattern of nuclear bombing over large parts of the
ocean,

Alternatively, with some prior knowledge of SSBN locations, a more limited
barrage attack can be launched to offset localization error and time late,
Limited barrage relies heavily on area surveillance, tracking, and the availabil-
ity of large numbers of very fast delivery Systems—specifically, ballistic missiles,

Status and potentia] of these techniques, particularly S$pace-based remote syp-
veillance, is the subject of ongoing debate both within and outside of the US
government. Several such techniques are being investigated in the West as well
as in the Soviet Union.

for the submarine. This cooperation between Stationary surveillance and mobile
ASW units, called Vectored intercept, is the key to US ASW barrier operations
in the Greenland—Iccland—United Kingdom (GIUK) 83p and elsewhere, The
US Orion P-3 antisubmarine aircraft is considered at jts mosgt effective when
operating with information provided by the US fixed Sound Ocean Survejl-
lance System (SOsuUs).
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submarines (SSNs) are the best platform for trailing SSBNs because they are
relatively hidden and invulnerable, can g0 anywhere an SSBN goes, and have
comparable endurance. Attack submarines can trail overtly using active (“ping-
ing’”) sonar, which broadcasts their oWn position. Alternatively, they can trail
covertly, albeit less reliably, with passive (listening) sonar. Either way, trailing
requires some area surveillance or arca search to acquire a target SSBN
initially.

5. Bastion attack and antisubmarine barriers: The notion of active defense
of SSBNs within ocean bastions—completely alien to US strategic submarine
policy—is central to Soviet naval policy. A large-scale attack on Soviet SSBNs
within heavily defended waters could be carried out only by US attack subma-
rines, and it would require some surveillance, some area search, and some
trailing. To enter Of leave defended bastions and to operate within them, US
attack submarines would have to avoid or defeat several potential threats:
Soviet mine barriers around the periphery of the bastions and within them;
Soviet diesel-electric submarines; Soviet nuclear-powered attack submarines
escorting SSBNs or patrolling barriers; area surveillance; and the considerable
self-defense capability of Soviet SSBNs themselves.

Acoustic and nonacoustic detection methods that are too costly for ocean-
wide surveillance may prove useful and feasible in the limited role of guarding
the periphery of a bastion. Since they would support the Soviet Navy’s primary
mission of defending SSBNs, developments in Soviet acoustic and nonacoustic
detection systems are expected to play a role in bastion defense long before they
gain more offensive, wide-ranging applications.

A special vulnerability arises when an SSBN fires its ballistic missiles, for
it emits powerful signals that broadcast its position. Ejecting the missile from a
tube using gas or steam under very high pressure generates a loud noise. In
addition, the infrared signature of the missile’s exhaust is detectable from air or
space, and the missile itself can be detected by radar. If the submarine were to
fire all its missiles in sequence, it would have to do so in a time shorter than the
time required for hostile ASW forces to detect, localize, and attack it. If the
submarine were to participate in a limited nuclear attack, it is important that
the launch of a few missiles not significantly reduce the ability of that subma-
rine to fire missiles at a later time.

Still another potential vulnerability of SSBNs is that the communication
systems that send submarines their instructions may be attacked in an attempt 1o
prevent submarines from receiving a launch order. Most primary transmitters
are very large because they must broadcast at very low radio frequencies t0
penetrate seawater, and these large installations are difficult to harden. The US
Navy, however, provides many wartime backup systems to supplement its
primary communication channels, and US strategic submarines can technically
fire their missiles without any instructions or codes from the National Command
Authorities. The Soviet Union also maintains redundant communications sys-
tems and may have the ability to launch without a code from higher authorities.
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Other methods of minimizing SSBN threats include destroying navigation
support and interception of missiles during the varjoys phases of their flights,

Potentials and Limits of
Passive Acoustic Detection

Systems that detect the sound radiated by submarine machinery and propellers
are called passive Sonars; those that emit a sound that reflects back from a target
submarine hull are called active sonars. In the past, passive detection offered
longer detection range against noisy targets in deep water because active sonar
could not emit sufficient power for very long round-trip Propagation, and it
was hampered by reverberation of the emitted pulse off the ocean bottom, the
surface, and particles and organisms in the sea. In addition, a submarine using
passive sonar could detect a submarine using active sonar several times farther
away than the user of the active sonar could detect it. Recently, however, as
submarines have become extremely quiet, the relative importance of active
sonar is beginning to grow. The most recently developed classes of US strategic
and attack submarines are so qQuiet that they are detectable at longer ranges with
active sonar than with passive sonar, Nonethelcss, the use of active sonar
remains unattractive because it entails 3 high risk of detection and counter-
attack. Drawing on material in several of the appendixes, this section summarizes
the potential capability of passive detection, with emphasis on prospects for
technical breakthroughs. The emphasis on passive detection, especially in the
context of submarines’ hunting other submarines, reflects the fact that subma-
rines are the best mobile antisubmarine System, and that passive detection is
now and will remain the preferred US N avy tactic for conducting antisubma-

the sound, and jts distribution among various freguencies, The standard mea-
sure of intensity is the decibel (dB), which is ten times the logarithm (base ten)
of the intensity of a given sound relative to a standard reference intensity: for
example, a sound that js 10 times louder than the reference is 10 dB higher; a
sound 100 times louder is 20 dB higher. Frequency is measured in cycles per
second, or hertz (Hz). The frequency range of interest in ASW is roughly in the
range audible to humans: 10-20,000 Hz. Frequencies below 2 few hundred
hertz are considered “low’’; those between a few hundred and a few thousand
hertz are “mediym” frequencies.

Most sounds contain aspectrum of frequencies of different intensities, The
Spectrum may contain 3 continuous distribution of sound energy over a broad
band of frequencies: this will sound like 3 hiss. Rapidly turning propellers
create small bubbles that generate such a noise, called cavitation noise. A sound
may also be composed of several distinct tones at several discrete frequencies. A
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musical chord i such a sound, containing three Of more individual tones that
combine to make a pleasing sound. Rotating machinery on submarines gener-
ates sounds that lie in narrow frequency bands. Nuclear submarines within a
particular class, equipped with the same machinery, generally share a similar
narrowband frequency spectrum. With this information passive sonar opera-
tors can sometimes identify the nationality and class of an unknown submarine.
Unique machinery noises may even permit identification of a particular sub-
marine.

Submarines make different kinds and levels of sound at different speeds.
When a auclear-powered submarine is stopped, it must continue to run reactor
cooling pumps, generators, and air conditioning. These generate narrowband
spectra that are relatively independent of speed. As the submarine begins to
move slowly, narrowband turbine and gear sounds in the propulsion system are
generated, some of which are speed dependent. In addition, the individual
blades on the slowly moving propeller (less than 60 rpm), act as a low-level
sound source as they rotate through the nonuniform flow behind the subma-
rine. At speeds of 5-8 knots (9.3—14.7 km/hr), US and Soviet submarines
produce sufficiently low levels of noise t0 permit the use of their own passive
sonar systems. At higher speeds, turbulence near the passive arrays as well as
the submarine’s OWn noise begin t0 reduce the effectiveness of that submarine’s
passive SOnars. Finally, at speeds in €XCess of 25 knots (46 km/hr) or so, at
moderate depths, cavitation noise may set in, rendering the passive systems
useless. At the “quiet” speeds of up 1o 8 knots (14.7 km/hr), the US subma-
rines are much quieter than Soviet submarines. On the other hand, a US
submarine running at high speeds at shallow depths will produce about the
same cavitation noise as a Soviet submarine operating under the same condi-
tions. However, at moderate depths and high speeds US submarines probably
do not cavitate, whereas Soviet submarines may, giving the United States an
acoustic advantage during «gprints.”” From a tactical standpoint, the relative
sound output at quiet speed is probably more important, since that is the speed
at which US and Soviet attack submarines hunt.

Passive sonar systems have advantages over active ones in that they emit no
energy and are covert; they can in some circumstances provide information on
the type of submarine being detected through its particular sound signature (in
the way that people have 2 characteristic voice signature); and they can detect
loud sounds at very long ranges. Their disadvantages are that they must us¢
long arrays of underwater microphones (hydrophones), such long arrays must
be fixed on the sed floor or towed slowly on long cables behind submarines Of
ships, and from a single measurement, most passive sonars yield information
only on the direction to the target. The latter is important because both dis-
tance and direction to the target is necessary to launch torpedoes Of other ASW
weapons. The size of the array is very important because 1o receive low fre-
quencies (below 100 Hz) efficiently requires the use of line arrays longer than
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noise arriving at the array from directions other than the direction of the target,
These barameters cannor pe improved without limit, however, The interna] and

signal).® The smaller the “signal—to-noise” ratio (that js, the quieter the subma-
rine or the louder the ambient noise), the more difficulr it will be to discrimi-
nate reliably between cases where the submarine js Present and thoge where it is
not. The most basic mode] of passive sonar signg] detection can be imagined as

probability of detecting 3 qQuiet sound, byt it will increase the chance of false
alarms, Ordinarily, there is no Way to avoid thig trade-off: the Sonar operator
Tmust set the thresholq by Comparing the valye of ensuring detection with the

s
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value of avoiding false alarms. The “hunter’s” situation can be improved by
reducing the variance in the signal processor’s estimate of the ambient noise
level. This can be done by simply taking a larger sample of the noise: that is,
using a longer time period over which data are averaged. With less variance in
the noise estimate, it is possible to set the threshold lower without increasing
the false alarm probability- Doubling the averaging time of a sonar processor
would yield a 40 percent (1.5 dB) decrease in the detectable signal-to-noise
ratio if the statistics of the signal and ambient noise remained constant.

Fluctuations in the signal are introduced, however, as the target submarine
moves through the nonhomogeneous s¢a. In addition, the sea’s internal waves
and currents causc fluctuations in the transmission of both signal and noise. As
a result, some measurements have indicated that the detection capability of a
sonar system does not improve consistently with longer averaging times: 8 1.5
dB decrease in the detection threshold has been observed as averaging time
doubles up 10 0.5 seconds, but increases in averaging time between 0.5 and 120
seconds have in some circumstances had little further effect on the threshold.
Although it is not clear how general this result s, it does suggest one fundamen-
tal physical constraint on improvements in passive sonar signal processing.9

This effect of the nonhomogeneous sound transmission medium of the
ocean can be partially circumvented by accumulating samples of the signal in
the computer for 2 series of short periods and then representing successive
estimates of the spectra of those samples on a visual display where a human
operator averages them visually. In on¢ type of display, a few seconds of data
are averaged, and then across an electronic screen on which frequency is dis-
played horizontally, 2 black mark is made if the threshold is exceeded at a given
frequency. Successive observations of the frequency spectrum of the ocean
noise are displayed one below the other. When a target is just on the threshold
of detectability, its signature may be just high enough to appear for a brief
moment and then fade, so in looking down the screen, there may be places
where the submarine sound is apparent, below which there may be nothing. A
human operator can recognize such a pattern and ignore the blank spots where
the signal fades, whereas a system that integrates a long period of “no signal”
together with brief periods of “signal present” might well miss the signal. The
method of using human operators as part of the processing seems to yield some
improvement over purely automated detection systems.

A second limit on integration time is tactical: the time available for a
decision may not be sufficiently long to permit extended integration. As the
target submarine moves, it may lose the tracker or move beyond range of attack.

A third limit on integration time is that longer integration times degrade
the gainof a listening array. As integration time lengthens, the ocean appears t0
be a less coherent transmission medium, and array gain depends on signal
coherence. Under Arctic and shallow water ice, where much of the hunt for



12 - 5 trategic Antisubmarine Warfare

impulsive, non-Gaussjan character of underice noise, the performance of a
Sonar may be improved (that is, the detection threshold lowered) by a few to as
many as 12 dB.10 Thjs does not mean, however, that detection conditions under
ice are always better than in the open sea,

Sonar capability can alsq be improved by processing the sound in narrow
frequency bands, matching the widths of the individuya] tones (called ronals in
the jargon) of the source. For €xample, if there s 5 1-Hz-wide submarine tona]
embedded in broadband noise, then a matching filter that is 1 Hz wide will
admit all of the signal energy but only a smajj fraction of the noise energy,
thereby maximizing the signal-to-noise ratio. Narrower filters would reduce
the signal at the Same rate as they reduced the noise, leaving the signal-to-nojse
ratio constant. Wider filters would admit more of the broadband noise, while
leaving the signal energy constant, reducing the signal-to-nojse ratio. Since the
Cost in terms of Processing time and complexity increases g the filter band-
width decreases, the optimum bandwidth js that which Just matches the ngr-
rowest tonal width.

If the submarine generates a fixed amount of acoustic energy in a tonal at 4
Pparticular frequency, then the narrower that tonal, the narrower the filter
bandwidth that can be used to match it, and therefore the higher the signal-to-
noise ratio, Many of the rotational machines on submarines have very high
Inertia and rotate at nearly constant Speeds. As a result, the vibrations they emit
lie in Very narrow frequency bands. However, as these signals propagate
through the ocean, their energy becomes Smeared over wider bandwidths,
partially dye to interactions with internal waves and partially dye to reflections
off the moving sea surface, Minimum transmission bandwidths may vary from
0.01 Hz to 1 Hz, depending on ocean conditions and interactions with the sea
surface.!! By spreading the submarine nojse €nergy over wider frequency

oblige ASW sonar operators to use wide Processing filters to capture all of the
energy within one band, or, if Very narrow bands were used, would spread the
energy over several of them, preventing an accumulation of averaging time in
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any one of them. Either way, the signal-to—noise ratio (and therefore the detect-
ability) is reduced, even though the submarine is not actually quieter.

A third way to improve sonar detection capability is to increase the spatial
discrimination of the receiving array. To the extent that an array can accept
signals and noise from a particular direction while rejecting noise from all other
directions, itcan improve discrimination of signal against noise compared witha
nondirectional receiver. Under the idealized conditions of perfectly coherent
signals in an isotropic noise medium (with noise arriving in equal measure from
all directions), this improvement, called the array gain, is proportional to the
ratio between the array length and the acoustic wavelength. This means that, in
theory, array gain might increase without limit. The spatial coherence of any
signal—that is, its statistical correlation from one point to the next—is limited,
however. Similarly, noise is never perfectly isotropic. Asa result, potential array
gain is limited.

Evidence available in the unclassified literature suggests that the maximum
array gain achievable under most circumstances, for long-range, low-frequency
detection with an arbitrarily long array, is about 20 dB. In cases when there are
many alternate transmission paths through the ocean between source and
receiver, the figure is probably lower. For small arrays—those associated with
sonobuoys, the Rapidly Deployable Surveillance System, and small, distributed
surveillance systems——the array gain at low frequencies is much lower.

This limit on improvements in array performance is partly responsible for
the shift in emphasis by the US Defense Advanced Research Projects Agency
(DARPA) in the early 1980s away from very long arrays for acoustic surveillance
to distributed systems with many short-range sensors.'? Cost-effectiveness con-
siderations probably also played a role in this shift. The cost of a passive sonar
surveillance system is roughly proportional toits array length, and the limits the
ocean imposes on increased gain with increasing length depress the ratio of
effectiveness to cost.

There is no known computational method for completely overcoming the
limits on improving the signal-to—noise ratio thatare imposed by the complexity
and variability of the ocean medium. Modern advances in signal processing
generally provide gains measured in no mMore than fractions of decibels. More-
over, ‘‘there are¢ few processing tricks remaining that might lower the threshold
signal-to—noise ratio for detection faster than the rate at which the world’s
submarines are getting quieter.”"’ Special computer processing of the arrays
themselves (as a part of signal processing) can adapt their functioning to the
statistics and spatial characteristics of the signal and noise fields. The principal
gain of adaptive processing, however, lies in discriminating between two sound
sources thatare close together, both exhibiting high signal—to—noise ratios; butin
ASW surveillance, the main problem is detecting very low signals buried in high
levels of background noise. Thus, adaptive processing 1s not likely to offer greatly
improved long-range surveillance of increasingly quiet submarines.
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In the 1970s, the DARPA Acoustic Research Center (ARC) was responsi-

and difficult to implement, 14
Since the limijts on improvements In array gain are relateq to the scram-

measurements throughout the ocean at g sufficiently fine scale, or to take
“slice” acoustic measurements crisscrossing throughout the ocean, again at 4
sufficiently fine scale. Since jt appears that interpa] waves generally dominate
the oceanic influences on signal Ccoherence (and therefore array performance),”

The alternative, caljed acoustic ocean tomography, involves taking a set of
transmission samples that slice through the area of interest from one part of the
periphery to another, and from the transmissjon Properties of such slices, to
infer the structure of the interior.!7 [p order to attain the required degree of
resolution, the spacing of the sensors on the periphery must be 2 km. With this
method, the tota] number of sampling stations js reduced from 250,000 to
2,000, However, at this density of deployment, it is more cost-effective to
install sonar arrays for detecting submarines directly than to use tomographic
arrays to analyze the acoustic field apd then add sonar arrays to detect subma-
rines. The rea] value of acoustjc tomography lies ip its usefulness as a technique
for mapping large-scale Oceanographic structures such as fronts ang eddies.

Scattered throughout 3 surveillance area would require fewer sensors than g
tomography system and would, in addition, detect the high-frequency compo-
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improve the signal-to-noise ratio by a factor of 100 at most. These figures
should be considered the best that can be attained at low frequencies over long
ranges in deep water with idealized sonar array and processing systems. Under
most circumstances, in shallow water, for example, or on smaller systems, the
array gain will be lower and the detection threshold higher. For instance, it is
reported that the array gain associated with sonobuoys is on the order of 5 dB.

These figures are used in appendix 8 as the basis for estimating the detec-
tion range of a surveillance system in the Arctic Ocean and surrounding seas.
Separate estimates are given for the detection range of a passive sonar, detect-
ing a single, narrow-band signal of specified intensity, under the best and worst
expected conditions for detection. Since optimistic estimates are used for the
sonar system parameters, both the maximum and minimum detection ranges
should be overestimates most of the time. The most striking feature of the
detection range estimates is the large variance between the calculated minimum
and maximum. In most cases, the maximum range is greater than the minimum
by at least 2 factor of three; in some Cases, it is greater by a factor of ten.

There are occasional public reports of sonar detection range, but they are
more misleading than instructive because they offer little or no information
about the conditions in which detections were made. Some reports have claimed,
for example, that submarines were detected at ranges of 3,000 to 6,000 miles
(6520—11,040 km), and were localized to circular areas with radii of 8 to 45
miles (14.7-83 km).!? One author asserts that «gOSUS can spot a sub any-
where in the ocean when conditions are favorable and pinpoint it within a
sixty-mile radius.”?® The analysis in appendixes 4-8 strongly suggests that
while such detection ranges may have been possible, they are extreme cases that
are associated with only the noisiest submarines. Some modern submarines have
become quiet enough to avoid detection at ranges of tens of miles, even with
relatively good conditions for detection in the deep ocean.

Potentials and Limits of Nonacoustic Detection

Since most nonacoustic detection techniques involve the emission and detec-
tion of electromagnetic radiation, it is helpful to begin by reviewing the elec-
tromagnetic spectrum. Figure 1-1 shows the spectrum of frequencies in cycles
per second, or hertz (Hz), and wavelength (in meters), and the different kinds
of radiation in various regions of the spectrum.

The ability of electromagnetic radiation to penetrate seawater is a compli-
cated function of frequency. Frequencies that can penetrate deeper than a few
meters are those below 100 Hz and those above 1019 Hz. The lowest end of the
radio wave band, around 60 Hz (called extremely low frequency [ELF)), is used
for submarine communication. Between very high and very low frequencies,



ZH'AONINDIYS

16 - Strategic Antisubmarine Warfare

T dorg 81 “(¢861 ‘suog » Ao uyo[ :yr1o0x MIN) 5&3%%@%0 211j210g ‘uosuiqoy 'S '] “20unog
‘wnaads dusudewonospd SUL ‘I-1 amSig

»qu:ao: Mo ».oEo:xu mqw c
a

b
'

— —- I Wy 0t
OPI?NIEF ! Aouenbess wnjpey 4W 9 ﬁ
° uolssiwsues; A; g oipey — Y J‘ 4
T | Aouenbess yoyy 4H ¢z 3AVM Ol1gvy
—— ] 1
T+ >n~®—tw_0k ! Asuendes; yby Ao p dHA 8 |
r/fl/rr\[‘, Tt w4 |
0—.|~IGP VS Aousnbesy yb1y wiyn dHN 6 aNve 1 _
° Hvs - L - /ﬂﬂ 4vavy 1
1 J8jeuwi))y — | Aouenbesy ybyy 1edns JHg Ol [aNvex
i218woiayjeog- Yiws —_— Janva 3 1
4 Aouenbes; ubiy Ajswerixyg 4H3 1y IAYMOHOIN
S 4. 01
TS B T ML
2,0t ZtL ! N
T ——— T <
T N Q3"vVHIN] m
Siejeworpey y, lewsay) : T M
m..w_wEo_umm(m_fL\mw: ? aqisip ) ” —_wrj 4 o} mw
oL . N I F— 3raisin — °-nn 7
g1Vt e ! , E
| 13701A vein T 3
+ w
“ i AVY X wuit o1
i
e, 014 x
4 | !
i x AV vWNyD |
\nylEnp.m..o—
&oi- AVYH DINSOD
NOI1VDI1ddy ONISN3S JLONWIY

ANYN aNvag NOIldIdos3qg IAVM



Strategic Antisubmarine Warfare + 17

water is very nearly opaque t0 electromagnetic radiation except for a very
narrow band in the blue to blue-green portion of the visible spectrum.

At present it appears unlikely that any nonacoustic detection technology
will allow large-scale remote surveillance and Jocalization of SSBNs on patrol
in the next 15 years. However, several phenomena and the technologies asso-
ciated with detecting them, particularly those associated with internal waves,
are not sufficiently well understood to be ruled out as irrelevant to the problem
of submarine detection. There are other potential uses for these technologies
that may be on the horizon: preventing the intrusion of hostile SSNs into
SSBN patrol areas; conducting limited surveillance at chokepoints for tactical
ASW; and permitting submarine-to-shore or submarine-to-submarine com-
munication.

All nonacoustic detection technologies still have major technological and
financial hurdles to overcome between the drawing board and an operational
surveillance system. Perhaps the most important problem is that all these sys-
tems can be incapacitated relatively easily by countermeasures: false targets,
jamming, of direct attack. In general, the chief technical difficulty is not their
lack of sensitivity, but the very low signal-to-noise ratio, which cannot be offset
by increased sensitivity. If a submarine is cooperating, any of these systems can
be shown to work, but the single most effective countermeasure to all of them is
the target submarine’s operating elusively, so as 10 avoid them. As with acoustic
detection, a poorly operated submarine can be easy to find, and one that is
operated well is extremely difficult to find.

The following sections survey briefly the most prominently discussed non-
acoustic technologies relevant to submarine detection. Where appropriate, I
have included statements made by the technical director of the US SSBN
Security Program, Dr. Edward Y. Harper, who reviewed the state of nonacous-
tic detection technology for the Senate Armed Services Committee in 1984. A
more complete analysis of the nonacoustic detection technologies is given in
appendix 3.

Magnetic Detection

The main obstacle to detecting the magnetic field associated with 2 submarine
is the low signal-to-noise ratio. As the sensitivity of magnetic sensors increases,?!
their sensitivity to the spatial and temporal fluctuations in the earth’s magnetic
field also increases. Some of this can be filtered, but not the part of the noise
that lies in the same frequency range as expected target signals. Therefore, the
signal-to-noise ratio, which is the most important measure of detectability, will
remain approximately the same. A second technical problem is that signal
strength decreases with the cube of range. Asaresult, a hundredfold increase in
sensitivity provides less than a fivefold increase in range. Current ranges in
quiet environments are on the order of a few thousand feet. This is useful for
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localization, but is much too short for large-area surveillance, Countermeasyres
0 magnetic detection are free-sw1mming electromagnets to generate false
targets, demagnetization of the hull, and use of nonmagnetic materials. The
United States currently employs false targets and demagnetization. It is not
known whether the Soviet Unjon uses false targets, but since the technique is
simple, they probably do. In addition, it is known that the USSR uses non-
magnetic materials in some of their submarines.

Magnetic detection devices, called magnetic anomaly detectors, or MAD,
are deployed on ASW aircraft for final localization. In the future, magnetic
surveillance acrosg relatively shallow barriers may prove feasible for limited
surveillance. On the sea floor, moored on cables, on the sea surface, or on the
ice, magnetic SENSors can provide g passive backup to acoustic sensors. Since
Mmagnetometers have 3 short range, large numbers must be deployed even fora
limited surveillance system. This makes low unit cost an important prerequisite.

Bioluminescence Detection

Once submarines are submerged beyond a hundred meters, there is very little
chance that there will be g strong turbulent disturbance at the surface, effec-
tively ruling out surface bioluminescence, or, the light emitted by living organ-
isms. In addition, powerfy] bioluminescent activity at submarine diving depth

is not known to be a widespread phenomenon, and any bioluminescent light

have high levels of bioluminescence, but there is very little data available,
There would appear to be little need for special countermeasures to avoid
detection of bioluminescent disturbance, the most effective being simply to
remain at depths below one hundred meters or $0, in order to avoid disturbing
the surface,

S ubmarine-generated s urface Waves

Two types of surface wave are generated by submarines: the near-field wave or
Bernoulli hump, which exists directly over the submarine and a few hundred
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meters behind it; and the far-field or Kelvin-type wave, which may persist for
thousands or tens of thousands of meters behind. The far-field wave is equiva-
lent to the wave pattern that is visible behind a moving surface ship, except that
behind a submerged submarine, the wave field is much weaker. Under normal
patrol conditions, the near-field wave is on the order of a millimeter high, and
the far-field wave is not apparent. Edward Harper said about the near-field
wave, ‘‘that miniscule displacement at the surface is completely swamped by
the wave action at the surface.”??

The moving submarine generates an underwater pressure disturbance that
is associated with the surface near-field wave. Very low frequency pressure or
acoustic sensors could be used to detect this signal, but only at very short range.
Some underwater mines use this signal as a triggering mechanism.

Submarine-generated Internal Waves

As a submarine moves through the stratified water of the thermocline, it creates
an unstable cylindrical wake that collapses and produces internal waves. Unlike
surface waves, internal waves are oscillations of internal temperature layers,
and they cannot be seen on the surface directly as variations in the surface
height. They can, however, affect the radar-reflecting properties of the surface
by modulating surface ripples. Internal waves can generate surface currents,
which, in turn, can change the characteristic wavelengths of capillary waves or
very short (on the order of 10 cm) gravity waves. These surface currents can also
cause the naturally occurring film of organic matter and oil to thicken into
bands that alter the surface tension and the thermal and microwave emissivity
of the surface. The change in the surface tension can alter the characteristics of
the capillary waves, thereby altering the radar-scattering properties of the sur-
face. To give an example, according to Harper, the SEASAT A satellite passed
over US missile submarines four times during its period in orbit, including
once over a submarine traveling at 5.5 knots (10 km/hr) at the very shallow keel
depth of about 58 feet (18 meters). In no case was the submarines’ presence
apparent in the radar data presented t0 Congress—a result consistent with the
US Navy’s theoretical analysis, according to Harper.? In addition, naturally
occurring forces can modulate surface ripples, generating noise and even false
targets.? According to some Navy officials, recent tests from the space shuttle
confirm the judgment that surface effects due to submarine-generated internal
waves cannot be reliably detected.

It would seem from official US Navy statements that detection of internal
waves from their surface effects could not provide even a partially effective
system for area surveillance or even barrier detection. However, some Soviet
statements have been interpreted as hints of a “breakthrough” in this area, and
some “leaked” US reports suggest this possibility. Currently the weight of
available evidence does not support a Soviet “breakthrough.” A striking feature
of the evidence regarding synthetic aperture radar (SAR) detection of internal
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wave effects is the contrast between the technical literature and the official
Statements of the Navy. The former imply that many of the physical processes
relevant to the problem are stil] poorly understood. The official Navy position,
on the other hand, is explicit on the subject of the infeasxbility of the technol-

Temperature Change at the S urface

There are several mechanisms by which a submarine can change the apparent
temperature of the sea surface, and it is usefy] to separate them in order to
avoid confusion. The submarine may mix deeper, colder water up to the sur-
face, or heat the water with its reactor cooling system, both of which processes
actually change the water temperature, Submarme—generated wakes, vortices,
or internal waves may cause surface currents, which in turn Sweep organic and
oil surface films into thicker or thinner layers. These layers of film change the
apparent temperature of the surface by altering the emissivity of the surface, in

of water from the submarine wake.

The turbulent wake of a submarine traveling below 165 feet (50 meters) is
unlikely ever to reach the surface for two main reasons. First, it can be shown
that the diameter of the turbulent wake generated by a submarine grows very
slowly with distance behind the submarine. The diameter 8rows as the fourth
root of distance, measured in hull diameters. At a distance of one hull diameter,
the diameter of the wake is about equal to the hull diameter, 36 feet (11 meters).
At a thousand times that distance (overa kilometer), the diameter of the wake is
theoretically only 204 feet (62 meters). This means that it extends only 50 feet

meters) above the top of the sail.

The waste heat from the reactor raises the temperature of the surrounding
water, causing the wake to become buoyant. As the wake expands and pulls in
more cold water, however, its temperature decreases rapidly to a few hun-
dredths of a degree centigrade above the ambient temperature. In ocean waters
as far north as the Norwegian Sea, solar heating of water near the surface
ensures that as the slightly heated wake rises, it will encounter an equal temper-
ature in the ambient water, causing its buoyancy force to disappear. As a result,
the buoyancy introduced by reactor heating probably does not significantly
affect the growth of the wake,

i

i
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The second main reason that the submarine wake does not reach the sur-
face is that within a few miles behind the submarine, the wake collapses.
Because the wake contains a mixture of cooler watet entrained from below and
warmer water from above, its temperature is slightly warmer than the water
below it, and slightly cooler than the water above it. (In this context, the reactor
heating effect is negligible.) This creates an upward force on the bottom of the
wake and a downward force on the top, which collapse it. The rate of change in
ambient temperature with depth determines how far behind the submarine the
wake will collapse. In waters where the temperature changes with depth, such
as the North Atlantic, it may occur just a few hundred meters behind the
submarine; in waters closer 10 the Arctic, where the water temperature is more
nearly uniform, it may occur several kilometers behind.

An important caveat is that the influence of reactor heating can be ne-
glected only if the submarine is moving at more than a few knots, 8O that the
water it heats is quickly diluted. A stationary submarine in the Arctic, where
the water is cold uniformly throughout its depth during the winter, can easily
cause @ measurable temperature rise at the surface. If a stationary submarine
remains under relatively thin ice for long, it may leave a persistent temperature
scar on the surface of the ice.

For these reasons, submarines moving at patrol speeds in areas where there
is some solar heating are very unlikely to cause temperature anomalies at the
surface.?> Since temperature anomalies can be detected remotely only if they
appear on the surface, it follows that wake or temperature anomaly detection
holds very little promise as 3 means of detecting submarines. Harper described
experiments in which detectable surface wakes were deliberately generated by
submarines, but indicated that under normal operating conditions, this was not
a problem for SSBN security.?® In 2 discussion of wake detection before a
closed session of the House Armed Services Committee, Adm. Nils Thunman
(Deputy Chief of Naval Operations for Submarine Warfare) stated that ““if you
operate the submarine properly, [the Navy has] found no evidence of any
system that can detect [deleted].”27

Lidar

Lidar is a means of detecting an object by reflecting laser light off ofit. If alaser
in the atmosphere 0Of in outer space fires 3 short pulse into the water, light may
be returned because of three processes: n backscattering from clouds and
airborne particles, 2 reflection from the sea surface, and (3) reflection from a
submerged submarine or from the much larger submarine wake. Of the three,
backscattering gives the most powerful return; surface reflection is one or two
orders of magnitude below that; and the reflection off a submarine at 330 feet
(100 meters) depth is further reduced by many orders of magnitude, because of
the high attenuation of light in water and the low reflectivity of the flat black
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surface of the Submarine, A submarine at relatively shallow depth may, on the
other hand, reflect less light than the natural backscattering Processes in the
ocean. In such g case, lidar would attempt to detect g dark spot in the ocean,
rather than ap anomalously high reflection. The signal Processing problems
involved in distinguishing either a dark Spotoor a light spot from the ocean and
atmospheric backscatter and reflection are very similar, however,

In order to differentiate the very weak submarine reflection or absorption
from the much more intense seg surface reflection, the laser pulse duration
must be shorter than 0.1 microsecond, which is approximately the round-trip
travel time of light between the water surface and 4 Submerged Submarine,
Longer pulses will cayse the powerfu] surface reflection to interfere with the
weaker submarine reflection or absorption. In the atmosphere, however, even
with the thinnest of clouds, backscattering will cause such short pulses to
Spread severa] microseconds, This Phenomenon can be overcome only by firing
the laser from well below the clouds, which at any given time cover about 60
percent of the ocean’s surface, As a result, thjs method of detection may be
useful for barrjer patrol, but it woulq be very Impractical for large areq surveil-
lance unless some way is found to overcome the inherently low signal-to-nojse
ratio of such g System when it must operate through cloyds, 2s Sufﬁciently high
laser pulse power is already availap]e to allow airborpe detection of moderately
deep (less than 330 feet [100 meters]) submarines in the absence of clouds.
Therefore, like magnetic anomaly detection, lidar may provide 3 means of
short—range detection or localization of submarines that are not very deep.

Dezection of Submarine M isstle Launch,

When an SSBN fires 3 missile, it emits a powerful acoustjc signal from the
escaping gases in the water, and Nonacoustic signals ip the form of heat from
the engine, radar reflectance of the missile, and a visual vapor trail from the
missile exhaust. Although these signals are transient phenomena, they may be
powerful enough to point ASW forces to their source. For the case in which an

%
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is unlikely that either US or Soviet submarines could be located, targeted, and
attacked by a remotely Jaunched weapon in time to catch and destroy them.

1If the SSBN is supposed to participate in limited nuclear strikes, it must be
able to fire a few weapons and then move far enough away to escape detection
and attack. This may be one of the few circumstances in which high speed is
useful to an SSBN. Command and control problems may well be the limiting
factors in the ability of SSBNs to conduct limited strikes, retargeting, and

follow-on attacks.

Platforms for N onacoustic Sensors

A basic question in using nonacoustic sensors for surveillance 18 where to put
them. The choices are t0 put them on aircraft or satellites or 10 fix them in the
ocean itself. Aircraft have the advantages of low altitude and flexible maneuver-
ing. Low altitudes give short-range sensors relatively high spatial resolution
and avoid cloud cover—an important factor for sensors in the visible and
infrared bands. In addition, on aircraft sensitive equipment such as laser com-
ponents and short-lived power supplies can easily be replaced. The disadvan-
tages of aircraft are that they cannot operate over hostile territory; their search
time is limited; and, most important, for a given time period, the area they can
survey at lower altitudes is much smaller than the area that can be surveyed by
satellites at higher altitudes.”'

When a satellite’s circular orbital period (which 1s determined by altitude)
is the same as the period of the earth’s rotation, the satellite will remain above a
fixed location on the earth’s surface. As on¢ author points out, however, such
geostationary satellites ‘‘are 100 high [40,000 km] for the effective use of most
ocean surveillance sensors, which are usually found on satellites whose orbits
do not exceed 1000 km.”3? Satellites in low orbits spend less time over a
particular region of the earth so that many satellites would be needed to provide
coverage of SSBN patrol areas.

As an example, consider the characteristics of the SEASAT A synthetic
aperture radar (SAR). During its brief life, it operated at an altitude of 432 nm
(800 km) and had a swath width on the surface of 54 nm (100 km). At that
altitude, a satellite in a circular polar orbit would circle the earth every 100
minutes. During one orbit, the earth would rotate through 25 degrees of
longitude.

Soviet SSBN patrol areas in the Arctic are probably limited to regions
north of 70 degrees north latitude, an area that covers the entire Arctic and
about half the Norwegian and Greenland seas. At that latitude, the swath width
of the SAR would cover about 2.5 degrees of longitude. Therefore, in order to
cover the entire region every 100 minutes, about 70 satellites, each carrying one
radar, would be needed. The number of satellites could be reduced in a number
of ways: more radars could be mounted on each satellite; the radars could be
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The persistence of submarine-generated surface phenomena could con-
tribute to satelljte surveillance since they might yield information about the
direction of a target, making the task of correlating successive observations
more efficient.

Many nonacoustic detection methods work best under the same condi-
tions: when a submarine is moving at high speed in a shallow depth in some
combination of calm seas, clear skies, clear water, and perhaps darkness. Such
methods include infrared sensing, lidar, and other optical methods, Conversely,
when conditions are unfavorable for one of these nonacoustic sensors, they are
unfavorable for the others. Simply operating the submarine at deep levels,
below 330 feet (100 meters), drives the signal-to-noise ratio to extremely low
levels. Additional security can be gained by a relatively sma]] increase in depth.
As an expert on the Navy’s SSBN Security Program has testified, “essentially
all nonacoustic phenomena are attenuated by water, 33 The analysis presented
in this study largely supports this Statement, particularly in the cases of lidar
detection, detection of surface waves, detection of actya] temperature changes
in the surface layers, bioluminescence imaging, and magnetic anomaly detec-
tion. The analysis in this study provides much less support for this statement in
the specific context of detection of submarine-generated internal waves and
their surface effects.

The Soviet interest in nonacoustic detection is usually described in terms
of a hypothetical threat to US SSBNs. Given the Soviet Navy’s shift in 1960
from anti-carrier defense to anti-Polaris defense, the emphasis on nonacoustic
detection of SSBN's may have been the Soviet priority in the 1960s.34

According to Michael MccGwire, a Soviet shift in doctrine in late 1966 put
as the top Soviet military objective “avoiding the nuclear devastation of Rus-
sia.”’3s With this objective came the requirement of maintaining and Protecting
the Soviet SSBN fleet as a form of “insurance” lest US technological develop-
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detection would probably have been seen as a way of contributing to the
survivability of Soviet SSBNs, and therefore an important technological means
of supporting the main Soviet military objective.

Since most emerging nonacoustic detection technologies are most easily
implemented on a small scale in limited areas, it seems likely that on the Soviet
side these technologies will initially be used with the greatest effectiveness for
detecting US attack submarines in and around Soviet Arctic and Pacific home
waters. Such systems could supplement Soviet acoustic surveillance, which is
likely to be well developed. This would not only help protect Soviet SSBNs,
but would also provide vital practice and evaluation prior to any attempted
large-scale implementation. For these reasons, developments in nonacoustic
or acoustic technology should be observed in Soviet barrier operations against
US SSNs before they can employ it effectively in large-area surveillance,
searching for US SSBNs in millions of square miles of ocean.

Destruction of Submarines

Once a submarine is localized, the likelihood of destroying it will depend on the
time late of the weapon, the destructive radius of the weapon, and the possible
means of countering it.’® The ASW weapons in the US and Soviet arsenals fall
into two general categories: conventionally armed torpedoes that compensate
for time late by seeking out the target, and nuclear depth charges that compen-
sate for time late with a large destructive radius.’* The standard heavy US
ASW torpedo, the Mk 48, has a maximum range of about 21 nm (38 km), a
maximum speed of 55 knots (100 km/hr), and a maximum depth of 3016 feet
(914 meters). Almost no information is available regarding capabilities of Soviet
ASW torpedoes. The Submarine Rocket (SUBROC) rocket-propelled nuclear
depth charges fired from US submarines can reach 10 to 15 miles (19 to 28 km),
and various reports say that its successor, the ASW Standoff Weapon (ASW/
SOW), may reach 35 to 100 miles (64 to 184 km).*’

Torpedoes using active sonar to home on a submarine can be deceived by
mechanisms that generate loud broadband noise to mask the echoes or that
return false echoes; those using passive sonar can also be jammed or else
deceived by mechanisms that simulate submarine noises at some distance from
any actual submarine. Nuclear depth charges cannot be countered, but their
destructiveness requires that if they are launched from a ship or submarine,
they must be boosted over a considerable distance, and this increases the time
late. This disadvantage to the attacker can be avoided by dropping nuclear
depth charges from the very ASW aircraft that localizes the submarine.

Barrage is another method of compensating for uncertainty in localizing or
detecting submarines. In analyzing barrage requirements, there is a basic trade-
off between the numbers of weapons used and their yields (and, thus, destructive
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radii). Most discussions of ASW barrage concern the potential destruction of
submarines throughout whole seas and involve calculations of the use of very
large numbers of high-yield nuclear weapons.

There are three main ways in which a large underwater explosion can
render a strategic submarine incapable of performing its mission: hull rupture;
shock damage to systems controlling depth, life-support, or sensitive instru-
ments relating to its ballistic missiles or to the missiles themselves; and wave
overturning. So little is known about these mechanisms that the US Navy’s Mk
45 nuclear-tipped torpedo became unpopular with submarine operators, who
were never sure whether its detonation would damage their own submarines.#!

The hulls of US submarines are designed to fail at the depth where the
pressure hull yields to static pressure. I assume that if the peak overpressure
imparted by a nuclear explosion raises the static pressure on the submerged
submarine hull beyond its yield pressure, the submarine hull will be ruptured.
This may not be as good an assumption for some Soviet double-hulled subma-
rines, which may have a few feet of water between the two hulls. Experiments
using high explosive charges at relatively close ranges have suggested that the
peak overpressure incident on the inner pressure hull of a double-hulled subma-
rine may be as low as half of the pressure that would be imparted to a single-
hulled vessel.#> On the other hand, theory suggests that the approximately
planar pressure wave from a relatively distant nuclear explosion would be
transmitted through an outer hull with little attenuation.*? It is also possible
that deformation of frames or even rupture of internal seawater systems, such
as cooling loops, might be a mechanism for hull rupture, although there is not
enough information in the open literature to evaluate such potential effects.

In a study on shock testing of submarines performed in the early 1960s, it
was found that “in some cases disabling [submarine] casualties have occurred at
shock factors only a fraction of those required to cause hull splitting or even of
those which would probably cause serious personnel casualties.” Most of these
failures were caused by installation errors or poor housekeeping; only 10 per-
cent were due to inadequacy of properly tested components.** Thus, it is likely
that unpredictable effects may determine the actual “kill” radius of a nuclear
weapon, which may be considerably greater than the theoretical hull-rupture
range.%

Another important class of damage is that to internal systems of the mis-
siles and their fire control systems. The gyroscopes in the ship’s inertial naviga-
tion system or in the missiles’ guidance systems can be damaged by shock,
which would render the missiles useless. Separation joints between missile
stages are weak spots, and the solid propellant casting is sensitive to cracking
and crumbling.

From the viewpoint of the attacker, however, planning to rupture hulls
probably offers the highest confidence of incapacitating all the submarines in a
given area. I therefore adopt this conservative assumption. In addition, lacking
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more detailed information on Soviet submarines, I assume that what is true of
US submarines is also true on the Soviet side. It should be noted, however, that
features such as double hulls may suggest greater emphasis on shock survivabil-
ity in Soviet submarine design.

According to one Soviet study of US sources, the collapse depth of the
Thresher and Ethan Allen classes was about 1,650 feet (500 meters).* Standard
Western sources such as Janes Fighting Ships give 990 feet (300 meters) as the
maximum operating depth of US submarines. Allowing a factor of 1.5 as a
safety margin, this implies a collapse depth of 1,485 feet (450 meters).*” For the
purpose of evaluating barrage requirements, 1 estimate conservatively that in
general submarine hulls will rupture under the pressure created by about 1,650
feet (500 meters) of seawater. For a submarine at 330 feet (100 meters), the
additional static overpressure that must be applied to rupture the hull is 590
pounds per square inch (psi). Table 1-1 shows the ranges at which nuclear
explosions of various yields will produce such overpressure.

The surface waves generated by a nuclear explosion are high, particularly
the first wave, which propagates outward; but they are not higher than the
waves generated by a prolonged, severe storm. A 1 MT bomb detonated in
water as deep as the Barents Sea or the northern Sea of Okhotsk (typically
660-1,320 feet [200-400 meters]) will generate a wave with a height of about
20-30 feet (6-9 meters) at a distance of 4 miles (7.4 km) from the explosion.
This wave has a period of about 38 seconds*® and is not breaking.*’

The length of the wave will be about 4,800 feet (1,475 meters),*° and the
slope of the water surface along the wave will be about 1 degree. Given such a
wave, a submarine submerged at 330 feet (100 meters) would probably be
unaware of the tilt. The maximum horizontal acceleration would be about 0.02
g’s at that depth—hardly perceptible. The entire submarine would move gently
with the underwater motion. Even at the surface, the entire submarine would
simply rise and fall, without tilting, in a slow elliptical motion.>'

In sum, it is clear that at a range of, say, 4 nm (7.4 km) from a 1 MT
explosion, the shock and hull rupture effects will dominate the wave effect.

Table 1-1
Yield-range combinations for achieving 590 psi
overpressure underwater

Range for 590 psi
Yield (meters) (yards) (nm)
200 kT 4,550 5,000 <1
1 MT 7,280 8,000 4
5 MT 12,700 14,000 7

Source: Samuel Glasstone and Phillip J. Dolan, The Effect of
Nuclear Weapons (Washington, D.C.: US Government Printing
Office, 1977), p. 271; read from figure 6.115.



28 - Straregic Antisubmarine Warfare

Explosion waves must shoal into very shallow water before they become steep
enough to topple a submarine.

Several sources have given estimates of the kill radius of a | MT weapon
against submarines. Daniel reviews statements by former US Secretary of
Defense Harold Brown and former US Director of Defense Research William
Perry which suggested radii of 5 nm (9.2 km) and 3.5 nm (6.4 km), respec-
tively.52 Another author quotes a “DoD source” in giving an estimate of 4 nm
(7.4 km).>* Shallow water bursts deliver less energy to water than deep water
bursts, according to Glasstone and Dolan, but it is unclear how much less.
Sidney Drell has calculated that a 1 MT weapon detonated near the bottom can
destroy a submarine at a range of 1.5 nm (2.8 km), but he assumes “very
conservative damage criteria.”’>> One report claims that a 10 kT bomb can
destroy a submarine at 495 feet (150 meters) depth out to a range of 1.2 nm (2.2
km).>¢ A Soviet analysis of “foreign sources” from the late 1950s gives the
destructive radius of a 2.5 kT bomb (explosion depth 100 feet [30 meters],
submarine depth 200 feet [60 meters]) as 1,980 feet (600 meters), and that of a
10 kT weapon as 5,280-5,610 feet (1,600-1,700 meters).5”

In one major 1955 experiment called Operation Wigwam, a 20 kiloton
underwater nuclear weapon was detonated at a depth of 2000 feet in deep water
near some submerged scale models of World War II vintage SS 567 class
submarines in order “to determine the lethal range for an atomic depth charge
against a submarine target.””>® Results from that test and others suggested that
peak total pressure required to rupture the hull was 1.5-1.9 times the maximum
static pressure resistance of the submarine. The pressure had to remain high for
at least 4 milliseconds in order to cause damage, and the orientation of the
submarine to the explosion was not an important factor in the vulnerability of
the hull to the pressure wave.5® It was also shown that the vulnerability of the
hull was not sensitive to the presence of heavy internal masses, such as heavy
machinery.%°

Operation Wigwam provided data on the relationship between target depth
and lethal range from a nuclear weapon. Hull collapse pressure of the targets
was 655 pounds per square inch. For the 20 kiloton weapon against targets at
various depths, the lethal ranges were as follows: 100 feet, 0.8 nm; 200 feet, 1.0
nm; 400 feet, 1.3 nm; 600 feet, 1.6 nm; 800 feet, 2.1 nm. Since lethal range
scales with the square root of weapon yield, the lethal range of a 1 megaton
bomb can be calculated as follows: 100 feet, 5.7 nm; 200 feet, 7.1 nm; 400 feet,
9.2 nm; 600 feet, 11.3 nm; 800 feet, 15 nm. The Wigwam test also showed that
an increase in weapon depth from 500 to 2,000 feet increases the lethal range by
about 20 percent.5! Against modern submarines, the lethal ranges should be
shorter, since the Wigwam targets were made of HTS steel, with a yield
strength of 47,000 psi, and modern submarines are made with HY-80 steel,
with a minimum yield strength of 80,000 psi. This suggests that the kill radius
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against modern submarines is about half the figures given above, where the kill
mechanism is hull rupture.

McCue has pointed out that the area over which a given overpressure is
achieved scales with yield and numbers in the same way as the formula for
aggregating yields into equivalent megatons (EMT).52 As a result, the area that
can be covered in a barrage by weapons of varying yield is a simple function of
total EMT, specifically, the product of total EMT and the area within the
destructive radius of a 1 MT bomb. Taking account of the need to cover gaps
between the circles of lethal radius and to allow for warhead accuracy of 1,220
feet (370 meters) circular error probable (CEP), the number of weapons that
must be used to barrage a given area increases by 35 percent.5?

Comparing the various estimates, it seems that 4 nm is a reasonable esti-
mate for the kill radius of a 1 MT weapon in water as deep as the typical Soviet
SSBN patrol areas or deeper. The uncertainty in this or any other estimate is
very large, however, and any result based on it should be viewed as approxi-
mate. The actual destructive radius depends on the depth of the burst, the
water depth, the depth of the submarine, and other factors. This result is
considered to be conservative (a low estimate of the destructive radius) and will
be used in the discussion of threats to US and Soviet SSBN fleets. It will be
shown that neither the United States nor the USSR has sufficient EMT to
barrage large areas if the kill radius is 4 miles, so if the true radius of kill is
lower, the conclusion that area barrage is impractical is unchanged. On the
other hand, there is no evidence that a very reliable kill mechanism exists much
beyond 4 miles, so that an attempt to barrage using wider spacing may not be
likely to result in destroying the great majority of SSBNs with high confidence.
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US ASW Threats
to Soviet SSBNs

destroy Soviet SSBNs by means of the various ASW tactics and tech-

nologies outlined in chapter 1. Within each section of this chapter, the
ASW problem is analyzed in the context of actual operating areas and force
levels. Where the text draws on a more detailed appendix, it gives only the main
outline and conclusions. Intended as a general framework for policy analysis,
the chapter devotes little space to particular new research and development
projects, which are regularly described in detail in other sources.'

T his chapter discusses the prospects for the United States to find and

Soviet SSBN Operating Policy

Soviet SSBNGs carrying the 4,200 nm-range SS-N-8 and SS-N-18 missiles can
target most of the continental United States from ocean areas within a few
hundred miles from their ports in Murmansk in the Arctic and in Petropav-
lovsk in the Pacific.? Figure A8-1 in appendix 8 shows the coverage of these
missiles from near their ports, and it is apparent that parts of the continental
United States are not covered. With the SS-NX-23 missile, which will to some
extent replace the SS-N-18, Soviet SSBNs will be able to target the entire
United States from port.> In practice, Soviet SSBN’s can travel in the shallow
ice-covered waters of the Soviet Arctic continental shelf, which is about 500
miles wide and thousands of miles long. They can travel in the central Arctic
under the ice pack, and they can travel (at greater risk) in the North Atlantic
and North Pacific.

The Soviet Navy maintains an average of about 15-25 percent of its SSBN
fleet at sea at any given time, a figure that has remained fairly constant over the
past 10 years, though it may be increasing.* There are a number of reasons for
this rate, which is low compared to the 50-66 percent at-sea rate of US subma-
rines. The Soviet SSBN force (other than those forward deployed such as the
Yankee and the occasional Delta) may be more narrowly assigned to the mis-
sion of providing a surviving strategic reserve force than is the US fleet. A
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strategic reserve is intended to ride out an entire war, including a general
nuclear war, and be prepared to provide a capability to strike the United States
during the war or after the war is over, no matter what happens. The central
rationales may be to deter all-out attacks against society during the course of a
limited nuclear war, and to provide a force for influencing the course and
outcome of postwar negotiations. Given this mission, and the general belief that
World War III and certainly general nuclear war will be preceded by a signifi-
cant period of crisis and warning, there may be no great incentive for keeping a
large portion of the SSBN fleet at sea all the time. Soviet submarines in port
can be put to sea in what is called a surge. The US Navy has “watched [the
Soviet Navy] surge their SSBNs and SSNs many times” and believes that the
Soviet surge capability is “excellent.” The Soviet Navy can put a large portion
of its SSBNs (and SSNs) to sea within 24 to 48 hours.5 This is a reasonable
alternative to keeping a larger fraction of submarines at sea at all times.

The Soviet Navy has developed hardened shelters for SSBN's to protect
them from attack while they are in port.® This might allow them a means of
surviving attack by conventional weapons without surging. It is difficult to see
how such shelters could help in a nuclear attack, however, when the rubble in
the bomb craters would very possibly cover the openings to the shelters. The
Soviet investment in this kind of protection for SSBNs may reflect some
belief that SSBN's may only need to last throughout a conventional war, or it
may constitute an additional measure to provide “combat stability” to those
submarines (SSBNs and others) that may need to be in port during a war for
refitting.

Logistical and bureaucratic factors may also explain the relatively low
at-sea rate. One analyst points out that “the Soviet shipyards and repair sites
are located in the worst possible environment for ship repair.”? All yards
involved with nuclear submarines are located in extremely cold climates, in
which most work can be performed only in covered and heated facilities and
buildings. In addition, the Soviet Ministry of Shipbuilding is separate from the
Navy, and is responsible for repairs to submarines as well as for building ships.
The bureaucratic pressure to produce ships is greater than the incentives to
repair older ones, leading to a bias in the allocation of resources toward turning
out new ships as opposed to keeping the Navy’s existing ones in good repair. As
the same analyst put it, “The Soviet Ministry [of Shipbuilding] does not want
to be in the ship repair business, especially the most difficult of all ship repairs,
nuclear submarine work.”® Together with the large numbers of highly trained
specialists needed to operate a large fleet of nuclear submarines, the technical
complexity of the systems, the demand for civilian nuclear reactor specialists,
and related problems, there are abundant reasons for the Soviet Navy to opt for
a lower at-sea rate.
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The price the Soviet Navy pays for such low at-sea rates is great, none-
theless:

Soviet crews decry the fact they don’t get enough at-sea training time. They
bitch about it in the documents and we see the results. In the last ten years,
they have had over 200 submarine accidents, some of which have been very
serious. They have lost submarines, had fires, had real problems.’

As for the relative levels of training between US and Soviet submarine
crews, the nearly three-fold advantage in US at-sea time has led to a situation in
which there is “no contest in terms of crew proficiency,” which gives the
United States an incalculable edge in the quality of an individual submarine as
a fighting unit.!9 In terms of the actual number of Soviet SSBNs at sea, using
the figure of 15 percent translates to about 10 submarines at sea worldwide.
Presumably some of those, namely the Yankees with their shorter-range mis-
siles, are not always in range of the United States and therefore are not always
on alert. Since only a couple of Yankees patrol off the US coast, perhaps 8
submarines at sea are on alert with 2 Yankees in transit, on the average. Using
the figure of 25 percent at sea translates to about 17 submarines at sea at any
time. The US Navy claims, however, that at any given time 28 Soviet SSBNs
are on alert,!" which means that about 11 to 20 of them must be on alert status
while in their ports, near their hardened “‘bunkers.” These numbers should be
accepted as approximate, however.

While Soviet submarines are at sea, there are a number of ways of making
them more secure, one of these being to accompany the SSBN with an SSN, a
common practice in the Soviet Navy, using the Victor I11.'2 Other defensive
means will be discussed in detail later.

Area Search for Soviet SSBNs

Area search is the most easily visualized threat to SSBNs, yet it is one of the
least efficient and least realistic approaches. Although US attack submarines
search for SSBNs in Soviet home waters, there is little support within the US
Navy for sending surface ships or aircraft into the SSBN patrol areas contigu-
ous to major Soviet naval bases.!> For this reason and others, it is extremely
doubtful that the main US threat to Soviet SSBNGs is the threat of a brute-force
search of the entire Barents Sea and Sea of Okhotsk. What is more plausible is a
hybrid of operations involving area surveillance, trailing, and mining. Nonethe-
less, it is useful to begin by discussing area search alone as a first-order
approach to operations analysis, since it clarifies the time scale for strategic
antisubmarine warfare.
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To give a general idea of the vulnerability of Soviet SSBNGs, this analysis
uses simple assumptions that favor the ASW forces (not the SSBNs). The
detection range of each individual US surface ship and submarine equipped
with low-frequency sonar is assumed to be on the order of 30 nm (55 km)—a
very high estimate.! For carrier battle groups including one aircraft carrier
each, plus destroyers, cruisers, and SSNs, the detection range is assumed to be
150 nm (280 km). Quoted estimates of modern active sonar systems are on the
order of 10 nm (18 km) or out to 30 nm (55 km) with convergence zones,
although convergence zones would not exist in Soviet home waters. Passive
sonar ranges vary widely with conditions; they are shorter in shallow water,
which transmits sound much less efficiently than deep water. I use 30 nm as an
optimistically long range out to which a modern sonar system might reliably
detect a moderately quiet, modern class of Soviet SSBN; actual ranges may be
on the order of 3 miles against extremely quiet submarines.'s It is important to
remember that since search time is inversely proportional to detection range,
the results obtained here are very sensitive to this assumption. For the initial
calculations, I make the highly unrealistic assumption that the Soviet SSBNs
do not move to evade the search or take countermeasures, that the search
patterns of the US ASW units are perfectly coordinated with no gaps and no
overlap, and that the Soviet armed forces do not interfere.

Under these unrealistic circumstances and assuming that Soviet SSBN's
remained entirely stationary, it would take about five hours for the US Navy
frigates and carrier battle groups now based in the Atlantic to search the
Barents Sea and the adjoining Kara Sea. If the same search were conducted by
US attack submarines stationed in the Atlantic alone, it would take about eight
hours. All US SSNis in the Atlantic could search the entire Arctic Ocean in 20
hours, while those in the Pacific would take 14 hours to search the Sea of
Okhotsk.

If the Soviet SSBNs are assumed to move about randomly (not evasively)
or if the search process itself is assumed to be random (search units move
randomly rather than systematically through the area), then the time required
to detect 95 percent of the SSBNs will be about three times the first set of
estimates given. 6

Thus, even without harassment or defense on the part of the Soviet Navy,
the time needed to search comprehensively for Soviet SSBN's throughout the
Arctic and the Sea of Okhotsk is on the order of two days. In realistic wartime
or crisis conditions, the process would take much longer. First, the searching
US forces, even if limited to SSN's, would be slowed down by Soviet minefields
and groups of quiet Soviet defending submarines, both new nuclear-powered
submarines and the even quieter diesel-electric types suitable for coastal de-
fense. Second, some US attack submarines would be destroyed, further stretch-
ing out the search, and perhaps forcing the US Navy to accept losses that
might be more costly than the likely gains. Finally, in real situations, real
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systems like sonars do not perform ideally and sometimes do not perform at all.
Simple countermeasures like noisemakers and submarine simulators would
slow the search process enormously. Clearly, it would make no sense to attempt
a comprehensive area search for Soviet SSBN's simultaneously with a 30-minute
strike by US ICBMs against Soviet land-based nuclear forces in a sudden,
disarming first-strike scenario. The calculated search results do suggest, how-
ever, that a search campaign lasting 10-20 days might result in many encoun-
ters between US SSNs and Soviet SSBNs.

Even though the threat of attrition of Soviet SSBNs is discounted in
discussions of disarming strike scenarios, it is important to recognize that the
United States probably does maintain some SSNs in or near Soviet SSBN
patrol waters in peacetime; and it is possible for these and other SSNs to attack
any Soviet SSBNs they have under trail or can find very quickly at the outbreak
of an East-West conventional war. If the Soviet leadership anticipates that such
a war might last longer than a week, they must take very seriously the dangers
of area search for and attrition of their SSBNs. The magnitude and significance
of this attrition threat is the central issue of the later chapters.

Area Barrage against Soviet SSBNs

Instead of searching an area known to contain submarines, the attacker can
detonate a large number of weapons in a pattern over that area—a tactic known
as barrage. Taking 4 nm as the submarine kill radius for a 1 MT bomb and
allowing a 35 percent increase in EMT to correct for missile inaccuracy and
overlapping circles of destruction, I have made the conservative calculation of
the equivalent megatons (EMT) needed to barrage selected Soviet SSBN patrol
areas and give high confidence of destroying all SSBNs in them. The results are
given in table 2-1 and the total EMT required is 67,100 EMT.

Table 2-1
Estimated EMT required to create 590 psi
overpressure throughout Soviet SSBN patrol

areas?
Equivalent

Area Megatons
Barents Sea (394,000 nm?) 10,600
Norwegian-Greenland Sea (650,000 nm?) 17,500
Arctic Ocean (1,000,000 nm?) 26,900
Sea of Okhotsk (452,000 nm?) 12,100
Total 67,100

aThis does not include all of the Soviet Arctic marginal seas, the
Bering Sea, or the Yankee/Delta patrol areas off the US coast.
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In 1985, the United States had 1,272 EMT on intercontinental ballistic
missiles (ICBMs), 935 EMT on submarine-launched ballistic missiles (SLBM:s),
and 1,663 EMT on bombers—a total of 3,870 EMT. This represents only 6
percent of what would be needed to barrage Soviet SSBN patrol areas. Clearly,
the requirements for comprehensive, high-confidence area barrage are not only
far beyond current US nuclear forces, but are also far beyond any foreseeable
future capability.

However, if Soviet SSBN's were observed leaving port and were tracked
accurately enough to reduce the total area of uncertainty to 36,000 nm?, they
could be attacked with just 1,000 EMT. The area 36,000 nm? is equivalent to 20
targets localized to within 24 miles (44 km) each. The tactic of a nuclear barrage
would be feasible only if high-confidence, accurate surveillance were to become
available.

Acoustic Surveillance of Submarines

The feasibility of acoustic surveillance of Soviet strategic submarines has been
drastically reduced with the introduction of very long range missiles, which
permit Soviet submarines to operate in the seas near the Asian continent. No
longer do most Soviet SSBN's have to transit narrow chokepoints in order to be
within striking range of the United States. F urthermore, there are few locations
near the Soviet SSBN deployment areas where Western nations can install
fixed, large-scale surveillance equipment. The Barents Sea and the Sea of
Okhotsk are both international waters with international straits entering them,
but there is an obvious logistical problem in attempting to protect large sonar
arrays on the ocean floor, with cables running up to shore-based facilities, off
the coast of a country whose strategic forces are threatened by these arrays.
Last but not least, the physical properties of the ocean in current Soviet SSBN
patrol areas make long-range detection very difficult.

From the late 1950s, when the USSR started producing submarines with
ballistic missiles, until the late 1970s, when the bulk of Soviet SLBMs were
those with a range of at least 4,000 nm (7360 km), the United States relied
heavily on the Sound Ocean Surveillance System (SOSUS) for detecting
Soviet SSBNs. SOSUS is a series of passive acoustic systems based on linear
arrays of hydrophones several hundred meters long.!” The SOSUS system is
actually only one of several passive acoustic long-range surveillance systems,
but the term is now used to describe all these systems since they are very
similar. The SOSUS arrays are buried a few feet in the mud!® by four special-
ized array-laying ships,!® which may be assisted by the US nuclear minisub
NR-1.20

The hydrophone arrays, designated AN/F QQ-10(V), are apparently strung
out at intervals of 5-15 miles (9-28 km),2! though the individual arrays are
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probably not more than a thousand meters or so long. They are connected by
cable to shore stations called Naval Facilities (NAVFACS). These shore sta-
tions are located on both US coasts and on the Aleutian Islands, in Canada,
Denmark, Iceland, Italy, Japan, Korea, the Philippines, Spain, Turkey, and the
United Kingdom.2? Some of the original NAVFACS on the US coasts, such as
the one at Lewes, Delaware, are being phased out.?? The older Soviet subma-
rines are also being removed from service or converted to attack submarines
(with their ballistic missiles removed), which can be effectively countered by
US attack submarines.

The SOSUS arrays considered most threatening to modern Soviet SSBNs
are those nearest the Kuril Islands?* (if they exist) and elsewhere in the western
Pacific,?s and the one that runs off the northern coast of Norway from the
military base at Andgya north toward Svalbard.26 The critical technical ques-
tion in terms of US strategic ASW capability is how far into the nearby Soviet
patrol areas these SOSUS arrays can detect Soviet submarines, although sur-
veillance against Soviet SSNs is probably an equally important and feasible
function of undersea surveillance.

In the early 1960s, US defenses against Soviet strategic submarines were
focused on the deep waters off US coasts. Large arrays, such as the Artemis and
Trident systems, were used to gather data on the detectability and coherence of
sound propagated in the “deep sound channel,” a natural waveguide that
transmits low-frequency machinery noises efficiently at very long ranges through
the deep oceans.?’ During the early years of Secretary of Defense McNamara’s
tenure, these systems were considered an integral part of US damage-limiting
capability.?® At the same time, the US Navy recognized that Soviet submarines
could be detected closer to their home ports, and surveillance was moved
“forward” into the western Pacific. Nature seemed to support these efforts by
placing the deep sound channel along the routes the original Soviet SSBN’s had
to travel to come within range of the United States. However, even with the
relatively favorable acoustic environment of the deep ocean, there were still
major sources of uncertainty in sound transmission and noise levels.

The other major US passive acoustic surveillance system is the Surface
Towed Array System (SURTASS). This is a long line array (perhaps about the
same length of a SOSUS array or shorter), towed from a very slow ocean-going
tugboat called T-AGOS. The initial contract is for 12 ships of this type. T-
AGOS and SURTASS are intended to provide a backup to SOSUS, though
only in waters that are very secure and heavily defended by the United States in
wartime, since T-AGOS is defenseless. SOSUS NAVFAC data collection sta-
tions and the arrays themselves are targeted by the Soviet Union and are not
expected to survive the outbreak of a war, and SURTASS may provide a short-
term replacement. A more plausible use of SURTASS is as a complement to
SOSUS in peacetime. Since both are passive arrays and are for all practical
purposes immobile, they each yield only information on the direction to a
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distant target. However, a SOSUS array in conjunction with a distant SUR-
TASS array can provide two lines of direction that yield the position of the
target.

There are major questions about the roles and utility of SURTASS and
SOSUS. Both are very vulnerable and are not likely to survive long in forward
areas in a major war. They can provide a means of keeping track of some subma-
rines up to the time war begins, but within a few days after the surveillance
systems are destroyed, the Soviet attack submarine fleet can be redistributed by
over a thousand miles. In terms of surveillance against Soviet SSBNs, these
systems are even less useful. The older Yankee class SSBNs used to be the
major undersea threat to the United States, but they had to come close to US
shores because of the short range of their missiles. They still patrol, with some
Deltas, in the North Atlantic and North Pacific, which also happen to be
excellent ocean areas in which to detect the loud, low-frequency tones of the
Yankees. The newer Delta and Typhoon submarines carrying the vast majority
of Soviet submarine-launched ballistic missile warheads, however, deploy for
the most part in shallow or ice-covered waters, which are much less favorable
environments for long-range acoustic detection. As a result, the range at which
a surveillance system might detect Yankee submarines in the Norwegian Sea
has been estimated at several hundred to over a thousand miles, while the range
associated with new Soviet SSBN's (which are probably over a thousand times
quieter than the Yankees) in the shallow Barents Sea is just 1-20 nm.?® Data
from US Navy tests against actual Soviet submarines appear to confirm these
results, which are derived in appendixes 4-8.

As noted in chapter 1, the range at which an acoustic system can detect a
submarine depends on three factors: the capability of the system, the acoustic
characteristics of the ocean environment, and the intensity of the submarine’s
radiated noise signature. The Navy has used the SOSUS/SURTASS combina-
tion to track Soviet Yankee submarines in the eastern Pacific at ranges of
between 400 and 1,000 nm (740-1840 km). The Yankee is one of the easier
Soviet submarines to track, however, since it radiates sound at about the 150 dB
level.3® Using the same sonar system and assuming the same ocean characteris-
tics as in these Navy tests, a submarine radiating only 130 dB—probably typical
of the quietest Soviet Victor III SSNs’'—could be detected at ranges of only
5-100 nm (9-184 km).32 Against 120 dB sources, probably characteristic of
slow-moving Typhoon SSBNs and the next generation of Soviet SSNs, the
detection range of the same SOSUS/SURTASS system in the same conditions
would be between 1 and 15 nm (2-28 km).33 In the shallow Barents Sea, where
the sound transmission characteristics are less amenable to long-range passive
detection than are those of the eastern Pacific site, the detection range of a
SOSUS/SURTASS system would probably be even less, assuming that such a
system would survive for any length of time in Soviet waters.
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The Norwegian Sea, north of the GTUK gap, resembles a deep ocean area
in some sound transmission characteristics, but because of its limited depth, it
exhibits some features not common in the deep oceans. Most important, in
many locations the conditions for the formation of “convergence zones”—
zones of especially low sound-transmission loss—generally occur only in the
winter.> The neighboring Greenland Sea, also a possible SSBN deployment
area, is covered by an ice pack during the winter and is acoustically like the
deep central Arctic, discussed in the next section.

The GIUK gap is shallower than either the Norwegian Sea or the northern
Atlantic Ocean, and to some extent, it acoustically isolates the two. Yet because
submarines passing between Greenland and Iceland or Iceland and the United
Kingdom must approach SOSUS surveillance arrays at relatively close range,
the chances of detection used to be relatively high. As Soviet submarines
become quiet enough to elude even passive SOSUS arrays, the GIUK gap will
still afford the West an opportunity to employ active acoustic and nonacoustic
surveillance. An active adjunct to SOSUS may help offset some of the recent
advances in Soviet submarine quieting on the Victor 111 and on the Akula and
its successors. An active adjunct would involve sound sources whose “‘ping”
would reflect off transiting submarines and be received at the SOSUS arrays. A
shift from passive to active SOSUS is not without precedent, since SOSUS was
apparently originally an active system, converted to passive in the mid-1960s.”

In sum, there is today no long-range US acoustic surveillance system—or a
set of systems—that can detect all or even most Soviet strategic submarines
within their patrol areas. This state of affairs is unlikely to change in the future
because US technology is already ‘‘approaching physical limits to sonar detec-
tion of submarines.”? Surveillance will probably be useful only as a prewar
means of accounting for the movement of Soviet SSNs and Yankee SSBNs in
and out of their home waters.

Acoustic Surveillance under the Ice

Most Soviet SSBNs patrol in the central Arctic or in the shallow marginal seas
above the USSR’s wide northern continental shelf. Some may be deployed
closer to the Canadian Arctic in the shallow waters of the Canadian archipelago.
In all these ice-covered regions, many of the complex, coordinated tactics of
open ocean ASW are much more difficult. Large-scale fixed surveillance sys-
tems are more difficult to implant, maintain, and monitor, and ASW aircraft
are of little use, although developments in through-ice sensors may change this.
Without fixed surveillance, vectored intercept using ships or submarines must
rely on satellites or on covertly implanted sensors. Communication, which is
essential to a coordinated ASW effort, is unusually difficult and limited.
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Sound transmission in the central Arctic is particularly influenced by the
continuous increase in sound speed with depth. At the surface, where sound
speed is at a minimum, signals are refracted into the underside of the ice; and
the character of the underice surface largely controls sound transmission.
Smooth new ice, characteristic of annual freezing, will reflect low-frequency
sound without much scattering or absorption. Older, ridged ice will scatter
sound and propagate it poorly. The smaller the distance between ridges, the
poorer will be the transmission. In the central Arctic, transmission of sounds
below 100 Hz is better than free-field (spherically spreading) transmission out
to ranges beyond a few hundred miles—that is, at those frequencies and ranges,
the Arctic behaves like a sound channel. At frequencies of 200-500 Hz, how-
ever, the Arctic does not behave like a sound channel at ranges over 54 nm (100
km). In contrast, the deep ocean in the northeast Pacific acts as a waveguide for
sound in those same frequencies beyond 540 nm (1,000 km). In terms of
ambient noise, the central Arctic is a highly variable environment: noise inten-
sity can change by several orders of magnitude over the course of a day. Due to
the absence of shipping, low-frequency ambient noise rarely reaches the inten-
sity associated with moderate shipping in the open sea. At frequencies above
100 Hz, noise levels in the central Arctic frequently fall below those of a calm
open sea. At such frequencies, however, the higher Arctic transmission losses
tend to offset this gain for detection.

In short, the uncertainty in predicting detection range in the central Arctic
is comparable to that in deep ocean. In the central Arctic, detection ranges at
frequencies below 100 Hz may at times be better than those in the central North
Atlantic and North Pacific, due to the absence of shipping noise, whose spec-
trum peaks at low frequencies. This advantage for detection is offset by the
sharp cutoff of high frequencies in the Arctic, which attenuates high-frequency
components of submarine spectra and makes them more difficult to identify.

Between the deep central Arctic and the Soviet coast there is a continental
shelf about 600 nm (1,100 km) wide and generally less than 900 feet (280
meters) deep. This area tends to be covered by ice all year, unlike the Barents
Sea, which clears in summer because of the Gulf Stream. The continental shelf
region, called the ““marginal sea ice zone,” is one of the most difficult acoustic
environments in which to detect submarines. Just as in the central Arctic, the
ice cover inhibits coordinated activity between ASW aircraft, ships, and fixed
surveillance. In fact, as a rule these waters are accessible exclusively by sub-
marines.

In the Pacific, the northern quarter of the Sea of Okhotsk has a depth of
600-1,200 feet (200-400 meters); and most of the remainder is deeper than
3,000 feet (900 meters). Acoustically, most of the Sea of Okhotsk probably
behaves like intermediate-depth water—that is, it is too shallow to permit the
formation of convergence zones except in its very deepest section, adjacent to
the Kuril Islands. Since the northern Sea of Okhotsk is shallow and shares most
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of the acoustic properties of the Soviet marginal seas, it is not discussed separ-
ately; the general conclusions regarding detection in the shallow Arctic waters
are also assumed to apply here.

In the Arctic, moving from west to east, potential deployment areas in
shallow water are the Barents, Kara, Laptev, East Siberian, and Chukchi seas.
Some areas along the Siberian coast are t0o shallow for submarines, although
recent evidence suggests that Soviet submarines may be able to launch missiles
in very shallow depths. A photograph taken by the National Oceanic and
Atmospheric Administration’s LANDSAT 4 satellite on 28 March 1984 showed
what is believed to be a Soviet strategic submarine testing equipment that
breaks a hole in ice to allow missiles to be launched. The test took place 50 miles
north of Wrangel Island in the East Siberian Sea in less than 126 feet (40
meters) of water.>” If Soviet submarines can in fact launch ballistic missiles in
such shallow water, then larger parts of the Soviet marginal seas and the
Canadian archipelago than previously expected are possible patrol areas. Sub-
marine operations under ice in shallow marginal seas are not new. As long ago
as 1960, a US nuclear attack submarine traveled 900 miles across the Bering-
Chukchi shelf in 125-180 feet (40-55 meters) of water, cruising just 35 feet
above the bottom.3® Operations in shallow water also carry the danger of being
lifted to the surface due to the low pressure caused by flow between the subma-
rine deck and the surface.

Ballistic missiles can be launched from a surfaced submarine. In fact, the
early Soviet SS-N-4 SLBM had to be launched at the surface. Upon launching
a missile, the submarine would maintain positive buoyancy, but might require a
trim adjustment. Underwater launch through a hole in the ice would require
accurate maneuvering and constant reballasting, since after the missile is fired
its tube floods with a mass of water that is somewhat less than the mass of the
missile.?® Surface launch might be preferable in areas where the submarine had
to break through the ice, since a missile launched underwater could easily hit
floating blocks of ice dislodged by the submarine, damaging both the missile
and the submarine. Moreover, because submerged launch probably generates a
louder acoustic signal and because the missile launch is a strong nonacoustic
signal, there would be no inherent advantage to submerged launch in terms of
covertness. Some US SSBN commanders think that if they had to fire all their
missiles, it would be easier to do so from the surface.

There is little prospect of US area acoustic surveillance of the Soviet
marginal seas. The length of the Soviet Arctic coast exceeds the total length of
the coastline of the continental United States. Even if US sonar arrays were
successfully placed along the Soviet coast, the presence and movement of ice
would restrict access from the arrays to the ocean surface for telemetry of data.
Arrays can be suspended from the ice, as they usually are in Arctic acoustic
experiments, but they are then within range of Soviet aircraft based in Siberia,
and they are subject to dislocation or disorientation as the ice shifts. Two US
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programs may be partly aimed at solving the problem of surveillance under ice.
One is the Ice Pick, which involves a remote sensor capable of penetrating ice.
The other is Ariadne, which is a basic program to make very thin fiber-optic
arrays and cables. Very thin arrays could be laid covertly by submarines.

Acoustically, shallow water is an extremely complex environment. It is
generally agreed that current theory cannot provide good predictions of noise
or sound propagation. This is not for lack of data; thousands of measurements
exist in the unclassified literature, which is itself only the tip of the scientific
iceberg. The Navy sends submarines through the Soviet marginal seas at least
once a year with ““a first priority research task” of measuring noise and sound
propagation.® Yet understanding, particularly of propagation, “is far less than
we now have for deep water.”4!

Sound propagation in shallow water is generally poor. The optimum fre-
quency for propagation decreases with water depth, approximately linearly,
from about 800 Hz at 165 feet (50 meters) depth to about 100 Hz at 660 feet
(200 meters) depth. At a given depth, frequencies below the optimum are
strongly attenuated due to increased loss to the bottom, while frequencies
above the optimum are attenuated by absorption and scattering, which is par-
ticularly strong under ice.*2 Measurements suggest that sounds at frequencies
below optimum may be reduced in intensity by 10-15 dB more than sounds at
the optimum frequency.

Low-frequency sound attenuation in the Soviet marginal seas should com-
plicate submarine detection there, particularly for quiet SSBN's. As submarine
machinery becomes quieter, the focus for deep-water ASW is the 5-40 Hz
tonals associated with propeller-blade beats and other extremely low frequency
tonals. Since those frequencies propagate well in deep water, listening for them
is the best acoustic strategy even though it requires using long towed arrays. In
shallow water, ASW forces may not be able to offset machinery quieting by
switching to very low detection frequencies—that is, below 20 Hz—due to the
great attenuation at those frequencies. Therefore as Soviet submarines are built
with quieter machinery and stay in shallow water, they become extremely
difficult to detect and probably cut off many avenues of technical advances in
US detection capability.

Another important tactical feature of shallow water is the variability of
transmission characteristics, both temporally and spatially. This makes it very
difficult for submarine operators to predict the range at which they might detect
another submarine, or the range at which they may themselves be detected. One
main source of the variability in shallow-water sound transmission is the type
and topography of the ocean bottom, neither of which is well known. Bottom
mapping by submarines in the western Laptev Sea has revealed highly irregular
features, as the following account of a submarine survey indicates:

While ice conditions were quite favorable in the Western Laptev Sea, they
became increasingly severe (average drafts in excess of 70 feet) as the survey
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proceeded westward. Large icebergs were encountered throughout the West-
ern Laptev Sea, and bottom conditions were discovered to be quite irregular,
caused by many depressions and gouges, with the bottom shoaling up quite
dramatically at times—e.g., over 50 feet in one ship length. More intriguing
gouges were encountered in the East Siberian Sea as heavy deep draft ice was
noted in the proximity.*?

All in all, the shallow, ice-covered waters of the Soviet marginal seas are
difficult areas in which to conduct searches for or surveillance of Soviet
SSBNs. Admiral Watkins has called this region “‘a beautiful place to hide.” He
notes that it is “clearly an advantage to [the Soviets] to take their ice that is
heavy most of the year around their homeland and use their forces accord-
ingly.”** The US Navy is putting increased emphasis on underice training in
order to prepare for attacks on Soviet SSBNs there.

Remote surveillance of SSBNs under ice has received some attention.
According to one report, ‘“‘New Navy initiatives to develop methods of locating
Soviet submarines based under the Arctic ice pack include laser techniques and
sonar and other systems that could be dropped on the ice to locate any subma-
rines under the pack.” It would be difficult for an airborne laser system to
detect submarines under ice, since laser transmission loss through ice and snow
is extremely high, and ““false target” reflections off submerged ice ridges would
be frequent. Sonar suspended through the ice would have some ability to detect
very quiet submarines, but probably not much beyond 30 miles, so it would
have to be widely distributed to provide area surveillance. DARPA’s Arctic
Surveillance Program “is developing specialized surveillance techniques for
ice-covered regions, beginning initially with a through-the-ice acoustic sen-
sor,” called Ice Pick, which “will be tested in an air launch sequence.”* The
US P-3 Orion and other ASW aircraft, however, are turboprop planes, designed
to fly for long periods at slow patrol speeds, and they have neither antiaircraft
defense nor means of concealment. If US ASW aircraft attempted to fly over
the marginal seas along the Soviet Arctic coast, they would be extremely
vulnerable to Soviet supersonic interceptor aircraft based in Siberia.

One possible means of detection in this area is infrared sensing of tempera-
ture anomalies associated with nuclear submarines remaining stationary under
holes in the ice. As noted earlier, heated water from the reactor seawater cooling
loop would not mix and disperse, but would tend to rise to the surface where it
could cause a detectable temperature change in open water. The remedy for
this is for submarines to stay under solid ice or to keep moving. However, as a
countermeasure, Soviet submarines could release oil in the water, which might
reduce the emissivity of the surface.

Coordination of air and naval ASW platforms using surveillance data is of
course only feasible where such data can be collected. In time of crisis or war,
few if any Soviet SSBNs will be patrolling in areas where area surveillance is
available to the United States.
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Even in the parts of the northwest Pacific and Norwegian Sea where there
are SOSUS arrays that can provide data to guide ASW aircraft to submarines,
US Orion aircraft are not certain of finding and destroying them. The vulnera-
bility of SOSUS in wartime is a key factor. The time late of the aircraft, which
will range from minutes to hours, will limit the probability of localization. In
probabilistic search theory, it is well known that for a target starting within a
circular area and moving out at a constant speed, the probability of detection
even after an infinite search is always less than unity. Assume, for example, that
a Soviet submarine traveling at 10 knots is detected by a SOSUS array. After
two and a half hours, a US Orion aircraft arrives in the vicinity to search for the
submarine using sonobuoys with a detection range of 2.7 nm (5 km). If the
Orion searches at a speed of, say, 250 knots, there will be at most an 80 percent
chance of detecting the target, regardless of the length of the search.*’

Trailing and Mining in Soviet Bastions

US policy regarding trailing Soviet SSBN’s in peacetime is secret. As training
for submarine crews, trailing a real Soviet submarine demands all the skills
needed by those crews to carry out their wartime mission, and since peacetime
trailing provides an excellent simulation of what might happen in wartime,
there is a powerful incentive for the US Navy to engage in such activity
covertly. One analyst, presumably drawing on discussions with submariners,
asserted that some Soviet submarines are trailed in peacetime as they leave port
but may not be followed into their most sensitive patrol areas, such as the Sea of
Okhotsk.8 On the other hand, the US does not consider the Sea of Okhotsk
“off limits.” It is also known that US SSNs spend a fair amount of time at sea
getting close to and spying on Soviet submarines and their bases.*> Moreover,
US attack submarines reportedly trail at times within 200 yards of Soviet
strategic submarines, although data passed to the USSR by the John Walker
spy ring may have made the Soviet Navy “aware of the extent of their missile
subs’ vulnerability.”50

Given the density of defenses near Soviet ports, US trailing tactics must be
as covert as possible, and given the limited number of US SSNs based in the
Atlantic (about 57) and Pacific (about 39) and given the competing demands on
SSNs, the tactics must be efficient. As noted earlier, random search is relatively
inefficient, particularly with the large marginal sea ice zones as Soviet SSBN
deployment areas. In addition, a random search is more likely to result in
encounters between US attack submarines and Soviet defenses—such as mines,
conventionally powered submarines (SSs), and SSNs—than a strategy aimed
at encountering only SSBNs.

Trailing is typically used to mean a tactic of waiting in an area through
which Soviet SSBNs are expected to pass, often near home ports, and begin-
ning to follow them as they pass. The process of initially picking up the trail is
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called acquiring an SSBN. The SSBN may be trailed for a length of time up to
and including its entire patrol period. The likelihood of succeeding in putting
US SSNs on station, waiting, acquiring, trailing, and finally returning to Us
bases, all covertly, can be treated in part as an arithmetic problem, using
assumptions first about the numbers of SSNs required to wait and trail, then
about the effects of defenses such as Soviet attack submarines, aircraft, mines,
and surveillance.

Table 2-2 shows the number of Soviet SSBNs based in the Arctic and the
estimated minimum number of US SSNs needed to keep all of them under
trail. The table assumes an at-sea rate of 25 percent for Soviet SSBNs and
patrol durations of 45 and 60 days for the Yankee and Delta/Typhoon classes
respectively. This implies an average rotation rate of one submarine putting out
to sea every 9 days. If US submarine commanders could predict the actual
times when Soviet SSBNs would put to sea, US SSNs would spend little time
waiting, but if Soviet SSBN departure times are random, the waiting time for
US forces will be substantially increased. The calculation assumes that US

Table 2-2
Number of US attack submarines required to trail Soviet SSBNs
SSBN
Time 10
Number of  Number of Time Station )
SSBNs SSBN’s at Sea,  Rotation,  at 25 knots, Required SSNs*
Based at Sea in days in days in days Trail ~ Waitt
Arctic:
Delta and
Typhoon 30 7 60 9 0 14 6
Yankee 12 3 45 15 3 6
Pacific:
Delta 12 3 60 20 0 6 6
Yankee 9 2 45 20 5 4
__ SSNs
Totals (SALT limits not assumed) Trail Wart
Delta and Typhoon: 42 20
12
Yankee: 21 10

aThese figures are for the number of vessels on station. It is assumed that two US attack
submarines are needed to trail each Soviet strategic submarine and that SSN's have an at-sea rate of
33 percent. Thus, three SSNs must be maintained in the US fleet for each one required either
to trail or wait. The table shows that at least 126 SSNs would be required in the fleet, of which 42
would actually be trailing or waiting at a given time.

bWaiting submarines are assumed to be stationed 30 nm from the SSBN port in a semicircular arc.

If the gap between waiting SSNs is set at 12 nm, then 6 SSNs would be needed. If the SSNs were
stationed closer to the port, fewer would be needed.
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attack submarines will return to the United States after 60 days at sea, and it
allows a round-trip transit time from and to US territory, traveling at 25 knots,
of 12 days for SSNs that trail SSBNs coming out of Murmansk and Petropav-
lovsk, and 8 days for SSN's guarding the GIUK gap. This leaves the SSN 48
and 52 days, respectively, for waiting, acquiring, and trailing SSBN’s at ports
and at chokepoints. An obstacle to continuous trailing will arise if the SSBN
remains at sea longer than the SSN, since a “hand-off” would require com-
munication between the first and second trailers, and such communication,
made covertly, would be extremely difficult if not impossible, particularly
under ice. Although the United States could increase the patrol duration of its
SSNs, the Soviet Union could counter with even longer patrols by its SSBNs.

The means of communicating with SSNs is similar to the means of com-
municating with SSBNs. If the submarine wants to remain submerged with a
minimum of antenna structure above the surface, or is under ice, the main
options are the floating wire antenna or the buoy, which remains submerged as
it is towed along. The drawbacks of these systems are that neither can be used
for transmission, only reception; the buoy is prone to entanglement on the
underwater ice ridges; and in order to use a floating wire under ice, the subma-
rine must come to a virtual stop to allow the wire to float up between ice ridges
or into open water.>! None of these limitations is crippling to those SSBN's
primarily intended as strategic reserve forces—as most Soviet SSBNs probably
are. These vessels are more covert if they do not transmit radio signals and are
generally quieter and more difficult to find the more slowly they travel. For the
SSN, however, speed is more important, the potential for a mission’s changing
in the course of a patrol is greater, and in the context of a campaign against
SSBNEG, the ability of the SSN to report back would be of tremendous value to
National Command Authorities. Particularly in the context of a trailing opera-
tion, the effectiveness of SSN's would be constrained by the fact that they could
not casily signal another SSN to take over the trailing of an SSBN that had
been at sea beyond the SSN’s endurance time.

Other important technical issues in covert trailing are the difference in
passive sonar detection range between the SSN and the SSBN, and the ability
of the trailer to keep track of the SSBN’s course, speed, and range. The trailer
must maintain a distance close enough to detect the target, yet far enough away
so that the target cannot detect the trailer. Counterdetection (getting too close)
is as important a problem as losing the target.

Using the estimates of submarine signal level given in Figure A6-552 and
the estimates of detection range given in appendix 8, detection-range advan-
tages for various pairs of US and Soviet submarine classes can be estimated.
These estimates, shown in table 2-3 are based on the assumption that the entire
acoustic output of the submarine occurs in a 1-Hz-wide tonal band, as no data
are available regarding the actual spectrum of submarine-radiated noise. This
assumption, which leads to overestimates of detection range, can be partially



US ASW Threars to Soviet SSBNs - 49

Table 2-3
Detection-range advantage of US submarines over Soviet submarines

Range Advantage (nm)

. Rangeddvamdec \TTT

Us Soviet Acoustic Deep Central Shallow

Class Class4 Advantage (dB) Ocean Arctic Water

SSN Akula 0-15 0-20 0-20 0-10

Los Angeles Victor ITI 10-20 25-300 100-400 2-70
Victor I, IT 30-40 100-1,000 200-1,000 40-200

SSN

Sturgeon Victor I1I 0 0 0 0
Victor I, 11 10-20 400-1,000 100-500 40-100

SSN

Permit Victor IT1 0 0 0 0
Victor I, I1 15 500-1,000 80-400 30-70

SSBN

Ohio Victor IT1 35-45 30-300 50-500 10-100
Victor I, IT 50-60 500-2,500 400-1,000 10-200

aNo direct data are available on Soviet SSBNs, except for the Yankee, which radiates at about 150
db. It has been reported, however, that the Delta I SSBN class was about as noisy as the Yankee
SSBN. The Delta I and Yankee are assumed to resemble the Victor 1 and 11, while later Delta I11,
Delta IV, and Typhoon classes are assumed to be equivalent to the Victor I1I or quieter. All the

estimates use sonar parameters that approximate the best achievable. Thus, the detection ranges are
probably overestimates. The lower figure is probably realistic.

justified because a small number of tonals in an actual spectrum contribute
most of the radiated sound, and the error introduced by lumping them together
(a few decibels) will be small compared with the errors in the estimates of signal
intensity, ambient noise, and transmission loss. In general, table 2-3 like the
other acoustic and nonacoustic detection analyses in this study, is meant to
suggest general relationships, not precise predictions.

The table shows three important relationships. First, a wide range of vari-
ability in detection range advantage—typically a factor of 5-10—is inherent to
passive detection. It is created by the environment and cannot be significantly
reduced by improving the sonar system, through array gain, or through signal
processing gain (lowering the detection threshold). A US planner considering a
trailing operation against Soviet SSBNs would have to assume “‘worst-case”
ambient conditions, at which the detection range advantage would be at a
minimum. The actual advantage in any given case will depend on the specific
classes of Soviet SSBN and US SSN involved; the detection range advantage
varies from nothing to several tens of miles. There are in fact a number of older
US attack submarines that can probably be detected by new Soviet SSBNs at
greater ranges than the SSNs can detect the SSBNs. Having a detection advan-
tage that will allow the trailer to remain many miles away is particularly impor-
tant for long-range passive detection of low-frequency tonals. This requires the
use of a very long towed array, which streams behind the trailing SSN, and to
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get separate lines of bearing on the target, so as to triangulate its range, the SSN
needs to allow a considerable distance for maneuvering this towed array.

The second observation is that the detection-range advantage of any given
US submarine class against any given Soviet submarine class is usually some-
what less in deep, ice-covered water than in deep open water, and it is always
much less in shallow water than in deep water. In other words, a given acoustic
advantage provides much less tactical (detection range) advantage in shallow
water than in deep water. In the worst detection conditions for two submarines
in deep water, the trailer might have a 100-mile (184 km) detection-range
advantage over the target. In shallow, ice-covered waters, this could be reduced
to 25 miles (46 km) or less. Under the latter circumstances the trailer’s maneu-
vering room is more constrained.

The third observation is that, for any given acoustic advantage in dBs, the
corresponding range advantage decreases as both target and trailer become
quieter. For example, taking into account both submarine signal emission levels
and sonar capabilities, the US Los Angeles (SSN-688) class attack submarine is
estimated to have a 10-20 dB advantage over the Soviet Victor III attack
submarine; yet because both are very quiet in shallow wate the range advan-
tage under poor acoustic conditions may be as little as 2 miles (3.7 km). In the
same environment, an estimated 10-20 dB acoustic advantage of the US Stur-
geon (SSN-637) class over the even louder Victor I and II classes yields a range
advantage of 40 miles (74 km). The reasons for this are clear when one consid-
ers the general shape of the transmission loss curves,53

This is an extremely important phenomenon, because as both US and
Soviet submarines become quieter, as indicated in figure A6-5, the United
States’ maintaining the same relative acoustic advantage does not preserve the
tactically critical detection range advantage, which may shrink to the point at
which covert trailing, even with long, hull-mounted arrays, is extemely unreli-
able.* This has grave implications to the planning of submarine campaigns in
Soviet waters, which are key elements of the US maritime strategy, particularly
when Soviet SSNs of the Akula vintage are considered.

Attempts to improve US sensors for covert trailing and attack capability in
the next generation of SSNis are centered on the Advanced Conformal Subma-
rine Array System (ACSAS) and the rapid passive localization system called
the Wide Aperture Array (WAA), both of which will be part of an overall
Submarine Advanced Combat System (SUBACS).55 The Navy has predicted
that ACSAS will yield a 10-fold increase in detection range (nor a 10 dB
improvement in array gain).’¢ This is a misleading statement, since detection
range is a function not only of the sensor system but also of the transmission
characteristics of the particular environment in which it is operating. For
example, a 10 dB increase in array gain may yield a 10-fold increase in detec-
tion range in the north Pacific, but only a 4-fold increase in the Barents Sea.
ACSAS is an attempt to merge acoustic array design with submarine hull
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design. It will use very thin hydrophones that conform to the shape of the
outside of the submarine hull. The sensors will be made of polymers that have
the property of changing their electrical characteristics in response to slight
changes in pressure.>’

By placing hydrophones along a substantial length of the submarine hull,
ACSAS will take advantage of the fact that horizontal arrays realize the greatest
gain. A long array integral to the submarine’s hull may in some circumstances
eliminate the maneuvering problems of towing a long array behind the subma-
rine, although ACSAS may not eliminate the need for a towed array. Another
advantage of ACSAS is that beamforming, i.e., direction-finding, is much
easier if the geometry of the array is known precisely, and the shape of towed
arrays changes as the submarine maneuvers. ACSAS does face major technical
hurdles, however: isolating the array from hull vibrations and from turbulent
pressure fluctuations near the hull.5® The submarine itself, the SSN-21, “unlike
earlier US boats (and even the most recent Soviet designs) . . . will have to be
extraordinarily quiet across its entire speed range.”>

Passive localization from a single array requires the array to be moved to at
least one and in practice several points in order to triangulate on the target. As a
rough guide, in order to localize a target this way requires a submarine about
1 minute of tracking time for every 1,000 yards to the target.® To localize a
target near the maximum range at which US torpedoes are reliable (about 10
miles) would take about 20 minutes, during which time a target moving at 15
knots would travel 5 miles. To localize a target at 30 miles—an estimate of the
range of the next generation of ASW standoff weapon—would require one hour
of tracking, during which the target could move 15 miles. Clearly there is a
powerful incentive to develop a rapid passive localization device that can
determine distance to the target from a single measurement.

One class of passive range finding methods are the Low Ship Impact
Ranging (LSIR) techniques. The towed array can determine one bearing
(direction to the target) from over a thousand feet behind the submarine, while
an array integral to the hull, such as the bow spherical array or hull conformal
array provides the second bearing, and the triangulation is done without mov-
ing the submarine. Another LSIR method uses the fact that some sound from
the target may reach the searcher via a single bounce off the bottom. If the
vertical arrival angle of the bottom bounce sound is determined relative to the
vertical arrival angle of the sound coming directly from the target, a simple
geometrical argument yields the range to the target. This technique requires a
knowledge of the sound transmission characteristics and bottom characteristics
between target and searcher, but is one of several tools that can be used by
submarine operators.

The Wide Aperture Array (WAA) is a Rapid Passive Localization (RAP-
LOC) system that makes use of the fact that as sound radiates from any source,
it radiates in wave fronts that form a circle. The radius of curvature of the wave
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front is the radius of the circle and therefore the range to the target. Three
measurements at three points on the searching submarine are sufficient to
determine the range to the target using the WAA technique. A significant
limitation of WAA is that it must use broadband signal processing in order to
avoid ambiguous detections. Specifically, passive rangefinding requires the
determination of very small time shifts in the signal as it is received at different
points along the array. Since broadband processing uses more of the informa-
tion contained in the signal radiated by the submarine, it should yield a better
estimate of the time shifts, and therefore a better estimate of range, than
narrowband processing.

The use of broadband processing severely limits its detection range capa-
bility, particularly against quiet Soviet submarines, which generate most of
their sound in a few narrow bands. In addition, the processing requirements of
the WAA are large, and large parallel processors must be used. Also, tiny
perturbations of the wave front itself can impair the WAA. Because of these
difficulties, it is not clear that WAA will be introduced operationally in the US
fleet, although a smaller version is operational in the Australian fleet.5!

It is difficult to predict whether or not hull-mounted arrays and passive
range-finding systems will be able to overcome the tactical obstacles to trailing
quiet Soviet submarines in shallow water. Passive range finding from a subma-
rine depends a great deal on local transmission properties, which vary widely in
shallow water. Even the much simpler problem of passive direction finding is
complicated in shallow water by the fact that the apparent direction from which
a sound emanates is a function of local conditions such as bottom material and
water depth, and large errors can result from a failure to account accurately for
such conditions. In theory, corrections can be made using data on the acoustic
properties of the transmission path in conjunction with adaptive array process-
ing, but in practice, data on the transmission path is extremely difficult to
obtain. “Therefore,” as one analyst stated, ‘““application in mobile systems does
not seem to be very promising.”’s2

A phenomenon that occurs only in deep water can also impede trailing.
Convergence zone propagation creates zones around the target, at radii of
approximately 30, 60, and 90 miles (55, 110, and 165 km), within which the
detectability of the trailer may increase sharply. Transmission loss in conver-
gence zones may be 10-15 dB less than in water 5 miles (9 km) away. Thus, a
trailer outside the convergence zone surrounding the target may be undetect-
able. Upon entering the zone 30 miles (55 km) from the target, the trailer would
find that the strength of the target signal suddenly increased, while the target
might suddenly learn that it was being trailed. Since the focus of SSBN trailing
is shifting more and more to shallow and Arctic waters where there are no
convergence zones, however, this phenomenon may no longer be a major
concern.
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Mining is another threat to SSBNs—as well as to SSNs—that could poten-
tially play an important role in forward submarine strategies. US attack subma-
rines of the improved SSN-688 and SSN-21 classes have the ability to mine
Soviet waters. They could theoretically plant mines near Soviet ports with
submarine-launched mobile mines (SLMM), which swim out of the subma-
rine, travel on their own somewhere between 5 and 11 miles (9 and 20 km),
come to rest, wait for a passing ship or submarine, and attack it like an armed
torpedo. The SLMM is based on the Mk 37 torpedo. The tactical advantages of
such standoff mines are that they allow the submarine to mine areas near
harbors without actually entering them, and that the submarine can replenish
an existing minefield in which a number of mines have exploded without
having to enter it. Some mines may possibly be used under ice, including the
Captor mine, which is based on the Mk-46 torpedo.®> Submarines do not have a
large capacity to lay mines, however, given the fact that they must carry torpe-
does, Harpoon antiship cruise missiles, Subroc, and mines in a weapon com-
partment that has a limited capacity. The SSN-688 carries a total of about 25
weapons, the improved SSN-688 carries 33 weapons, and the SSN-21 is to
carry about 50. The mix of weapons can be determined by the mission, but it is
unlikely that enough mines could be planted by submarines to make mining
over large areas effective. Mining harbors would be very effective under many
conditions; even if they were swept, the mines could be set to fire only after
their sensors were triggered several times, creating a potent but random threat.
The psychological impact of such a threat would be great, and of course a major
sinking within a narrow channel could impede traffic for many days. Many
Soviet ports are kept open in winter only by means of constant icebreaker
operations. This tends to channel ship traffic into narrow lanes and may
hamper minesweeping operations.

Soviet Defense of Bastions

The preferred US tactic for finding Soviet strategic submarines is probably for
SSNs to wait outside a port, acquire the SSBNs as they exit, and then keep
them under trail. This method is more efficient than random search and is
probably safer than risking random encounters with minefields and Soviet
attack submarines in wartime. However, the Soviet Navy is likely to concen-
trate its surveillance and defensive efforts near its ports for just this reason. The
farther away US attack submarines must wait, the wider will be the channel
through which Soviet SSBNs can exit and the lower the chance of picking them
up.

An important problem, both for the Soviet submarines defending waters
near their coasts and for US SSNs attacking them, is identifying a detected
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submarine as friend or foe. Identification friend or foe (IFF) is of course a
problem common to all branches of the military, but in submarine warfare its
impact on basic tactics is unusually large. US SSNs operate individually and
are assigned areas within which other friendly submarines are not permitted to
enter. This allows the US submarine the maximum detection range advantage,
since a vessel can be detected at a longer range than it can be classified. If all
vessels detected can be presumed to be hostile, the submarine commander has
more flexibility in deciding whether to avoid, approach, or attack the vessel at
long range. In this way the submarine forms a kind of stationary barrier, like a
minefield, which causes vessels to be sunk more or less indiscriminantly. In
practice, many factors make this tactic more discriminating than a minefield,
such as the political impact on rules of engagement, the aggressiveness of the
commander and crew, and so forth.

The same IFF problems would be present for Soviet submarines and ASW
forces in home waters, though they would probably be far more complex. In
defending against US attack submarines near Soviet ports, the most effective
ASW weapon the Soviets could use would be their own SSs, SSNs, and mines.
They could also use ASW aircraft and surface ships. With so many submarines
and ASW forces in a relatively small area trying to destroy an extremely elusive
target, the IFF problem would be compounded. The Soviet Navy must seek an
optimum between concentrating their ships to obtain for themselves numerical
superiority at the risk of destroying some of their own vessels, and dispersing
their forces in a layered defense that relies on attrition to US attack submarines
at each layer.

The optimum bastion defense may be a mix of these two approaches: in
addition to local defense near ports, there may be Soviet defenses around the
perimeters of SSBN patrol areas, providing defense-in-depth. A major advan-
tage to stopping hostile submarines at the periphery is that once a US attack
submarine is intermingled with Soviet vessels, Soviet forces must approach and
identify each contact before attacking, to avoid inadvertently destroying Soviet
submarines. At a barrier on the periphery, it is possible to follow a rule that all
unaccounted-for submarines are hostile. Because this simple rule of engage-
ment would allow Soviet attack submarines to launch their torpedoes at a
greater range, it gives them a tactical benefit that they sorely need against the
quieter US SSN.

Tables 2-4 and 2-5 show the width of the entrances into the Soviet SSBN
patrol areas in the Barents Sea and the Sea of Okhotsk. In both areas there are
hundreds of miles through which US attack submarines might pass covertly,
including many passages from the central Arctic Ocean. Nonetheless, these
passages can be partially defended with the use of mines, submarines, surface
ships and aircraft, and underwater surveillance. The Soviet ASW forces that
could contribute to this effort are described in some detail in appendix 2.
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Table 2-4
Passages into the Barents Sea: The Soviet Arctic
bastion perimeter

Chokepoint Width
Greenland-Alaska (including Bering Strait) 2,000 nm
Svalbard-Greenland 240 nm
Svalbard-Kola 480 nm
Svalbard-Franz Josef 120 nm
Franz Josef-Northland 300 nm
Franz Josef-Novaya Zemlya 300 nm
Norwegian Sea width 720 nm
Denmark Strait 180 nm
Iceland-Norway 600 nm
Table 2-5
Passages into the Sea of Okhotsk from north
to south
Width Maximum Depth
Island (nm) (feet)
I;}?;:,i,t;a}:\l:a peninsula 10 <600
Paramushira 2 <600
35 1,200
Onekotan
Harumukatan ! <600
u 25 <600
Yakeruma
Shasukotan > 600
45 4,800
Matsuwa
Rashuwa 15 1,800
. 10 1,800
Ushishiru
. 15 1,800
Ketol
. . 10 900
Shimushira
Chirihoi 33 7,800
b ' 15 600
ruppu 20 1,200
Etorofu
C o 10 1,000
Kunashiri Shima
. 12 <600
Hokkaido 25 <600
Sakhalin

Mines offer the Soviet Navy a potentially effective counter to US attack
submarines that attempt to enter Soviet SSBN bastions. US SSNs can be
destroyed upon entering a minefield, or they can be forced to avoid certain
areas where SSBNs may be hidden. Soviet mining capabilities are extensive,
and they are well respected by the US Navy. Given the proximity of narrow
passages leading to Soviet ports, defensive mine barriers could be created very
rapidly using a wide variety of ships and aircraft. Said one analyst: “Most, if
not all, Soviet surface combatants and many of their long-range naval aircraft
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are equipped for minelaying, and according to a recent unclassified US Air
Force study, all Soviet submarine classes can lay mines.”¢* Table 2-6 shows the
mine capacities of older Soviet classes, which would be most likely to be
assigned this task.%

The total number of mines carried in the Arctic on these older vessels is
about 2,600 on submarines, plus 2,600 on surface ships; in the Pacific, it is
2,200 on submarines and 2,300 on surface ships. Soviet light frigates—a type of
small surface ship that has no counterpart in the US Navy—may have an
important potential role as defensive minelayers, since they cannot travel great
distances at sea or conduct effective ASW search. In addition, submarines
contribute much to potential Soviet mine-laying capability, since they can lay
minefields in waters not ostensibly or legally controlled by the Soviet Navy.

Table 2-6
Minelaying capacity of older classes of Soviet naval vesselss

Number of Vessels in Fleet

Class Mines per Vessel Northern Pacific
Surface Ships (includes reserves)

Alesha (3 minelayers) 400 2b 1b
Sverdlove (cruisers) 150 2 2
Kilden© (destroyers) 80 0 1
Kotlin® (destroyers) 55 5 4
Kashin¢ (destroyers) 30 4 4
Skoryy© (destroyers) 50 1 3
Riga (47), Grisha (50), Koni (1),

Mirka (18), Petya (40) (frigates) 264 41 40
Total mine capacity 2611 2310
Submarinesc
November (SSN) 48 8 4
Echo I, IT (SSN, SSGN) 36 14 19
Victor I, IT (SSN) 32 18 5
Foxtrot (SS) 40 28 27
Romeo (SS) 22 4 3
Whiskey (50)® (SS) 20
Total mine capacity 2672 2182

Source: Tables in appendix 2, and Milan Vego, “Soviet Navy: Mines and Their Platforms,” Navy
International, July 1986, pp. 431-436.

2Soviet aircraft can also carry mines; the Bear D, F, and G versions can hold 10-20, and the May
can hold 6-12 mines.

bDistribution unknown.
¢Includes all versions, some of which are modern.

4This is a weighted average. The Grisha, Koni, Mirka, and Petya vessels carry about 20 mines, Riga
carries 40. This assumes all classes distributed in the same proportion.

*Yankee SSN conversions are not included, but may carry 32 mines.
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Mines can be used effectively in the relatively shallow water of the Soviet
continental shelf. Most of the passages into the SSBN patrol areas could be
mined by Soviet ships and submarines in a matter of days or a few weeks, and
aircraft could accomplish the task even faster. In the Arctic, the entrance via the
Parry channel in the Canadian archipelago could be mined, as could the Bering
Strait. Much of the northern perimeter of the Barents Sea could be mined in a
few days during the summer by conventional and nuclear-powered submarines
and by surface ships. In winter in the northern Barents Sea, ice would block
mining access by surface ships, aircraft, and diesel-electric submarines (which
can travel only limited distances under ice). Since most nuclear attack subma-
rines would be assigned to missions other than mining, setting minefields in the
extensive ice around Franz Josef Land would take considerably longer in winter.
Diesel-electric submarines could probably not set mines here safely.

Soviet diesel-electric submarines are potentially very important in the
defense of Soviet SSBN bastions. They can run on batteries for several days
when moving at 4 knots or less, and when they do, they are quieter than many
quiet nuclear-powered submarines. At high speeds of 18 knots the batteries will
be drained after only a few hours of travel due to the rapid increase of hydrody-
namic friction with speed. Diesel-electric submarines can be expected to form
barriers at key chokepoints and near ports, where high speeds are not required.
The US Navy is clearly concerned about the Soviet SSs defending their SSBN
deployment areas. Adm. Kinnaird R. McKee expressed this when he said,
“Diesel boats will get in our hair when we try to go to [the Soviets’] home-
waters . . . they are a minefield.”®® Under the ice, nuclear-powered attack sub-
marines would be employed to escort SSBN’s or patrol barriers. The Victor 111
SSN regularly accompanies Soviet SSBNs on patrol.

As shown in table A2-3 in appendix 2, modern torpedo attack submarines of
the Mike, Sierra, Alfa, Yankee, and Victor class are concentrated in the Northern
Fleet, with about 36 there and 14 in the Pacific Fleet. The new Akula class SSN is
only in the Pacific (as of 1986). Older SSNs of the Echo and November classes
are divided evenly, with 8 in the Northern Fleet and 9 in the Pacific. Modern
nuclear-powered cruise missile submarines (SSGNs), though intended primar-
ily as antiship platforms, can fire torpedoes, use sonars, and are formidable ASW
units. The Northern Fleet has 17 modern SSGNs of the Yankee, Charlie, Papa,
and Oscar class, while the Pacific Fleet has 5 of these. There are 14 of the older
Echo II SSGNss in the Northern Fleet and 14 in the Pacific Fleet. The modern
SSs that would be most potent in ASW are the Foxtrot, Tango, and Kilo classes.
There are about 43 of these in the Northern Fleet and 34 in the Pacific Fleet.
Older SSs include the Whiskey and Romeo, of which there may be about 20 in
the Northern Fleet and 20 in the Pacific, although the distribution is unknown.
In terms of total numbers of modern nuclear and diesel-electric submarines
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equipped for torpedo attack, the Soviet Northern Fleet has nearly 96 and the
Pacific Fleet nearly 53. Given the short transit time from Soviet submarine
bases to most of the chokepoints, Soviet submarines could spend most of their
at-sea time actually on patrol. A low wartime at-sea rate of, say, 50 percent
would generate 18 modern SSN's plus 20 modern SSs in the North Atlantic and
8 modern SSNs plus 17 modern SSs in the Pacific.

Little information is available about the at-sea numbers to which the
Soviet Navy can surge. As noted earlier in this chapter, the Soviet Navy has
surged its SSNs several times in exercises and can put a substantial portion of
them to sea in 24-48 hours.5” Unlike the United States, which maintains
peacetime at-sea rates of various classes of ships of 40-60 percent, the fraction
of Soviet naval vessels out of port and on patrol at sea in peacetime is typically
10-20 percent. Given the Soviet Union’s lack of experience in maintaining a
large fraction of its ships at sea and the generic difficulties involved in surging,
it is unlikely that a high surge level could be sustained for many months.
Instead, a very high surge is likely to be followed by a fairly sharp decline in the
number of fully functioning ships at sea within a few months. In addition,
given time and basing constraints, it is highly unlikely that the Soviet Navy
would attempt to move a significant number of vessels from one fleet to the
other in wartime.68

In the event of a crisis and of a Soviet surge of ASW assets to protect
SSBN bastions, a critical parameter would be the size of the bastions them-
selves, and especially the length of their perimeters. In the Arctic, the perime-
ter of the Barents Sea is about 900 miles (1,660 km), most of which is under ice
during the winter. Since much of the perimeter is also shallow water, it would
be difficult for the Soviet Navy to rely on acoustic surveillance for detection of
US SSNs. If 18 modern Soviet SSNs in the Northern Fleet—that is, half the
fleet—were assigned to patrol the northern perimeter of the Barents Sea, each
submarine would have to cover a 25-mile (46-km) front, searching for US
submarines that might be detected at ranges of only a few miles there under
adverse sonar conditions. Even a total surge of almost 40 modern Soviet SSN's
would be unable to stop a large majority of US SSNs. All US attack subma-
rines built since the SSN-637 class have a significant acoustic advantage over
all but the most recent Soviet SSN's (Mike, Sierra, and Akula), and even against
these few vessels, SSN-688 submarines probably maintain some advantage. A
Soviet SSN perimeter along the boundary of the central Arctic Ocean would
probably yield very little benefit. As I mentioned earlier, mining that northern
perimeter would depend to a large extent on season. In the winter, the edge of
the solid ice pack may approach to within less than 200 miles (370 km) of the
Kola peninsula, while in the summer, the edge of the solid ice may retreat into
the Arctic Ocean itself. Mining the edge of the ice pack in the winter would
require planting mines in the central Barents Sea, near Soviet sea lanes.
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In the Pacific, the six northernmost passages into the sea of Okhotsk (those
nearest Petropavlovsk) have a combined width of 84 miles (155 km), and all but
one are less than 660 feet (200 meters) deep. Since Soviet SSBNs have prac-
ticed launching missiles from ice-covered waters only 40 meters deep, there are
probably few limits on where they can enter the Sea of Okhotsk. Defending this
bastion might involve mining most of the passages, leaving only a few to be
guarded by submarine “gatekeepers.” The task of maintaining such a series of
minefields over hundreds of miles during a war would not be an easy task.
Many airfields on the Kurils might be subject to early attack by cruise missiles
and carrier-based aircraft, and the straits themselves may have strong currents.

A possible problem of Soviet SSBN security in the Pacific is getting their
SSBNGs into the Sea of Okhotsk to begin with. However, even though Soviet
SSBNGs traveling the 150 miles (280 km) from the naval base at Petropavlovsk
to a patrol area in the Sea of Okhotsk could be threatened by US SSN's waiting
near the base, extremely quiet Tango class SSs could escort SSBNs, traveling
on battery for the entire trip at a speed of 15 knots or less. This would create a
potent, undetectable threat to any US submarine attempting to trail. The US
Navy expects to move several SSNs into the Sea of Okhotsk probably just
before a conflict begins, in the phase defined as “transition to war.”’®® In
anticipation of this, the Soviet Navy would probably try to surge their SSBNs
first, enter the Sea of Okhotsk as a force, and begin heavy mining.

Soviet surface ASW would be conducted by large ASW cruisers and de-
stroyers: the Kiev, Kirov, Kara, Kresta I1, Udaloy, and Krivak classes. It is
unlikely, however, that these ships would cause any significant attrition of US
attack submarines, since they are noisy, which both gives away their position
and degrades their sensors, and they cannot penetrate heavy, solid ice. Helicop-
ters based on these ships cannot search wide areas and are best suited for
defending the ship. There are 19 of these ships in the Northern Fleet and 17 in
the Pacific.™ Ships of smaller surface classes, with even less ASW capability,
total about 40 in the Arctic and 45 in the Pacific. Finally, the Soviet Navy has a
total of about 70 small coastal corvettes that can conduct some limited ASW.
Their distribution between the two oceans is unknown. As escorts for Soviet
SSBNs leaving port, these vessels may be useful since their high noise levels
could mask the sound of an SSBN beneath.

It is not clear whether or how the operations of Soviet attack submarines
are integrated with those of the surface forces. John Jordan believes that tactical
coordination between SSNs and surface ships is likely, “‘especially in barrier
operations in support of Soviet ballistic missile submarines.”’! An analysis of
Soviet writings up to 1979 by Robert Herrick, however, suggests the opposite:

The Soviet Navy’s nuclear powered attack submarines, despite their poten-
tially great capabilities for pro-SSBN ASW, still appear not to have been
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integrated tactically into the Navy’s aircraft-surface ship ASW effort. This
appears to be the case despite the fact that senior Soviet naval officers repeat-

edly have claimed in print that the US Navy sets great store in using SSNs for
ASW.72

Arguments can be adduced for both views. On the one hand, coordination
between submarines and surface ships would permit each to make the best use
of its unique ASW capabilities. On the other hand, mating noisy surface ships
with quiet submarines would make it easy for US SSNs to avoid the entire
group, defeating the purpose of a defensive barrier.

Soviet surface ships may contribute to the defense of Soviet SSBNs by
using active sonar to sweep out lanes from submarine bases to the open sea.
Coordinated searches by surface ships would complicate the task of US attack
submarines attempting to trail or ambush the SSBNs as they exit or enter. One
tactic discussed in the Soviet literature involves using ASW surface ships to
sweep out a lane prior to the exit of an SSBN, returning to the base to form a
screen around the submarine and escorting it out the lane. Another tactic
mentioned is the use of ships to sweep out certain areas, without the direct
screening.” The large number of small Soviet ASW-capable ships suggests that
there would be a number of options available to the Soviet Navy to protect
SSBNGs as they exit, particularly prior to or early in a conflict.

It has also been argued that coordination among Soviet submarines would
be tactically advantageous, particularly when they are working against quieter
US counterparts.™ Various tactics might be employed by groups of submarines
to offset the tactical advantage in detection range that allows US SSNs to
approach and fire a torpedo without being counterdetected. For example, after
a torpedo launch, ending the concealment of the US submarine, that submarine
could be targeted by two or more Soviet submarines from different angles. In
another scenario, a US attack submarine might turn to avoid a Soviet SSN,
only to encounter a quieter conventional submarine running on battery. Even if
a US attack submarine launches the first torpedo, training exercises suggest
that there is only a 50 percent chance that the torpedo will hit the target.”
Moreover, it is reported that under ice and in shallow water, the Mk-48 is
“frequently ineffective.”’76

Torpedo performance seems particularly poor in the shallow, ice-covered
waters of the marginal seas. The protruding ice ridges and sudden changes in
depth characteristic of the Soviet marginal seas would be unavoidable hazards
for a torpedo traveling with passive acoustic guidance. An active homing tor-
pedo would have to be equipped with a sensor that detected the bottom and
surface in order to avoid targeting the bottom or the ice, which is very efficient
sound-reflecting material. Torpedoes could be set to search for an object mov-
ing against a stationary background, a common technique in radar.
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Attrition to US Attack Submarines
by Soviet Bastion Defenses

The process of trying to create an analytical model of all the factors that
determine the outcome of a submarine/ASW campaign begins with theoretical
or empirical models of submarine, weapon, and sensor performance and at-
tempts to build to more complex levels of interaction. At each higher level of
analysis, the problem becomes much more complex and requires simplifying
measures that lump all of the lower-level considerations into a few parameters.
One such parameter is called the exchange ratio.

An exchange ratio can be defined to represent the likely outcome of
repeated one-on-one battles between submarines. The exchange ratio, defined
here as being “US-favorable,” is E = (b + a)/(r + a), where b is the probability
that the US submarine survives and destroys the Soviet one, r is the probability
that the opposite occurs, and a is the probability that both are destroyed. The
three probabilities represent the net impact of a host of important tactical
parameters, including crew proficiency, sonar capability, weapon characteris-
tics, quietness, speed, and so on, as they relate to a one-on-one engagement.
Combining the individual probabilities into an exchange ratio gives a single
parameter to describe the expected outcome of many engagements between
submarines with those same characteristics. The US-favorable exchange ratio
defines the expected ratio of Soviet losses to US losses. For example, a 10:1
exchange ratio means that for every 10 Soviet submarines destroyed, the
expected US loss is one.

The actual probabilities vary with specific classes of submarine and acous-
tic environments, but an often cited average exchange ratio between US and
Soviet attack submarines is about 3:1.77 ‘Assuming no mutual destruction, this
implies a probability of 0.75 that the US SSN will be successful, and 0.25 that
the Soviet SSN will be successful. US training drills, which provide the data
for these figures, usually stop after one submarine has detected the other and
has launched a torpedo.” Therefore, the exchange ratio reflects the ability of
quiet US submarines to detect, approach, localize, and fire a torpedo at a Soviet
submarine without being detected. Apparently, little effort has been spent
determining what might happen if the torpedo fails to destroy the Soviet sub-
marine, because of either mechanical failure or successful use of Soviet coun-
termeasures. Henry Young has pointed out that if the first torpedo does not in
fact destroy the Soviet submarine, the alerted Soviet submarine may well use
active sonar, since it will have nothing to lose (already having been localized)
and much to gain (instant localization of the US submarine). In an active sonar
environment, the US advantage in quieting is largely eliminated and the
exchange ratio approaches 1:1, with a high probability of mutual destruction.
Young has demonstrated that even if the exchange ratio on the initial shot is as
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high as 10:1, with a torpedo miss probability of 0.5 and an exchange ratio of 1:1
on subsequent interaction (when the Soviet vessel is alerted and using active
sonar), the ner exchange ratio is only 2.4:1.79

The effectiveness of US nuclear-powered attack submarines against Soviet
diesel-electric submarines operating on battery is considered very low. One
source states that the “probability of kill”” of US SSNis against Soviet SSs
(presumably on battery) is 0.12-0.40, compared with 0.55 against one of the
newest SSN, the Victor II1. These figures apply in the North Atlantic. In
shallower water, where the US detection range advantage is generally lower,
the kill probabilities may be lower. Because such numbers are generally cited
without any qualification as to the specific scenario, they are not particularly
useful as absolute measures, although the relative vulnerability of the Victor II1
compared to diesel-electric submarines is worth noting.® In response to Soviet
SSs deployed in home waters, “the Navy’s official advice to US warship and
submarine captains is simply to avoid areas in which the boats are believed to
operate. If that is impossible, US units are advised to move through such areas
at high speed.”#! Neither of these options is available to a commander waiting
to trail Soviet SSBNs.

The aggregate outcome of many one-on-one encounters has thus far been
represented by its probabilistic “‘expected value.” A more accurate conception
of the outcome, however, is a probability distribution whose mean is the
expected outcome, but whose “tails” show the probability that either side
might do better or worse. For example, assume that the Soviet Union has 18
SSNs on patrol in the Arctic opposed by an equal number of US SSNs. With a
3:1 exchange ratio (and no mutual destruction), the expected outcome is that all
Soviet SSNs would be destroyed, along with 6 US SSNs, leaving 12 US SSNs.
However, there is a 7 percent chance that 7 or fewer US SSNs would survive
and a 1 percent chance that fewer than 4 US SSNs would survive. If the
probability of a Soviet attack submarine being destroyed is 0.6, the probability
of a US attack submarine being destroyed is 0.2, and the probability of mutual
destruction is 0.2, then the overall exchange ratio is 2:1. Given the encounters
between 18 submarines on each side, the expected outcome is that all Soviet
SSNs would be destroyed, 9 US SSNs would be destroyed, and 9 US SSNs
would survive. There is a 12 percent chance, however, that fewer than 5 US
SSNs will survive and a 1 percent chance that the US SSN fleet will be
obliterated.

In appendix 2, the impact of mined decoys on US attack submarine attri-
tion is analyzed in a simple case. These are basically minefields baited with
acoustic transmitters that sound like Soviet SSBN’s. Even with onlyalin 10
chance of being destroyed in such a minefield, a US-favorable exchange ratio of
3:1 can be reduced to 1.6:1 if four minefields are implanted for every SSBN at
sea. It is important to recognize that this result is independent of changes in
Soviet or US submarine technology.
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Summary of US ASW Threats to Soviet SSBNs

It is very unlikely that US SOSUS or SURTASS arrays at the periphery
of the Barents Sea and Sea of Okhotsk can detect modern Soviet SSBNs on
patrol at ranges beyond 75 miles. Complete SOSUS coverage of the primary
Soviet SSBN patrol areas in the Barents Sea, the marginal seas of the Soviet
Arctic, and the Sea of Okhotsk is not possible with current technology and is
almost certainly not possible within the foreseeable future. SOSUS and other
large surveillance systems remain useful in peacetime for detecting Soviet
attack submarines passing through narrow straits, such as the Greenland-Ice-
land-United Kingdom gap, and for detecting Soviet attack submarines close to
the US coast. The US coastal surveillance systems are probably also effective at
detecting Yankee class SSBNs, which is a task they were designed for in the
1960s. SOSUS is not a wartime system.

US airborne ASW forces are not able to contribute to US strategic ASW in
Soviet SSBN bastions while Soviet air defenses are operating. Without SOSUS
to narrow down the the location of Soviet submarines to some degree, the
search capabilities of the US P-3 Orion aircraft are too limited to be very
useful. Besides their inefficiency when not directed by SOSUS, these aircraft
can do little over ice and they are highly vulnerable to Soviet tactical supersonic
aircraft based on the Kuril Islands, the Kamchatka peninsula, and the Kola
peninsula. The SOSUS, SURTASS, and Orion combination still represent a
potent threat to Soviet Yankee class submarines coming out into the North
Atlantic and North Pacific.

SOSUS, aided by SURTASS and RDSS systems, will continue to enable
the US to detect Soviet attack submarines entering the Atlantic, Mediterra-
nean, and Pacific in peacetime, but SOSUS may have to convert back to an
active system since Soviet submarines are “becoming quieter faster than we can
improve our detection capabilities.”82 A drawback to this approach is that it
does not provide the acoustic signature information that can be used to identify
a submarine’s nationality and class.

The tactical advantage of US SSNs over their Soviet counterparts is also
decreasing. The analysis of relative submarine noise levels in this study that
indicates this is supported by the Navy’s 1985 Program Objective Memo-
randum:

The US submarine force cannot match the Soviets in numbers, and therefore
must maintain a distinct qualitative advantage over the projected threat if an
acceptable exchange ratio is to be sustained. Soviet quieting and sensor im-
provements will significantly narrow our acoustic advantage by the late 1980s.5

The only way for the United States to regain its former acoustic advantage
is through quieting; improved sensors and processors will not help since “our



64 - Strategic Antisubmarine Warfare

two [US and Soviet] relative knowledges of the sea are driving us back into the
background noise levels of the ocean [and] it is going to be extremely difficult to
find each other no matter what kind of system we have, 84

Analysis of passive acoustic detection suggests that even if the United
States regains a large relative acoustic advantage by further quieting the SSN-
21, the absolute detection range advantage, which is the important tactical
measure, will continue to decline as the Soviet Union builds quieter subma-
rines. This will interfere with potential US forward SSN operations in a couple
of ways. First, the decreasing acoustic advantage will lead to more “dogtights”
between SSNs, which the US Navy considers “the worst situations in subma-
rine warfare.”%5 A submarine-versus-submarine dogfight is a battle (or more
accurately a melee) between two or more submarines at relatively close quar-
ters, say several thousand yards. Active sonar is generally assumed to be in use
by both sides, and each side probably knows the location of the other. Such
dogfights might involve multiple and rapid torpedo launches as well as the use
of torpedo countermeasures. The tactics involved in dogfights are very differ-
ent from the passive tactics favored by the US. In a dogfight, the advantage
shifts away from the quieter submarine and favors the one with greater fire-
power, resistance to damage, countermeasures, and maneuverability. It is con-
ceivably very easy for a quiet “sneak attack” by a US SSN to turn into a
dogfight if the US submarine is counterdetected. Already an SSN-688 class
submarine has been detected during an exercise, though it is not clear under
what conditions the detection took place.86

The second way in which quieter submarines on bozk sides will interfere
with the US forward SSN strategy is that, with lower noise levels on both sides,
the time spent searching for opponents is growing, and it will simply take
longer to accomplish many objectives. This will benefit the Soviet Navy, whose
main mission is to preserve intact as much of the SSBN fleet as possible over as
long a period as possible. US naval strategy, as we shall see in chapters 4 and 5,
is currently based on having a major impact very rapidly. The technical trends
in ASW work against this.

The goal the Navy is pursuing that provides the rationale behind the
SSN-21 is to build a submarine that: 1) has a high search rate, 2) is itself
extremely quiet, 3) can engage and fire on targets and move on rapidly and
quietly, and 4) has enough weapons to enable it to remain on station for a long
time. Search rate is the product of speed and detection range, so the SSN-21 is
supposed to have a high “quiet speed”’—the maximum speed at which sensors
are not deafened by the submarine’s own noise—and improved sonar systems
and arrays.®” It is supposed to have a quiet speed of over 20 knots,®® and at
lower speeds it may have a total radiated sound level close to that of the Ohio
class SSBNs, between 100 dB and 120 dB (relative to 1 micropascal at one
yard).8°
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Achieving a high engagement rate is a major problem using only passive
sonar. As I mentioned earlier, obtaining several lines of bearing on a moving
target is time consuming, unreliable, and potentially dangerous. The SSN-211s
supposed to address this problem with improvements in a rapid passive locali-
zation system, the Wide Aperture Array. Passive range finding and localization
capability at speeds in excess of 10 knots and at ranges in excess of 25 miles
would be an enormous tactical advantage over an opponent that had to search
using multiple bearings at lower speeds. This would allow the SSN-21 to detect
a target, fire a torpedo, and continue to search. The SSN-21 is expected to be
able to search half again as quickly as the improved SSN-688.°° A major
drawback in the WAA system, however, is that it uses broadband signal pro-
cessing, and in order to detect and classify quieter Soviet submarines, narrow-
band signal processing is the best approach. Therefore, in order to use the
WAA system to obtain faster localization, the designer must trade away longer-
range detection and classification capability. The net result of this trade-off
may be a relatively small gain in the engagement rate, which is the tactically
important parameter.

The proposed weapon store of the SSN-21 is around 50 weapons of all
kinds,®! but this will include Tomahawk cruise missiles as well as mines, Har-
poons, and ASW weapons. That is about double the loading of the SSN-688
and a third greater than the improved SSN-688.92 In order to prevent an
engagement from turning into a dogfight, the SSN-21 is also being fitted with a
quiet torpedo launching system.”?

The most important question that is raised here, however, is whether the
United States can engage the Soviet SSBNs as they leave port—a kind of
gatekeeping operation—and either trail them or sink them. If the Soviet surge
of SSBNss is rapid, then the United States is faced with an area search, and as
the attrition calculations suggest, the attrition rates in this scenario are very
sensitive to the environmental parameters, to the dynamics of the US and
Soviet surge of SSNs and SSBNs, and to Soviet choice of operating areas. In
the worst case, from the US searcher’s point of view, the attrition rate is very
slow, and it would take months to reduce the Soviet SSBN force to a fraction of
its total strength. Under the best-case conditions for the searcher, the process
may require only a week or two—a rate fast enough possibly to raise concerns in
Soviet leaders’ minds that all SSBNs would be destroyed. Ironically, if the
Soviet SSBNss are destroyed too quickly, the Soviet general-purpose navy
would be left with less to defend (although the general defense of the homeland
would still be a mission) and might be to some extent less tied down to home
waters.

The assessment of how fast Soviet SSBNs could be sunk depends very
much on whose “worst-case” planning is being used. Soviet worst-case plan-
ning might see the SSBNs in danger, while US worst-case planning might see
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the Soviet SSBNs relatively secure over a reasonably long time. The US worst-
case planner might view sending SSNs into the Soviet marginal seas as a waste
of time and resources on a target that cannot be found and whose eventual
destruction may have little effect on the resolution of the war. It may well be
that the forward SSN component of the maritime strategy is based on a best
case for the United States and on a worst case for the Soviet Union.

Finally, even under very favorable conditions for search, Soviet use of
mines and decoys could dramatically shift the exchange ratio in an ASW cam-
paign. Higher US search speeds and engagement rates would increase the rate
of engaging minefields and would serve to increase the rate of SSN attrition at
unfavorable exchange ratios.
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Soviet ASW Threats
to US SSBNs

concern among members of the US arms control community, Con-

gress, and the military. Each year since the first Polaris submarine
went to sea in 1960, congressional committees have asked the Navy to evaluate
the prospect of US submarines’ becoming vulnerable t0 Soviet ASW. Each
year, the Navy has said that there is no threat in the foreseeable future. So far,
this prediction has proved to be correct.

The danger of losing a few US strategic submarines should be distin-
guished from the threat of large-scale destruction of most or all US SSBNs at
sea. The Navy often says—and apparently the Congress likes to hear—that the
US SSBN fleet is completely secure: that not one US submarine has been
detected while on patrol, and that this is likely to continue t0 be true at least a
decade into the future. One wonders what the political impact would be if just
one Poseidon submarine were detected and trailed, however briefly, and the
fact were publicized. Such an event might not change the assessment that the
SSBN fleet is a largely invulnerable force,' but it would undoubtedly help those
seeking to build more land-based missiles and to develop ballistic missile
defense. In this sense, “submarine survivability” is as much a political issue as
a technical problem for the United States.

The most economical way to begin an assessment of the potential Soviet
ASW threats to US submarines is by analogy with the techniques and tactics
already described in detail for US ASW threats to Soviet submarines in the
previous chapter. This approach has the disadvantage of posing the Soviet
strategic ASW problem as a mirror image of the approach taken by the US
Navy, which it is not. On the other hand, addressing the problem of defense
against US ballistic missile submarines in this way helps identify some of the
very reasons why Soviet strategic ASW might have different emphases than US
strategic ASW. There are three broad categories for comparison: geography,

technology, and military policy.

T he possibility of attrition of US strategic submarines has long been a



72 - Strategic Antisubmarine Warfare

1. Geography. Of all the advantages US SSBNs have in remaining undetect-
able and survivable, gcography may be the most important. Soviet SSBN bases
are close to US territory or to the territory of US allies, where there are forward
staging areas for US ASW operations. In the northwest Pacific, the US Aleu-
tian Islands serve as bases for intelligence collection, ASW aircraft, and under-
S¢a surveillance shore facilities. Japanese territory supports similar operations
in the Sea of Japan and in and around the Sea of Okhotsk.

In contrast, the US base for Ohio class SSBNs in the state of Washington
is thousands of miles from the nearest Soviet port or ally. In the Atlantic, Cuba

leaving from South Carolina and Georgia. The Bahamas lie between Cuba and
the US bases, and block the acoustic path. However, and €ven under ideal
detection conditions, US Lafayette class submarines are unlikely to be detected
beyond a few tens of miles, while Ohio class submarines are unlikely to be
detected beyond a few miles. There is no evidence that Cuba provides a support
base for large scale, prolonged SOSUS-type surveillance or for trailing by
nuclear-powered submarines,

Soviet SSBN patrol waters in the Barents Sea, the Sea of Okhotsk, and the
northwestern Pacific are largely within range of US, Japanese, or British ASW
aircraft. US SSBN S, in contrast, remain beyond the range of all but very few
Soviet Bear F ASW aircraft. The proximity of Soviet patrol waters to US-allied
bases allows the US to install surveillance arrays to aid ASW aircraft, particu-
larly at chokepoints, while there are no convenijent bases for Soviet surveillance
of US patrol areas.

2. Technology. The key technical comparison lies in the area of acoustic
detection and quieting. US attack submarines have maintained an acoustic
advantage over most Soviet SSBNs, which has allowed the United States to

kee class means that this will remain true for at least several years. The Yankees
radiate sound at about 150 dB as do the Delta I’s, whereas the Delta II may be
somewhat quieter.2 However, Delta I and IT class SSBN’s may become quieter
during overhauls, and only the most recent US SSN classes are likely to main-

powered submarines, By the early 1960s, US strategic submarines appear to
have established a solid 30-40 dB advantage over Soviet attack submarines of
the same vintage, an estimate that is supported by US claims that its SSBN;s
have never been trailed. The QOhio (SSBN-726) class is so quiet that one of
those submarines, with the most modern sonar equipment, cannot detect
another beyond a few miles under good detection conditions, Because they are
noisier, Soviet SSNis could not trail a US SSBN covertly if they happened
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across one because the US target submarine would hear them well beforehand
and could take evasive action.

US attack submarines have in the past maintained a 20-30 dB advantage in
quietness over Soviet SSNs of the same vintage. The US attack submarines
built in the 1960s and 1970s are reportedly being matched in quietness by the
most recent Soviet classes of strategic and attack submarines. These recent
Soviet vessels are quieter than expected, sometimes as much as 10 dB quieter.?
The Soviet Akula class submarine may be approaching to within around 10 dB
of the latest Los Angeles class submarines in total radiated sound, and it would
appear to require the US to make a major technological leap to recover the
acoustic advantages that it held in the 1960s and 1970s.

The other important part of US acoustic advantage lies in sonar detec-
tion capability, which is better because there is less self-generated noise to
interfere with the sonar and because US signal-processing computers on
submarines are better.* Most potential signal processing gain, however, can
be obtained through relatively basic processing schemes, and current im-
provements in US sonar systems are oriented more toward tracking multiple
targets, passive localization, and increased automation in the fire control
system than toward improving sensitivity (that is, detecting signals with
smaller signal-to-noise ratios).

3. Military Policy. Because of the acoustic advantage of US attack subma-
rines and Soviet interest in the “combat stability” of their SSBNs, Soviet
SSBN security is supported in defensive operations by general-purpose naval
forces, probably including fixed undersea surveillance in SSBN patrol areas.
This makes SSBN survivability one of several competing demands on the
Soviet Navy. In contrast, by custom, US SSBNs are independent of almost all
other components of the US Navy. To an extent, SSBN vulnerabilities on the
two sides are inversely related, since the greater the US threat to Soviet strate-
gic submarines, the more likely it is that Soviet SSNs will be engaged in
defending them and not free to search for US strategic submarines. However,
the corollary to this is that the Soviet Union may be able to respond to an
unexpected threat to its SSBNs more effectively than can the United States.
Finally, as is the case for most components of the armed forces on the two sides,
crew effectiveness is much greater for US submarines (both strategic and
attack) than for their Soviet counterparts. US crews spend more time at sea and
get more hands-on training.’

Having approached the question of US missile submarine vulnerability
relative to Soviet SSBN vulnerability, it is useful to examine some of the
operational problems involved in a set of hypothetical threats to US SSBNG.
Following the organization of earlier chapters, these threats are categorized as
area search, area barrage, nonacoustic surveillance, long-range acoustic surveil-
lance, and covert trailing.
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Area Search, Trailing, and
Surveillance against US Submarines

Calculations of the time required for Soviet ASW forces to search for stationary
US strategic submarines are given in appendix 2, “ASW Forces of the United
States and the Soviet Union.” In brief, if all Arctic-based Soviet ships and
submarines are used to search the area of the North Atlantic within Poseidon
and Trident I range of Moscow, assuming detection ranges on about an order
of magnitude larger than would be expected, with no opposition from forces of
either the US or of NATO allies, it would take 60 hours assuming a search
speed of about 20 knots. Soviet ASW aircraft would contribute relatively little
to this effort. In the Pacific, about 150 hours would be required to search the
area between the Aleutians, Hawaii, and the Soviet Union with the surface and
subsurface forces currently available and given the same unrealistic assump-
tions. Allowing for the effects of random target motion and seeking 95 percent
detection probability increases these times by a factor of three.
, It is unlikely that in a wartime context, Soviet surface ships would last long
south of the GIUK gap or in the northwest Pacific, Thus, a more appropriate
measure of Soviet strategic ASW capability might be the search times for
submarines alone. In the Atlantic, it would take about 13 days for unopposed
Soviet submarines to search the entire patrol area described above, and in the
Pacific, about a month. A reexamination of the assumptions reveals the actual
magnitude of the problems the Soviets would face in trying to search for US
SSBN.

The assumed detection range of 30 miles is undoubtedly too high as an
average figure, since it is based on submarines much noisier than US SSBNs.
As noted earlier, the new US Ohio class submarine, which is an ideal sensor
platform because it is so quiet, cannot detect one of its own kind beyond a few
miles at most. The range at which a Soviet attack submarine might detect an
Ohio class submarine may under many circumstances be less than a mile, and
usually less than a few miles.® In addition, the search speed of about 20 knots is
unrealistically high. Towed arrays would probably not function, and Soviet
submarines would make so much noise that they would deafen themselves.
Typical search speeds of Soviet submarines are around 5-8 knots. Accounting
for the probable overestimates of search speed and detection range, more realis-
tic search times against the Ohio fleet would be on the order of 50 times longer
than the figures given above, and that still assumes that the US does not
interfere in any way! When one considers the fact that many Soviet submarines
would never make it into the north Atlantic or north Pacific because they would
be caught or would be defending SSBNs, the times redouble, Perhaps most
important, US SSBNs will constantly evade the noisier Soviet submarines.
Thus, it is unlikely that the USSR can efficiently conduct strategic ASW
through area search.
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Covert trailing against US SSBNs would pose 2 threat similar to one of the
possible threats to Soviet SSBNs from US attack submarines. Soviet SSNs
have patrolled off the US coasts since 1966, particularly around important
ports. Today, most of these patrols are conducted by Victor 11T SSNs. The
Navy has testified that these “do not pose a major threat to US Naval forces,”’
and presumably this includes US ballistic missile submarines.

The most recent designs of Soviet attack submarines, the Akula, Mike, and
Sierra classes, may be approaching the US Lafayette class SSBNs in total
radiated sound level. The detection range advantage of the US SSBNs over the
newest Soviet SSNs would decrease and may perhaps disappear before the
Lafayette class SSBNs reach the end of their service lives in the mid- to late
1990s. Under such circumstances it would be much more difficult for a US
missile submarine to evade a Soviet attack submarine that came across its path.
Soviet SSNis are still far from having a capability to trail covertly US Lafayette
SSBNSs, which would require a substantial Soviet acoustic advantage over the
US vessels. In addition, it would be only a relatively small fraction of the Soviet
submarine fleet that might achieve this acoustic equivalence.

As for large area acoustic surveillance, even if the Soviet Union had terri-
tory on which to base large acoustic arrays, there is not likely to be a passive
array or an associated processing system that could produce the signal gain
needed to hear Ohio class submarines beyond a few miles. Further complicat-
ing acoustic surveillance in the North Atlantic is the fact that in peacetime,
there are typically about 3,000 cargo vessels in transit across the ocean,® each
radiating about 10 million times as much acoustic power as an Ohio class
submarine. During wartime, the shipping levels might drop by about half,’
which would reduce the noise level by only 3 dB. Analysis also suggests that at
low frequencies on the order of 50 Hz, wind noise at high latitudes may be a
significant source of ambient noise at lower latitudes in the deep sound channel.*°

There is no technical reason why the Soviet Union could not attempt to
undertake trailing of US SSBNs in peacetime with active sonar. The main
considerations are political and military: what would the USSR stand to gain or
lose by such a policy? An unprecedented, overt threat to US SSBNSs might be
viewed as a message of the most threatening kind. In military terms, it would be
similar to the Soviet practice of trailing US surface ships with their own combat
ships—a means of keeping track of and potentially threatening the US vessel at
the cost of putting a Soviet vessel at direct risk. Over a hundred US warheads
might be threatened by a single Soviet SSN, and that SSN would be simul-
taneously held hostage. In terms of damage limitation, such a trade might seem
favorable.

A major interest in damage limitation on the part of the Soviet Union
should be accompanied by a response against the United States SSBNs, which
carry about half of the US long-range nuclear arsenal. There is no unclassified
evidence that active trailing has been attempted off US missile submarine



76 - Strategic Antisubmarine Warfare

ports, however. This may be because such activity does not occur, or because
when it occurs, it is not made public, although the latter seems somewhat
unlikely. Given the fact that there have been a number of instances in which
US submarines trailing Soviet SSBNs and collecting intelligence in Soviet
territorial waters have been reported in the press, it would seem probable that
news of at least one successful Soviet active trailing attempt would have
reached the press. It seems improbable that a major trailing attempt against US
SSBNs has been mounted using active sonar, although some effort may be
ongoing.

Area Barrage against US SSBNs

While the United States has only about 6 percent of the megatonnage needed
for complete barrage of Soviet SSBN patrol areas, the Soviet capability for area
barrage against the much larger US SSBN patrol areas is nil without a wide
area surveillance system. The Soviets could barrage less than 1 percent of these
ocean spaces. Given the uncertainty of the assumptions regarding the kill
radius of a 1 megaton bomb, the estimate of four miles remains conservative
(that is, in giving high confidence of kill) for deep water. The wave effects in deep
water are not significantly different from those in the Barents Sea, although the
overpressure at a given range from an explosion may be somewhat higher. The
total area in which US submarines may patrol, including those regions a few
days’ transit from launch points, is almost an order of magnitude larger than
the Soviet SSBN bastions. Therefore, an area barrage seems like a very ineffi-
cient approach for Soviet strategic ASW. To the extent that nonacoustic sur-
veillance could localize US missile submarines, however, the barrage area could
be decreased.

Nonacoustic Surveillance of Submarines

The physical limits on nonacoustic surveillance apply in the same way to US
and Soviet submarines. Earlier, it was suggested that the most plausible imme-
diate use for Soviet nonacoustic surveillance was to detect US attack subma-
rines crossing the periphery of Soviet SSBN patrol waters, or actually within
them. Since most of the evidence regarding nonacoustic submarine observables
and detection comes from the US Navy’s SSBN Security Office, it is most
applicable to conditions present in US patrol areas. Testimony from that office
strongly supports the conclusion that no known nonacoustic phenomenon can
be used with confidence of detecting US submarines in the deep oceans of the
Atlantic and Pacific.
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For most of the phenomena examined in this study, the most effective
countermeasure available is simply to increase submarine operating depth,
which lowers the signal-to-noise ratio by a very large factor.

It has been suggested that US strategic submarines might be detected by
detecting communications antennae. US SSBNs receive communications con-
tinuously while on alert (that is, on station and ready to fire missiles) and
periodically while on “‘mod-alert” (in transit or on special exercises).!! Since a
floating wire antenna is a principal means of receiving these communications,'?
there has been much speculation about detection of these floating wires. The
Navy does “not feel that they represent a serious threat” to the covertness of
US strategic submarines.!* On the same point, the director of the SSBN Secu-
rity Program, Dr. Edward Harper, has “no concerns about detectability of
antennas, either floating wire antenna or buoy” today. “The concern is not
airborne or aircraft systems. They probably cannot pose a forcewide threat to
the submarines because of the large patrol areas.”'* He also stated that while
satellites are possible future concerns in SSBN security, “there is no imminent
breakthrough on the horizon” and that ““it is almost certain . . . that if such a
breakthrough were made, that sensor would be counterable by patrolling
deeper and slower.”!5 A similar prognosis regarding Soviet satellite nonacoustic
ASW was advanced by the director of the Navy’s Strategic Submarine Div-
ision: “There is no indication that the Soviets are doing more than basic
research, as we are, in the satellite ASW system. . . . There is no breakthrough
that we see in the foreseeable future to affect the ASW survivability of our
submarines.”!®

It has already been noted, however, that the relationships between subma-
rine motions, generation of internal waves, and modifications to the surface due
to internal waves are not well understood. Definitive statements regarding the
application of synthetic aperture radar or sea surface emissivity sensors to
submarine detection probably cannot be made with confidence. Yet after look-
ing at four SEASAT radar images over submerged US submarines, one Navy
official testified “that the notion that you can find a submerged submarine with
side-looking radar from space is wrong.”!”

It is important to bear in mind two essential facts in the assessment of
nonacoustic ASW, one technological and one political. The physical effects
caused by a submarine’s presence and movement through the ocean are com-
plex and not completely understood. Although the analysis in appendix 3,
“Nonacoustic Means of Submarine Detection,” fails to reveal a mechanism for
the detection of submarines in midlatitudes, there is a considerable uncertainty
in some of the results, particularly in the areas of internal wave generation and
of detection of internal waves at the surface via radar or microwave radiometry.
In addition, there are a number of potential submarine observables that have
not been discussed in this chapter, but are the subject of active research. These
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include electromagnetic disturbances, wake effects on salinity, biological dis-
turbances of marine life, chemical and radiochemical effluents, erosion and
corrosion products, and the disturbance of organic films on the water surface.

The Navy has so many missions, and organizations to support these mis-
sions, that inevitably some internal incentives come into conflict. Part of the
Navy’s goal is to maintain the ability to attack the Soviet Union with nuclear
weapons. The Navy has been seen as providing a highly survivable soft target
capability and with Trident II will provide a highly survivable hard target
capability. Strategic nuclear capability and targeting roles have been perceived
as important bureaucratic bargaining levers in interservice negotiations, and
the Navy has little incentive to advertise a degradation in its major strategic
asset—survivability.

At the same time, antisubmarine warfare is an extremely important mission
(or set of missions) for the US Navy, and the importance of developing non-
acoustic means of detecting submarines will increase as the Soviet attack sub-
marines become quieter. A basic nonacoustic research program (without large
development programs) can be justified by saying that it is a means of avoiding
technological surprise. Any attempt to fund major nonacoustic sensor devel-
opment programs, however, will have to show some real progress in detecting
submarines. This is likely to raise the question “If we can do it, why can’t the
Soviets do it?” and introduce some doubts about US SSBN survivability.
These conflicting incentives may tend to inhibit nonacoustic ASW develop-
ment programs.

The threat to US ballistic missile submarines at sea appears to be very low
and is unlikely to grow rapidly in the next 10-15 years. The major sources of
uncertainty in this statement appear to be the complexity and potential for
detection of submarine generated internal waves, and a possible bias within the
Navy to make public only that data that reflects positively on SSBN security.

To the extent that the Soviet Union would attempt to limit damage to the
homeland from US SSBNs, it would have to use very different approaches.
One would be active trailing outside of ports, and, as we have seen, there is no
unclassified evidence that the Soviets are doing this. Another defense would be
to attack US SSBNs in port, either with sea-launched cruise missiles or special
forces, although the Soviet leaders would have to assume that in a crisis a very
large fraction of US SSBN's would be at sea.
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Attacks on Soviet SSBNs
to Tie Up Soviet Naval Forces

y attacking Soviet SSBNs during the initial stage of a US-Soviet war,

the United States expects to tie up Soviet attack submarines and

prevent many of them from challenging US control of the sea. This
chapter describes US naval strategy for fighting the Soviet Union for control of
the seas, and the role of strategic ASW in that strategy. The next chapter views
attacks on SSBNs in light of their impact on the strategic balance.

While many of the official statements cited in this and other chapters are
recent, many of the ideas they express have a long history. Defense against
missile submarines, or strategic ASW, appeared as a naval mission as soon as
submarines that could launch nuclear weapons against shore targets appeared.

The context and intent of official Navy statements regarding maritime
strategy are important and sometimes unclear. No statements of this kind, even
those made by the secretary of the Navy or the chief of naval operations, are war
plans, nor are war plans articulated in public. The nature and purposes of
official utterances of strategy were discussed by the chief of naval operations,
Adm. James D. Watkins, in the introduction of his Maritime Strategy, pub-
lished in January 1986:

The Maritime Strategy recognizes that the unified and specified commanders
fight the wars, under the direction of the President and the Secretary of
Defense, and this does not purport to be a detailed warplan with firm time-
lines, tactical doctrine, or specific target sets. Instead it offers a global perspec-
tive to operational commanders and provides a foundation for advice to the
National Command Authorities. The strategy has become a key element on
shaping Navy programmatic decisions. It is of equal value as a vehicle for
shaping and disseminating a professional consensus on warfighting where it
matters—at sea.'

In this passage, Admiral Watkins has taken some pains to be clear that he is
not making statements about how to fight battles, and that he is leaving the war
plans to the commanders in chief. The intentions of strategy statements of this



82 -« Strategic Antisubmarine Warfare

kind appear to fall into three categories, two of which he mentions. First, such a
statement can be an attempt to build a consensus within the Navy on warfight-
ing at sea. Second, the strategy statement is to be used as a programming guide,
so that research, operations, maintenance, and procurement decisions can be
fit into a larger framework. This can be used for decision making and advocacy
within the Navy, at the level of the secretary of defense, and before Congress.

The third category of possible intents of the statement is as a political
signal. The fact that such a statement was made by the chief of naval operations
gives it weight in the eyes of allies and potential opponents. As it applies to the
Soviet Union, it may be intended to function partly as a deterrent statement, a
way of backing up potential US military capability with statements that attempt
to increase the credibility of the threat actually to use that capability. In the
deterrent role, such statements try to influence the perceptions of Soviet lead-
ers, and it is of course difficult to determine the impact of statements.

An article that attempts to do all three things must balance some compet-
ing requirements. It must contain enough detail to serve as a programming
guide in order to provide clear hooks on which to hang specific programs, and it
must remain broad enough to provide a platform on which a consensus can be
built. It must talk about war with enough specificity to really guide planning
and perhaps make a deterrent statement to the Soviet Union, while at the same
time it must avoid the appearance of a war plan.? It is probably impossible to
satisfy fully all these conditions.

The main features of US naval strategy as it has been articulated are
forward attacks near Soviet territory and horizontal escalation into theaters
where the US Navy holds an advantage, with both moves to be made as rapidly
as possible. These elements are bound together by the overarching objective of
containing the Soviet Navy, both to deny the use of the seas to the Soviet
Union and to permit the United States to use the seas freely. By demonstrating
a capability to control the seas, US planners hope to deter the Soviet Union
from going to war in the first place. This undermines Soviet attempts to inter-
fere with US foreign policy on a military level, and it is expected to deter
conventional war. The following section presents some official views on US
naval strategy and on how its components relate to strategic antisubmarine
warfare.

US Naval Strategy

The general wartime naval strategy of the United States has been outlined by
the chief of naval operations, Adm. James D. Watkins. In war, the US Navy
will take the fighting “as far forward—in the direction of the aggressor—as
possible.”* “By confining and destroying air, surface and subsurface threats to
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the transoceanic sea lanes well forward, we control the initiative and capitalize
on geographical advantages, thereby maximizing the effectiveness of our
forces.”* This forward element in US naval strategy may take several forms,
which are, in increasing order of “forwardness”: (1) attacks on ships coming
through chokepoints; (2) forward air control using aircraft carriers; (3) sub-
marine attacks and mining in the farthest forward areas where the USSR
controls the air and surface; and finally, (4) bringing the war home to the Soviet
motherland with air or missile strikes against Soviet naval bases. Wartime
conditions will determine the degree of emphasis placed on each of these options
and will generally influence the “forwardness” of the operations. The perception
of likely Soviet response to an attack on their homeland will—or at least should—
weigh heavily in any US decision to strike the Soviet Union.

There is a good deal of debate at the highest levels of the US Navy about
how closely to Soviet bases to operate aircraft carriers, their aircraft, and their
escorts.’ There has thus far been less debate about limits on forward operations
of attack submarines. It is clear that the US Navy is counting on Britain and
other NATO submarine fleets to conduct ASW in the Greenland-Iceland-
United Kingdom (GIUK) gap, while US SSNs go north into the northern
Norwegian and Barents seas. According to the US secretary of the Navy, John
Lehman: “US dependence on allied submarines [nuclear or conventional]
beyond their coastal and chokepoint reaches is minimal,”® This does not
exclude the possibility that some US submarines would be used at chokepoints.
Of the 40-45 US SSNs that might be available in the Atlantic, about a dozen
might be assigned to carrier battle groups, nine or ten to the GIUK gap,” and
perhaps up to twenty or more could be assigned to forward areas.

The main strategy is to go as far forward as is deemed “prudent”: for
example, to send attack submarines into the Barents Sea and aircraft carriers
into the Norwegian Sea. A potential weakness of this strategy is that it puts the
most valuable and capable US ships up against the densest concentration of
Soviet naval forces. The Soviet Union can send aircraft, submarines, and ships
in repeated sorties against US forward-deployed ships, which would them-
selves be far from bases and highly dependent on resupply for fuel and ammu-
nition. The USSR has many small ships and diesel-electric submarines suitable
for use in and around the Barents Sea. These warships, though much less
capable than US ships and submarines, would complicate the problems of US
surface forces, especially if the Soviet ships conducted a coordinated cruise
missile strike against US surface ships. In addition, all ships in the Soviet Navy
have the advantage of being able to return more easily to bases for ammunition
and supplies. As a result, over the course of a long engagement,® Soviet ships
might have the opportunity to expend many missiles without being constrained
by lack of resupply. US strategy therefore calls for creating a barrier very near
the base with a combination of submarines and mines, or else blowing up the
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bases themselves. Adm. Stansfield Turner calls this part of the strategy “sortie
control’*:

Bottling up an opponent in his ports or on his bases . . . , today’s blockade
seeks destruction of individual units as they sortie. If we assume an opponent
will be in control of the air near his ports, sortie control tactics must depend
primarily on submarines and mines . . . a most economical means of cutting
off a nation’s use of the seas or ability to interfere.?

The idea that destroying bases is a vital task in the sea control strategy is
not new. In the mid-1950s, Henry Kissinger reported that “our naval strategy
proposes to defeat the submarine menace by destroying the opponent’s port
facilities and base installations. The chief of naval operations has said that an
attack on enemy bases is the primary task of antisubmarine warfare.”!® More
recently a deputy chief of naval operations for surface warfare, Vice Adm. J. H.
Doyle, confirmed that this is still an option: ““Sea control entails the use of naval
forces for a variety of tasks including . . . strikes against enemy bases,”!!

Which weapons would be used to attack Soviet bases? The Tomahawk
nuclear land-attack cruise missile (TLAM-N) has been a candidate since it
“would provide an enhanced maritime capability to inflict major damage on
Soviet shore-based naval infrastructure.”'? Such an attack would invite a
response in kind. Since conventionally armed Tomahawks can destroy build-
ings and airfields, the conventional version is much more likely to be used in a
conventional war. The Soviet Navy may have been practicing defense against a
simulated SLCM attack when one of its sea-launched cruise missiles went off
course in January 1985 and flew over Norway and Finland, 120 miles west of
the main Soviet naval complex near Murmansk. This Soviet cruise missile was
launched from the Barents Sea, and the Soviet Navy is probably concerned
about possible submarine-launched cruise missile attacks from that area.!> On
the other hand, the test might simply have been an exercise for using Soviet
cruise missiles against targets in Scandinavia and the Baltic.

Destroying Soviet bases is not the only way to provide for sortie control.
According to Secretary of Defense Weinberger, “Nuclear-powered attack sub-
marines remain a key element in our ASW defense-in-depth strategy, especially
in antisubmarine operations. Early in a wartime scenario, our undersea forces
must be capable of moving into far forward positions, including waters where
Soviet naval forces would operate in large numbers.”!* He goes on to list a
number of improvements to the current attack submarines (Los Angeles class)
that will enable them better to carry out their ASW and sea control mission:
larger cruise missile magazines, noise reduction, underice capability, and mine-
laying capability. Offensive minelaying capability was reemphasized in fiscal
year 1985,!> after having been dropped as an SSN mission priority in the
mid-1970s.'* New Los Angeles class attack submarines are being constructed
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with minelaying capability, and existing vessels of that class are being backfit-
ted with mines.!”

Another major feature of current US naval strategy is preparation for
horizontal escalation—that is, expanding or shifting the theater of naval conflict
to regions where the United States holds an advantage. Admiral Watkins places
the possible responses of the US Navy to Soviet aggression into four categories,
saying that the United States could: “(1) attempt to meet force with like force at
the point of attack; (2) increase the intensity of the conflict; (3) alter the geogra-
phic breadth of the conflict; or (4) control the duration of the fighting.”'
According to Watkins, the first option is undesirable because it “leads to long
wars of attrition and does not by itself generate pressure to end the war.” How
could the United States generate such pressure? Escalation in the level of
violence—that is, vertical escalation—is one possibility. But in the nuclear age,
the higher levels of violence can quickly and easily get out of hand, and vertical
“escalation is an option fraught with the most serious and frightening risks.”!?
By default, the preferred naval strategy is to expand the war into theaters where
the USSR is at a disadvantage: “Maritime superiority enables us to deny the
enemy any advantage through expansion and permits us, if we choose, to take
the conflict to a geographic area where the enemy does not want to fight.”2°

Horizontal escalation is also considered a means of forcing the USSR to
spread its forces over many fronts:

The inherent flexibility of seapower which permits us to outflank a foe has a
series of benefits. We can force the Soviets to spread forces around their
perimeter, requiring a considerable commitment in personnel and material
resources to the defense of otherwise secure flanks in the Baltic, the Kola
Peninsula, the Black Sea littoral, and the Soviet Far East.?!

It is the Soviets who must be prepared to defend their territory “anywhere” on
their perimeter. The option to define what “anywhere” means in terms of
conducting offensive operations remaias with us.??

The forwardness of the strategy and its geographic breadth are integrated
into a Tight Squeeze around the Soviet periphery, from the Sea of Japan and the
Kamchatka peninsula in the Northwest Pacific to the Mediterranean and Black
seas, the Baltic, and finally the Barents Sea.

Common to both arms of the Tight Squeeze strategy—forwardness and
geographic breadth—is a heavy emphasis on initiative and speed. If a war is
about to start or has just started, the US Navy is to move far forward on all
fronts quickly. As Navy Secretary Lehman put it, “The Navy has a very clear,
simple strategy—and that is to take the initiative very early on to ensure that we
establish control of the vital sea areas we need.”?* In part, the rapid forward
advance is expected to keep the Soviet Navy from increasing deployment of
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SSNs to the North Atlantic, where they normally keep only three or four attack
submarines in peacetime.

The containment objective has been described by British naval historian
Geoffrey Till as “a major Western preoccupation.”? Although the Reagan
administration’s concept of containing the USSR is certainly not new, there are
some ways in which the emphases in naval strategy have changed from those of
the Nixon, Ford, and Carter administrations. 26 The first difference is the stress
given to simultaneous rather than sequential carrier operations. This justifies
an increase in carrier battle groups. It is not simply a budget ploy, however; it is
a direct result of the Navy’s demand for rapid and simultaneous escalation
around the USSR, especially in the Northwest Pacific. A former commander in
chief of the US Pacific Fleet, Adm. William J. Crowe, Jr., has testified that the
Navy’s buildup to 600 ships, based around 15 carrier battle groups, “goes to the
heart of [the Pacific Command’s] needs” because he expects “‘intense and
immediate air and sea engagements in the Northwest Pacific if global hostilities
break out.”?” The chief of naval operations, however, remains guarded on the
prospect of truly simultaneous operations on the Soviet periphery and believes
the US Navy “may have to sequence [its] operations among theaters,”? in
accordance with the National Security Design Document 32 (NSDD-32) of
May 1982. Other statements by Navy officials suggest that NSDD-32 calls for
sequential operations “within a particular theater.”? It is not clear what, if any,
distinction is being made, however.

A second change in emphasis is the planned use of aircraft carriers to attack
naval bases and other land targets. According to Robert Komer, the “US Navy
has long had contingency plans for multicarrier nonnuclear strikes against
Soviet naval bases, but clearly these are now being more heavily stressed.”3

In sum, the current statements of maritime strategy are drawn largely from
concepts that have appeared in the past. Some of the language used to describe
these elements is more specific and tends to empbhasize the offensive character
of naval warfare. These elements are: the rapid initial escalation of US naval
deployments during a crisis, the early movement of naval forces toward the
Soviet Union during such a crisis, and an effort to broaden the geographic
scope of the war at sea to the maximum extent feasible as early as possible. US
attack submarines, because of their stealth, form the most forward salient of the
US Navy, and they can begin to use torpedoes, cruise missiles, and mines in
Soviet home waters and against bases very early in a conflict. To this end, they
are being refitted for offensive minelaying and for launching conventional and
nuclear cruise missiles capable of attacking naval bases and airfields. Aircraft
carriers, much more vulnerable than attack submarines, must remain farther
from the main concentration of Soviet naval forces.

Soviet Naval Strategy

The Soviet naval experience in World War II largely involved supporting
ground forces and defending crucial ports, such as Murmansk.3! After the war,
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in which most Soviet shipbuilding facilities were destroyed, Stalin approved a
large naval buildup as a response to the perceived threat of invasion by the
United States and Britain, which had both sent huge armies overseas during
World War II and had intervened in the USSR during the revolution.*
Khrushchev downgraded the perceived threat of invasion in the mid-1950s and
appointed Adm. Sergei Gorshkov as head of the Navy. Gorshkov directed a
building program that emphasized short- and medium-range defenses against
carrier-based nuclear attack aircraft, relying mainly on submarines and small
surface ships armed with cruise missiles. By the time he came into power, the
United States was on the way to developing a large nuclear strike force based on
bombers launched from carriers.

As soon as World War II ended, the US Navy began expanding its capa-
bility to bomb Soviet territory. The carrier-based, nuclear-capable A-2 Savage
attack aircraft was approved for production in 1946. By 1949 the Navy had six
A-2s, along with 12 experimental P2V-1 Neptunes, which were modified to
carry nuclear weapons from the carrier Midway.*’ By 1953, there were about
240 nuclear-capable US naval aircraft, mostly A-1 Skyraiders and P2V-5 Nep-
tunes. By 1960, the US Navy had well over 500 nuclear-capable attack aircraft,
mainly A-3 Skywarriors and A-4 Skyhawks.>* When the US Navy wanted to
increase quickly its carrier-based nuclear strike capabilities during the late
1950s and early 1960s, it deployed one extra carrier to the Sixth Fleet and
another to the Seventh Fleet, each equipped solely with nuclear-capable attack
aircraft.’ From the Soviet point of view, these nuclear strike carriers were
potentially devastating threats—and were therefore very important targets.

In the late 1950s, the Soviet Navy responded to the US carriers with
nuclear-armed aircraft by designating strikes against such vessels as the pri-
mary naval mission. Initially, ship-launched antiship missiles were the main
Soviet anticarrier weapons—when the ranges of US strike aircraft were still
sufficiently short to permit Soviet ships to operate against carriers under the
cover of Soviet land-based tactical aircraft. As longer-range aircraft were
deployed on US aircraft carriers, however, the Soviet Navy emphasized cruise
missile and ballistic missile submarines as the main anticarrier platforms.’
Thus, the early Soviet interest in shore-, air-, ship-, and submarine-launched
guided missiles stems directly from the effort to counter a very powerful,
immediate, and otherwise unanswerable threat of nuclear strikes originating
from US carriers.

The early 1960s saw the official birth—at least in Soviet writings—of an
entirely new mission for Soviet general-purpose naval forces: the maintenance
of secure SSBN fleets.’” There is no evidence that Hotel, Golf, Zulu, and
Yankee SSBNs were accompanied while on patrol during the 1960s, however.
A major technological requirement of this maintenance task is to ensure that
SSBNs cannot be destroyed. While operating as a strategic nuclear reserve,
SSBNs do not provide any unique contribution to traditional sea control mis-
sions; even if they were aimed at naval bases, they would duplicate a function of
ICBMs. SSBNs can of course function as SSNs. Forward-deployed Soviet
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SSBNs such as the Yankee (and more recently, Delta) classes can attack naval
bases with about 20 minutes less warning time than SSBNs in the central Arctic,

While the United States Navy, favored by geography and by a superior
technical establishment, has been able to isolate its extremely quiet SSBN's
from other naval operations, the Soviet N| avy has not opted for such a means of
fulfilling its tasks.

There is much support within the Soviet Navy for the idea that the
submarine-launched strategic strike, as well as defense against SSBN's capable of
striking the homeland, have become foremost missions of superpower navies. 38

Soviet nuclear striking power and (2) blunting the nuclear strike potential of the
United States, Britain, France, and other potential enemies. But in the mid-
1960s, when US SLBM ranges increased, US missile submarine patrol areas
increased, and the submarines got quieter, making them more difficult to find.
This created an operational environment in which Soviet ASW forces, originally
designed and built to search for US SSBNs, were becoming more effective at
detecting US attack submarines searching for Soviet submarines near Soviet

toward “unconventional” means, such as nonacoustics,

The ability of the Soviet Union to conduct ASW against British, French,
and Chinese SSBNs is not addressed in this study, but it is important to
consider the possible impacts of a threat to the nuclear systems of those
countries. In the heat of a threat of escalation to nuclear war in Europe,
attrition to French sea-based forces would erode a major portion of French
retaliatory capability.

Soviet SSBNs is offered by Michael MccGwire. As noted in chapter 1,
MccGwire argues that in late 1966, the Soviet Union adopted as its main military
objective avoiding the “nuclear devastation of Russia,*39 The new objective

that s, to protecting SSBNss as a short-term solution for preventing strikes on the
Soviet Union. According to one analyst, by the late 1970s it was clear that
strategic ASW was a “secondary” task of the Soviet navy.4 The prominence of
defending the Arctic was recently emphasized by the commander in chief of the
Soviet Northern F leet, Adm. A. Mikhaylovskiy: “N uclear-powered submarines
with ballistic missiles on board are the main striking force. . . . An enormous
responsibility for insuring the reliable defense of the polar perimeters of the
Homeland rests on the naval personnel of the Red Banner Northern Fleet.”#
Vice Adm. K. Stalbo, one of the Soviet N avy’s chief theorists, wrote in this
regard: “The relative importance is constantly increasing of strategic naval
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armaments and of the forces for their protection of the strategic-forces bal-
ance.”*?

The commitment of the Soviets to SSBNs as a strategic force can also be
seen in the amount of money they put into them, compared with the investment
in ICBMs and bombers. Between 1975 and 1985, the investment value of
deployed SSBNs and SLBMs accounted for about 75 percent of the total
Soviet investment in deployed strategic weapons, with ICBMs taking about 15
percent and bombers 10 percent. The share going to submarines and their
missiles is now closer to 80 percent. This is much larger than the fraction of
Soviet strategic warheads based on submarines, which is only about a quarter,
and suggests that the Soviet Union is willing to pay heavily to put strategic
forces at sea. In contrast, the United States has about 50 percent of its invest-
ment in strategic forces in SSBNs and SLBMs at any given time, which is
roughly the same as the fraction of US warheads on submarine-launched
missiles.*?

There is no absolute need for the Soviet Navy to “stay home” to defend
SSBNSs. There is evidence that they have a commitment to moving some ves-
sels, particularly submarines, out of home waters in the event of a war. Cruise
missile submarines, such as the large Oscar class may be used more effectively
outside home waters. Providing US undersea surveillance has been disrupted
early in a war, some Soviet SSBNs could attempt to enter the Atlantic and
disperse. James McConnell has noted that Soviet naval writings in the early
1980s contain two related themes: the possibility of a development in nonacous-
tic ASW and increased discussion about interdicting US sea lines of communi-
cation to Europe.* The expectation of an improvement in the ability to detect
US attack submarines in the waters near the Soviet Union would be an incentive
to consider more roles for the Soviet general-purpose naval forces beyond sea
control near the homeland. Soviet attack submarines, which are known to
support directly SSBNs on patrol, would be prime candidates for entering the
North Atlantic after SOSUS had been destroyed.

The Interaction of US and
Soviet Naval Strategy

A simple model of the interaction between US and Soviet naval strategy can be
proposed. The preceding discussion shows that Soviet Navy missions include
the important mission of protecting the strategic reserve, plus participation in
some initial strikes at coastal targets. Since forces for strategic reserve, postwar
bargaining, or intrawar deterrence® are the guarantors of the ultimate wartime
option of annihilating the enemy—deterring the enemy from annihilating the
homeland—SSBNs have a high value. This is reflected in the proportion of
total strategic forces investment that the Soviets put into SSBNs and SLBMs.
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The value of SSBNs derives from the perception of how the entire Soviet
intercontinental nuclear arsenal might survive a war. Soviet general-purpose
naval forces, including land-based aircraft, surface ships, mines, and subma-
rines, are important instruments, though not the only ones, by which SSBN's
can be preserved throughout the course of the war. The degree to which the
Soviet Navy will be obliged to defend the SSBNs close to home will be an
increasing function of two key variables: the vulnerability of the SSBNs and
the importance of the SSBNs to Soviet objectives.

If Soviet naval leaders feel confident, for example, that a subset of the
general-purpose naval forces would ensure that the SSBNs in bastions can
perform their missions on time at an acceptable price (in their determination of
acceptable) against the worst US strategic ASW threat, then the rest of the
Soviet Navy might be free to undertake other tasks. In other words, Soviet
leaders would probably accept some attrition of SSBNEss if they felt there were
enough remaining SSBNs to carry out their primary mission, and if the
general-purpose forces that could be released could do something of greater
value than protecting SSBNs. The trade-off for the USSR is the value of the
extra options created by releasing general-purpose forces from protecting SSBN's
versus the value of the expected number of SSBN's lost because of that weak-
ened defense. If the defense were deemed inadequate to ensure the ability of
SSBNSs to carry out their primary mission, then the Soviet Navy would have to
pull back from lower priority operations.

Metaphorically, the wartime Soviet Navy resembles an organism that, if
prodded in its underbelly, will retreat; if kicked really hard, it might even curl
up into a tight, armored ball, armadillo-like. Of course this analysis assumes
that the organism will always make a “rational” cost-benefit calculation and
respond proportionately. If this were true, then the behavior of the organism
might be predictable. Much of the published thinking by US Navy officials on
this subject, however, is founded on the assumption that, given uncertainty
about the actual threat to Soviet SSBNs in the minds of Soviet planners, the
Soviet Navy will overreact.

Since the Soviet Navy is probably committed to protecting SSBNs, the
obvious point of attack for maximum effect is those vessels. In particular, it is
the Soviet attack submarine fleet that the United States is most concerned
about, particularly now that the Akula and other classes have approached and
surpassed some US attack submarines in capabilities. Soviet attack submarines
are a greater concern than are Soviet aircraft or surface ships. 6

The other variable that determines Soviet sensitivity to SSBN attrition in
defended home waters is the number of SSBN's needed to carry out the mission
of the reserve. If Soviet leaders believed that they would lose a fundamentally
important strategic warfighting option if they lost just one SSBN, then they
would increase defense of SSBNs, without any change in the perceived threat
to them. If the threat to land-based forces rises, all other things being equal, the
value of sea-based systems will also rise. This is a little recognized yet very
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important likely impact of the planned US Trident 11 missile. When members
of the Soviet military see their silos threatened, they may place a greater value
on protecting SSBNs in wartime and allocate more attack submarines to their
defense—which would mean fewer attack submarines to oppose the US Navy.
In effect, Trident II may shift the open-ocean conventional naval balance in
favor of the United States. This in turn must provide an additional incentive
for the Soviet Union to develop survivable land-based systems such as the
mobile versions of the SS-24 and SS-25 missiles.

To carry the hypothetical strategy of attrition to Soviet SSBNs further, it is
helpful to see how well it fits into the broader US naval strategy, characterized
by being forward, horizontal, and rapid. As articulated by Admiral Watkins,
the underlying assumption of the strategy is that the United States must put
the Soviet Navy on the defensive in places that the US chooses*’—the flanks of
the Soviet Union. The two most vital of these also happen to be the main SSBN
patrol areas. Already, Watkins claims, “the current allocation of Soviet re-
sources to homeland and home water defense indicates that they consider our
threat to their flanks to be highly credible.”*® The Soviet Union may be con-
cerned not only about SSBN attrition on their flanks, but also about strikes
against land targets, amphibious landings, or complete containment of their
fleet.

Operationally, attacks on Soviet SSBNs during the initial phase of a con-
ventional war are virtually unavoidable given a far forward strategy. Barry
Posen has addressed the problem of “inadvertent” destruction of Soviet ballis-
tic missile submarines by forces defending forward-based US aircraft carri-
ers.* The carriers are not the most forward platform, however; that role goes to
US attack submarines, which, according to the chief of naval operations, are also
the main vehicle for the forward Tight Squeeze strategy:

The employment of SSNs, both prior to conflict and in conflict, is probably
one of the most sensitive and significant areas of our maritime strategy. With-
out going into great detail I can say it is probably the most significant part of
the strategy. The rapid surge of SSNs is absolutely key as an option for the
movement of SSNs as a tool in the National Command Authority to try to
deter conflict or, if unsuccessful, to win on terms favorable to us.*

US SSNs operating covertly and independently in the vicinity of Soviet
naval bases and under the ice are by far the greatest threat to Soviet SSBNs at
sea. Admiral Watkins’s statement is entirely consistent with other views about
the crucial role of attack submarines in the forward strategy. A more specific
statement was made by the head of the submarine warfare branch of the US
Navy, Vice Adm. Nils R. Thunman:

Attack submarines are central to effective execution of our forward naval
strategy. This was clearly stated by the Secretary of the Navy when he recently
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wrote: “Particularly in submarine warfare, unless a forward strategy is em-
ployed at once to force the Soviet submarines to protect their strategic missile
forces and the approaches to their home waters, Soviet superiority in numbers
could well determine the outcome of the war.” Our attack submarine force is
capable of fighting and winning against today’s threat. But our qualitative edge
is eroding and we face a serious challenge to the undersea superiority we have
enjoyed for the past three decades.5!

Admiral Thunman believes this early attack by US SSNs is “the most
important function of our attack submarine forces.”5? Thunman’s successor,
Vice Adm. Bruce DeMars, has emphasized submarine warfare as the “under-
pinning” of the US maritime strategy. “If [US] submarines don’t go up there
in the Soviets’ back yard and clean up on the Soviet submarines early in a war,
then our current view of the maritime strategy is invalid. It is as simple as
that.”s3

Adm. Kinnaird R. McKee has emphasized the role of uncertainty in “tying
up”” Soviet naval forces in defense of their SSBNs:

Lots of people don’t understand . . . that a handful of submarines operating in
the other guy’s back yard are going to tie up forces far out of proportion. As
long as there is one guy . . . mobile enough to look like more than one, he
creates a terrible situation. The principal element of that leverage is certainty
and uncertainty in the minds of the enemy; certainty because he knows what
this submarine can do and terrible uncertainty because he doesn’t know what
it will do and how we will use it.

Uncertainty is the most damaging element in the planner’s book. It just
drives them nuts. In submarine warfare, we bring uncertainty to the table like
nothing else.5

These statements are made by some of the highest ranking current and
former decision makers in the US Navy (Watkins and Lehman), the head of the
Submarine Warfare branch (Thunman), and the head of the Nuclear Propul-
sion Program (McKee). All four agree that a central component of US naval
strategy for conventional war is threatening Soviet SSBNs in waters near the
Soviet Union. A key requirement of this threat is that it occur immediately
upon the beginning of hostilities.

The timing of SSN movements into the Soviet SSBN patrol areas is a
matter of great import to the US Navy. During peacetime, there are probably a
few US attack submarines engaged in intelligence operations or trailing Soviet
SSBNs. Occasionally these operations are reported.5s If a crisis were to inten-
sify, the SSN operations near the Soviet Union could probably be stepped up
somewhat within the normal 40-plus percent SSN at-sea rate. The next stage
would be a surge of US SSNs into Soviet home waters.

According to the US chief of naval operations, ‘‘the normal scenario in the
North Atlantic-Norwegian Sea is characterized by aggressiveness. . . . [It] is
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very well planned, in my opinion, with SSNs being up there before the conflict
starts.”ss The US Navy conducted a worldwide surge of SSNs in 1984 as
practice for this strategy. It was the first time SSNs were surged on that scale in
30 years.5” The suggestion of the chief of naval operations is to surge SSN's out
of all ports 30 days or so, 10 days before the conflict starts.” This plan assumes
that the president would not be inhibited from doing so because such a move is
not considered *provocative.”>

Three questions immediately come to mind: First, why does Admiral Wat-
Kins call for an SSN surge 10-30 days before a war? Second, how does the
president know when World War IIT is 10-30 days off? And third, what makes
naval leaders think that a sudden surge of SSNs aimed at Soviet strategic
submarines will not be “provocative”? Indeed, the US Navy expects the threat
to Soviet SSBNs to be provocative enough to warrant the allocation of major
Soviet naval resources to defend them. Admiral Watkins himself raised the
question of the dangers of provocation during the early phases of superpower
conflict, a question that is constantly raised during major naval war games:
“There is great consternation during the game on the part of the players about
whether we are sending more of a deterrent signal by moving forces, or whether
we are actually tearing down deterrence and encouraging adventurism.”>’

It is clear that there is no consensus on the third question; even the US
Navy is split, and there is no indication of how the civilian leadership might
respond. As for the second question, common estimates of war warning used in
NATO planning are between 10 and 30 days, which is consistent with the
Navy’s statement.

The first question does have a plausible answer. The prewar surge is
expected to force the Soviet Navy into its defensive posture so early that it
would not surge its own SSNs into the North Atlantic. According to Admiral
Watkins, “The Soviets expect us on warning [of an approaching war] to surge
SSN’s. They know we are going to the bastions. They know we can get inside
their knickers before they can find us and they don’t like it.” Furthermore,
“Aggressive forward movement of anti-submarine warfare forces, both subma-
rines and maritime patrol aircraft, will force Soviet submarines to retreat into
defensive bastions to protect their ballistic missile submarines. This both
denies the Soviets the option of a massive, early attempt to interdict our sea-
lanes of communication and counters such operations against them that the
Soviets undertake.”®!

However, while the Navy argues that the rapid forward surge of most US
attack submarines will force the Soviet Navy onto the defensive in home waters
early on, it also argues that, in any case, the Soviet Navy would probably stay in
home waters in the defensive role, at the beginning of a war. As Admiral
Watkins put it, “Roles such as interdicting sea lines of communication or
supporting the Soviet Army, while important, will probably be secondary, at
least at the war’s start. This view of the Soviet Navy’s role in overall Soviet
strategy suggests that initially the bulk of Soviet naval forces will deploy in
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areas near the Soviet Union, with only a small fraction deployed forward.”s2
There seem to be two different views of Soviet intentions for the beginning of
the war: 1) that the US must “force” them onto the defensive “at once” or else
face “superiority in numbers” of Soviet submarines, and 2) that the Soviet
Navy would probably only send out a ““small fraction” of its forces beyond
home waters early on, given their strategy.

If the objective of an SSN surge is to threaten Soviet SSBNs in their patrol
areas at the outbreak of war, then the SSN's would have to 80 to sea at least a
week ahead of time to allow for transit. However, those SSNs have a limited
endurance, two or perhaps three months, so if the surge is too early, the US
attack submarines will begin to run out of supplies when the war begins.
Surging a month ahead of time allows for at least one and possibly two months
of time at sea during a conflict.

The early phase of the submarine war in the Arctic is seen as “‘a very
carefully planned and coordinated rollback operation with heavy SSN to SSN
combat in the upper Norwegian Sea.””¢3 The level of coordination would have
to be high in order to avoid having US SSNs attack each other in these very
stressful situations. Hypothetical US SSN operations in the Northwest Pacific
during the early phase of war are illustrated by figure 4-1. This diagram,
submitted to Congress by the secretary of the Navy, shows US attack subma-
rines in the Sea of Japan and off the Kamchatka peninsula, where the three
main Soviet Pacific naval bases are situated: Vladivostok and Sovetskaya Gavan’
in the Sea of Japan, and Petropavlovsk on the Kamchatka peninsula. The
diagram also shows attack submarines moving through the Kuril Islands and
into the northern part of the Sea of Okhotsk, where there is a base for “subma-
rines and light forces” at Magadan.5* The northern Sea of Okhotsk is also a
natural area for the Soviet Navy to hide SSBN's in because the water is shallow
and covered with ice from December through April, which makes detection
difficult.®> It seems more likely that if the US attack submarines were deployed
in the Sea of Okhotsk, it would be to threaten Soviet SSBNss there, rather than
to attack a secondary naval base.

It is important to note that these hypothetical US attack submarine move-
ments are expected to take place during a phase beginning before the initiation
of conflict. The US Navy calls this period “transition to war” and considers it
“perhaps the most crucial of all.”¢6 Attack submarine deployments may, as
Admiral Watkins suggested, deepen political crises between the superpowers in
a period when war is threatening to engulf them both.

The number of US attack submarines allocated to various missions in the
early phase is unknown but is a key parameter of the strategy that may have to
be decided beforehand. Too many US SSNs too close to the Soviet home
waters may shoot at each other, or may leave other areas inadequately defended,
whereas too few may not cause enough damage rapidly enough. Admiral
McKee suggested above that “a handful” of submarines can tie up a dispropor-
tionately large part of the Soviet Navy in home waters due to the uncertainty of
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Figure 4-1. US attack submarine movements in forward areas.
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the threat.” On the other hand, the chief of naval operations has said that “the
majority of our SSNs would be involved with this forward effort. The rest
would be supporting our carrier battle groups as they perform their offensive
operations worldwide.”s8 While area commanders would decide how to move
forces in a crisis, the strategy of putting the Soviet Navy on the defensive is best
served by official statements that suggest the maximum US threat.

The timing of later phases of a submarine war would be highly uncertain.
According to John Lehman, “One can’t easily determine . . . how long it will
take . . . to nullify the submarine force in the Norwegian Sea. That is a tough
area to operate in. It may take a week or it may take a month or three
months,*’6?

Even if the rapid forward deployment of US SSN's were only intended for
mining and for attacks on Soviet ships and attack submarines early in a war, the
US SSNs would probably destroy some Soviet SSBN's anyway. The modern
attack submarine is “designed to fight in the enemy’s backyard.””° and the
submarine-launched mobile mine (SLMM), a stand-off weapon, is intended
for use in enemy harbors.”! In these “backyard” operations, there would be
SSBNs either coming into or leaving the harbor, and were a US attack subma-
rine to run across a Soviet SSBN, the US SSN “would not be in a position of
differentiating their attack submarines from their SSBNs.””2 Said Vice Adm.
Robert Kaufman, “In a conventional war all submarines are submarines, they
are all fair game.””> Nor is it likely that the SLMM could reliably distinguish
between SSBNs and SSN, particularly in shallow water near harbors where
the noise signatures of submarines are masked by loud background noises. All
SSBNs are potential threats to the SSN's because they are armed with torpe-
does and sonars. Many submarine operators think that a policy of avoiding
SSBNs in the dangerous conditions of Soviet home waters would be infeasible,
even if accurate classification of detected submarines were possible. Also, the
emphasis on the rapidity of forward operations would make an “avoid SSBNs”
rule of engagement more difficult, since it would require closing in to check on
every detection to identify it and taking a long circuitous route to avoid SSBNs.
However, if one accepts the stated strategy, the US Navy sees no reason to
avoid Soviet SSBNs. According to the assumptions that seem to underlie cur-
rent strategy, a few SSBN's destroyed at the outbreak of hostilities would make
very real the threat on which US naval strategy so crucially depends.

All of these statements strongly suggest that Soviet strategic submarines
would be attacked “in the first five minutes of the war,” which is exactly what
John Lehman said in an off-the-record session in April 1985.7 This is also
exactly what happens when the US Navy runs its large-scale war games at the
Naval War College. In fact, the training of Navy submarine commanders and
strategists in conventional war games has never excluded SSBNs from the
target list of attack submarines. As a result, destroying Soviet SSBNs may
become part of the “tactical culture” of the attack submarine fleet. As one
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former member of the chief of naval operations staff put it: “One of the ridicu-
lous and alarming features of the Navy war-gaming studies of non-nuclear
conflicts at sea has always been the lack of any recognition that [SSBN] sanctu-
aries must be provided, lest the threat to survival of nuclear deterrent forces
rapidly escalate the conflict.”’”

In short, the declared US forward naval strategy, with its emphasis on
attacking the Soviet Navy in its “backyard” and making it defend SSBN
bastions, has generated a set of very powerful arguments and incentives to use
attack submarines against defended Soviet SSBNs very early in a war. Exactly
how these ideas find their way into war plans cannot be known in the unclassi-
fied realm, and if they do, no one knows if such plans would be executed.

It is possible that the United States may consider stepped-up attacks on
Soviet SSBN's during wartime as a form of horizontal escalation, to apply pres-
sure for particular US war aims. One could imagine, for example, a situation in
which Soviet SSBNs might be attacked in response to a Soviet Army move
toward the Middle East, or in response to a stalemate or an impending NATO
setback, or as an attempt to limit or terminate hostilities in some other context.

Using strategic ASW as a form of horizontal escalation by shifting the
“correlation of forces” is a highly uncertain plan. Soviet concepts of the ““corre-
lation of forces” include, but are much broader than, calculations of military
capability. Also, as noted in chapter I, the record of actual applications of
horizontal escalation is marked by inconclusive or counterproductive results.

Antisubmarine warfare itself is a probabilistic process characterized by a
large degree of uncertainty. The rate of attrition to Soviet SSBNs at sea
depends on a large number of random variables with large variances. If the
United States were to increase its ASW efforts in the bastions as a form of
escalation, it is not clear that the results would be immediately evident, in terms
of the attrition rate as well as the rate at which the Soviet leadership became
aware of the attrition.

The preceding discussion has deliberately ignored the question of the feas-
ibility of a strategic ASW campaign and the risk to US attack submarines in
highly defended Soviet waters. As the analysis in appendix 2 shows, however,
such a campaign might not be very rapid, and might be very costly in military
terms. The ability of Soviet SSBNs to hide under ice or near the ice edge,
coupled with their increasing quietness would make them very difficult to find.
The attrition rate to the Soviet SSBNs would probably be slow and therefore
might have little impact on a rapidly developing political and military situation
on land. If events on land unfold slowly—which seems less likely—then the
slow attrition rate of Soviet SSBN's might have some impact. However, in order
to effect this attrition, US attack submarines must be tied down in the Arctic, at
the very time when they could be directly protecting shipping in the Atlantic.

Tying down US attack submarines in the Arctic in this way during a long
war can help keep the sea-lanes open if many Soviet attack submarines are tied
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down also. The Soviet home waters filled with many Soviet attack submarines
is one of the most dangerous places in the world for US attack submarines, even
very quiet ones. The one-on-one combat exchange ratio in shallow Soviet home
waters is less favorable to the United States than the exchange ratio between
submarines in open water. This is due to the advantages of coordinated Soviet
ASW defenses in aircraft, nuclear and conventionally powered submarines,
command and control, and fixed undersea surveillance. Acoustic and perhaps
magnetic detectors in Soviet home waters could provide accurate localization
data for all Soviet ASW forces. The exchange ratio is also influenced by the fact
that for a given acoustic advantage, the detection range advantage in deep water
may be several times greater than the detection range advantage in shallow
water.

A strategic ASW campaign may cost the United States a large number of
attack submarines, and it may happen that such a campaign ties down a larger
portion of the US submarine fleet than it does the Soviet submarine fleet. This
would run counter to the objective of shifting the balance of submarine forces
in favor of the United States, although it has been argued by some that strategic
ASW would support another major objective of the declared maritime strategy,
which is to induce the Soviet Union to terminate hostilites during a major war
by sinking its SSBNs. This is the subject of the next chapter.
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Attacks on Soviet SSBNs
for Damage Limitation
and War Termination

eterrence based narrowly on mutual assured destruction (MAD) has
never been the official military strategy of the United States' nor of
the Soviet Union.2 US military planning has stressed the need for
“flexible options” to destroy selected military targets in order to make the use
of nuclear weapons a plausible response to lower levels of conflict, mainly
conventional war. In scenarios for fighting nuclear wars, the possibility of
destroying society looms as the ultimate threat. At any point in a war among
nuclear powers, the side that perceives that it is losing can threaten the softest
target set of all: the people, the political apparatus, and the industrial infra-
structure that are the opponent. To deter such a threat by the opponent, some
nuclear weapons must be held back from warfighting uses to threaten assured
destruction of the opponent’s society. The requirements for a force to deter
such an attack during a war are essentially the same as the requirements for a
minimum deterrent before war breaks out: sufficient force and survivability.
The only real differences lie in the context. First, while MAD-type deter-
rence of nuclear attack must function in a prenuclear-war world (peacetime or
conventional war), the intrawar nuclear deterrent must function in a world in
which some nuclear weapons may have been used and millions of people,
perhaps even tens of millions, may have been killed. This raises the question of
whether a different size or type of force is needed to deter leaders in the midst
of a war, as opposed to in peacetime. Second, the survivability of the intrawar
deterrent depends on the amount of damage that has already been done to the
retaliatory force or its defenses, and on the changing threats to it. Given these
factors, the intrawar deterrent or strategic reserve force is not static; rather, it
will change throughout a war as forces and perceptions change.

The Roles of Strategic Submarines

Both US and Soviet nuclear strategies provide for a strategic nuclear reserve to
deter large-scale destruction, and on both sides, strategies of minimum deterrence
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and warfighting coexist. This is particularly relevant to strategic submarines
because the minimum deterrent role, which requires less flexible command and
control but greater survivability, is likely to be assigned to submarines. This
does not mean, however, that submarines will necessarily be excluded from the
initial strikes of a nuclear attack.

Withholding strategic reserve forces has been part of US nuclear war
strategy at least since the early 1960s.3 When counterforce targeting was pub-
licly announced in the early 1970s, withholding strategic forces also emerged as
part of the official policy, as would be expected. National Security Decision
Memorandum 242 (NSDM-242), an elaboration of existing policy signed by
President Richard Nixon in January 1974, introduced the notion of “with-
holds”: targets that would be preserved from destruction. Some of these, par-
ticularly population as such, are said to be exempt from targeting; others, such
as centers of political leadership and control, are exempt from initial strikes, but
targeted by strategic reserve forces for intrawar deterrence and “eventual de-
struction if necessary.”* Distinctions between political leadership and popula-
tion are illusory, however, since “large-scale attacks on Soviet leadership would
be virtually indistinguishable from counter-city attacks.”> In his fiscal year
1975 Annual Report, Secretary of Defense James R. Schlesinger wrote: “No
one who has thought much about these questions disagrees with the need, at a
minimum, to maintain a conservatively designed reserve for the ultimate threat
of large-scale destruction.”s

The list of principal features proposed by Schlesinger “to maintain and
improve [US] strategic posture” begins with “the ability to withhold an as-
sured destruction reserve for an extended period of time,”” to be aimed at
“urban-industrial targets.” In August 1977, the Carter administration issued
Presidential Directive PD-18, which “prompted defense policymakers to focus
on the possibilities of protracted nuclear war” and included an order to study
the secure reserve force and the command and control associated with it.® The
requirement for maintaining ‘‘a survivable and enduring retaliatory capability
to devastate the industry and cities of the Soviet Union’’® has persisted.

At the beginning of SSBN deployment, the US Navy made it clear that it
would not settle for only a strategic reserve role.!® There is very little informa-
tion in the unclassified literature regarding the evolution of US planning for
strategic reserve forces. This may be partly due to the fact that the concept of a
strategic reserve arises only out of a declaratory doctrine of warfighting. Until
relatively recently, US officials have been reluctant to discuss the topic of
fighting nuclear wars.

As Soviet ICBMs have become more capable of destroying US missile
silos, it is likely that the emphasis for strategic reserves has shifted toward
submarines. In particular, submarines carrying Poseidon missiles, which have
the least counterforce capability, may have been assigned a strategic reserve
role. Trident I warheads on submarines (3,264 warheads on 21 submarines by
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1989) can destroy targets that have some hardening,'' so these weapons might
be included in plans for initial strikes against lightly hardened targets. Sea-
launched cruise missiles are also likely to be assigned a reserve role.

The roles of Soviet SSBNs have evolved very differently from their US
counterparts. The Soviet Union built the first SSBNs in the mid-1950s from
converted attack submarines, and then watched as the United States developed
a highly sophisticated, survivable ballistic missile fleet in the early 1960s, on top
of an already potent nuclear strike force on aircraft carriers. In response to US
first-use policy and overwhelming nuclear superiority, Soviet military doctrine
from the late 1950s to mid-1960s held that any East-West war would inevitably
escalate to nuclear war. This produced immense pressure for the Soviets to
create survivable strategic nuclear forces. Until such forces were in place,
however, the Soviet leadership may have planned for a “spasm attack” by all
nuclear forces at the outbreak of any war, because they faced certain defeat if
they waited and the United States launched its vastly superior forces first.

In this context, some analysts believe that an attack on a Soviet SSBN
would possibly have triggered an intercontinental nuclear war involving the
launch of all missiles.!2 During that period some officials within the US Navy
also assumed that “undoubtedly Soviet missile armed submarines would partic-
ipate in the initial phase of a nuclear war.”!* In the latter part of the 1960s, the
Soviet Navy began deploying Yankee class SSBNs, which significantly in-
creased their strategic nuclear forces at sea, and which may have also been
intended for tactical naval warfare. However, these vessels were still relatively
vulnerable to NATO ASW forces, largely because of the existence of fixed
acoustic surveillance systems in the Norwegian Sea region. If Yankees were to
be withheld in home waters until after an initial nuclear exchange that included
strikes against those surveillance systems, they would have been more capable
of launching attacks on the United States.

As previously noted, it appears that in late 1966 anew doctrine was adopted
in the Soviet Union which held that an East-West war need not escalate to an
intercontinental exchange. The new doctrine, to be implemented by an ICBM
deterrence force and a survivable SLBM insurance force, stressed the objective
of ““avoiding the nuclear devastation of Russia.”'* The SSBN insurance force
was needed to ride out any attacks during a conventional war, for if the war did
escalate to an intercontinental nuclear exchange in spite of the ICBM deterrent
force, the undersea insurance force would become the strategic reserve.

The Soviet Navy began writing about the mission of protecting SSBNs in
the early 1960s,'> and seems to have maintained it operationally during the
1970s and up to the present. When the long-range SS-N-8 missile was intro-
duced on the Delta class SSBN in the early 1970s, the concept of protected
bastions near Soviet coasts became a logical extension of the mission of defend-
ing SSBNs. This helped bolster the “insurance’ that would deter nuclear
strikes on the USSR or, if nuclear war occurred, maintain a reserve.
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Strategic ASW and Damage Limitation

Strategic antisubmarine warfare lies in an area of overlap between conventional
and strategic nuclear policy. Thus far, the discussion regarding US strikes
against Soviet SSBNs and the policy pronouncements of US Navy officials
have been in the context of a conventional East-West war. However, it is the
potential impact of US strategic ASW on the outcome of a nuclear war which
drives the Soviet Union to assign its general-purpose navy the task of protect-
ing SSBNSs.

In the United States, strategic ASW has also been connected with an
overall program of seeking a disarming or damage-limiting attack capability.
When the US Congressional Joint Atomic Energy Committee studied Soviet
SSBNs in 1958, the Undersea Warfare Advisory Panel found that the Soviet
Union would “soon have a few, then many” SLBMs that could launch “devas-
tating nuclear warhead” attacks from the sea by the early 1960s, and that
existing US defenses could not prevent this. We know now that they were
wrong about the magnitude of that threat: the early Soviet SSBNs “posed little
threat to the continental US.”!¢ Nevertheless, strategic ASW was given a boost.
The panel recommended doubling ASW R and D funding, more basic research
into ASW, particularly oceanography, and accelerated testing of nuclear ASW
weapons. The panel went so far as to say that of all ASW missions (protecting
convoys, and so on), the primary one was to destroy Soviet SSBNs.!” In 1963,
Secretary of the Navy Paul Nitze requested Navy participation in a study to
begin the following year in the office of Dr. Harold Brown, Director of Defense
Research and Engineering, on the strategic offensive and defensive systems of
the United States and Soviet Union. In support of this, Nitze set up the ad hoc
“Great Circle Group” under Rear Adm. George Miller to study “Naval Con-
tributions to Damage Limiting.” One of the main concerns of the group was
US strategic ASW.!8

In 1963 and 1964, the services, Joint Chiefs of Staff, and other groups
participated in a series of studies of US capabilities for limiting damage from
Soviet strategic forces. A summary of those studies concluded that “for about
$14 billion allocated to ASW, the major part of the SLBM threat from a Soviet
Polaris-type operation [could] be negated and that this figure is somewhat
independent of Soviet force size.”!® The fiscal year 1963 expenditures for con-
tinental air and missile defense forces in 1963 dollars was about $2 billion, for
strategic retaliatory forces about $8.5 billion, and for the Navy general purpose
forces, about $18 billion.? The defense against the projected 1970s Soviet
SSBN threat would have been seen as extremely costly, particularly if deter-
rence through ““assured destruction” were seen as an existing and sufficient
condition for preventing an attack.
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Declassified “secret” versions of the annual report of the secretary of
defense from the early 1960s show that the secretary included strategic ASW as
a top priority for strategic defense:

Second only in importance to defense against ICBM attack is the problem of

defense against submarine-launched missiles. The solution to this problem

entails three different types of capabilities:

—The detection and tracking of enemy submarines.

—The destruction of these submarines before they have an opportunity to
launch their missiles.

—The detection, tracking and destruction of the missiles once they have been
launched.?!

The report went on to describe Caesar, Artemis, and Trident, three parts
of the experimental and operational system for long-range strategic submarine
detection, and the forerunners of the current SOSUS system. However, begin-
ning in 1965 (FY 1966), even the secret version of the defense secretary’s
annual report no longer mentioned strategic ASW under the heading ““Stra-
tegic Defense.” Instead, it was shifted to the “General Purpose Naval Forces”
section. Around this time, the declaratory emphasis on damage limiting was
starting to wane in the Office of the Secretary of Defense. This did not stop the
push for antisubmarine forces, however. In the FY 1968 Annual Report,
McNamara called for an “extension of the SOSUS system into the central and
far Pacific.”’22 Defense against Soviet SSBN's continued to be a matter of public
record, but in a very low-key way. Paul Nitze gave the topic only one passing
line in his 1967 statement before the Defense Subcommittee of the House
Appropriations Committee: “To assist in defense against submarine-launched
ballistic missiles we are working on expanding the potential effectiveness of our
antisubmarine warfare forces in that role.”?’

Strategic ASW resurfaced during 1968 as Congress debated funding of
new attack submarine designs. Central to the discussion was the mission of
using attack submarines to attack the most recent class of Soviet SSBN, the
Yankee I, and its successors.?*

In 1968 Adm. Thomas B. Moorer, Chief of Naval Operations, testified that
United States war plans “should certainly include targets which contain forces
which can attack the United States. Also . . . damage limiting is achieved two
ways: one by attacking enemy weapons before they can be launched; and two,
by destroying them once they are in the air.”’25 Throughout the early 1970s, the
quiet Los Angeles class SSN was so heavily sold on the basis of countering an
expected acoustic improvement in the next class of Soviet SSBN's (presumably
one of the targets) that when the new Delta class turned out to be nearly as loud
as the Yankee class, some US military officials were considerably embarrassed.?*
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The next planned US attack submarine class, the SSN-21, is also being
justified by the Navy on the basis of its ability to attack Soviet strategic subma-
rines. There has been particular interest in the ability of the new submarine to
carry out strategic ASW under the Arctic ice pack, since that is where most
Soviet SSBN's are expected to hide. In congressional testimony, Chief of Naval
Operations Watkins even went as far as to say that the new SSN-21, due for
initial deployment in 1995, “has all the capability which is our Star Wars
equivalent for the year 2000.27 This is of course an explicit reference to the
damage-limiting strike mission of the SSNs.

The comparison of the SSN-21 with Star Wars should be examined in the
light of other US Navy statements. It could be interpreted as meaning that
Admiral Watkins expects the SSN-21 to have the ability to neutralize virtually
all the Soviet SSBNGs at sea, as President Reagan expects Star Wars weaponry
to be able to neutralize virtually all Soviet warheads in space. Such an interpre-
tation would not square with other Navy testimony, however:

The United States does not have the capability, or the prospect of acquiring
the capability, to successfully conduct a simultaneous attack on all Soviet
SSBNs at sea. Any US attempt at a first strike would necessarily fail in that
Soviet strategic missile submarines capable of inflicting unacceptable damage
in the United States, would survive to retaliate.28

This assessment was made in response to a question that raised concern
over the destabilizing effects of the Trident II missiles’s hard target kill capabil-
ity, while Admiral Watkins’s statement could be an attempt to justify the new
SSNs, each of which will cost over $1 billion. In any case, at first glance the two
assessments appear to be contradictory. On closer examination, however, they
may be consistent. That SSBNs at sea are virtually impossible to attack simul-
taneously is readily demonstrable.? Strategic ASW is a process of attrition.
Thus, if a “first strike” is defined in the usual way, as a sudden, simultaneous
attack on all strategic forces, it would, in US Navy terms, “necessarily fail.”
The important issue is not simultaneity; it is whether the United States can
disarm the Soviet Union without the Soviet Union’s inflicting intolerable dam-
age on the United States. If a preemptive disarming attack is divided into two
phases—early SSBN attrition using SSN-21s and later attacks on land-based
forces in a counterforce missile strike—then strategic ASW undertaken during
conventional war makes a powerful contribution to an overall damage-limiting
or disarming strike. Star Wars is of course intended for the same basic purpose:
to destroy Soviet strategic weapons before they hit US territory.

The first phase of an East-West war probably would not involve the use of
nuclear weapons—a conclusion that both the United States and the Soviet
Union seem to accept, although the duration of this phase is highly uncertain.
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The US Navy has stated that during the first phase of a (presumably conven-
tional) East-West war, it will attempt to destroy Soviet SSBNs at sea. It will
probably try to destroy SSBNs in port also. The longer the first phase, the
fewer the Soviet SSBNGs at sea that should be expected to survive a committed
US strategic ASW campaign, as long as the attrition rate to US attack subma-
rines does not exceed tolerable bounds. As we have seen, this is a very impor-
tant qualification.

In terms of hardware, US developments would support a two-phase attack,
though they were not procured with it in mind. At the outbreak of an East-
West war, during the first phase (only conventional weapons in use), carrier-
based strike aircraft and conventionally armed Tomahawk sea-launched cruise
missiles could attack Soviet SSBNs in port. It is not clear how effective these
weapons would be, however, since Soviet SSBNs are in hardened shelters. A
hallmark of US naval policy during the early and mid-1980s has been increased
emphasis on carrier-launched air strikes against Soviet bases, with no sugges-
tion that SSBN bases would be exempt. At the same time, the proposed new
SSN-21 attack submarine and the renewed interest in forward mining might
increase the capability of the United States to exact attrition of Soviet SSBNs
in protected seas, although the analysis of search and detection in Soviet patrol
areas casts doubt on the potential effectiveness of the SSN-21 in that role.
Finally, forces suitable for the second phase of a counterforce attack—a rapid,
massive strike on land-based weapons and command centers—are being built
and deployed: the Trident IT missile, the MX missile, and the Pershing II
missile. Thus, the assumption that a damage-limiting or disarming attack can
be conducted only in the form of a rapid strike against both land- and submarine-
based strategic forces is false.

Strategic ASW and War Termination

With the developments in counterforce capability, a war will confront the
Soviet leadership with these choices: whether to escalate the war to the use of
tactical nuclear weapons, whether to ignore the threat to SSBNs, whether to
launch strategic weapons under attack on SSBNs, or whether to back down and
either try to defend the bastions or stop fighting. Only by assuming that under
pressure Soviet leaders will back down can there be a case for attempting the
attrition phase of a damage-limiting or disarming attack.

The US Navy, in its official statement of the maritime strategy, has made
this assumption and supports it with the following arguments:

The Soviets place great weight on the nuclear correlation of forces, even
during the time before nuclear weapons have been used. Maritime forces can
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influence that correlation, both by destroying Soviet ballistic missile subma-
rines and by improving our own nuclear posture, through the deployment of
carriers and Tomahawk platforms around the periphery of the Soviet Union.
Some argue that such steps will lead to immediate escalation, but escalation
solely as a result of actions at sea seems improbable, given the Soviet land
orientation. Escalation in response to maritime pressure serves no useful pur-
pose for the Soviets since their reserve forces would be degraded and the
United States’ retaliatory posture would be enhanced. Neither we nor the
Soviets can rule out the possibility that escalation will occur, but aggressive
use of maritime power can make escalation a less attractive option to the
Soviets with the passing of every day.

The real issue, however, is not how the Maritime Strategy is influenced by
nuclear weapons, but the reverse: how maritime power can alter the nuclear
equation. As our maritime campaign progresses, and as the nuclear option
becomes less attractive, prolonging the war also becomes unattractive, since
the Soviets cannot decouple Europe from the United States and the risk of
escalation is always present. Maritime forces thus provide strong pressure for
war termination that can come from nowhere else.3

Admiral Watkins’s arguments contain four important assumptions. The
first, is that the Soviet leadership will not be driven to escalation solely by
events at sea. It is their emphasis on the conduct of warfare on land and on
land-based nuclear systems that will make them unwilling to escalate in re-
sponse to sea-based counterforce attacks from US attack submarines. The
second, is that the Soviet leadership will respond to the “correlation of forces”
in such a way that the faster the United States sinks Soviet SSBNSs, the less
likely the Soviets would be to escalate. In addition, the more sea-launched
theater nuclear weapons the United States moves into range, the lower the ratio
of Soviet to US theater weapons, and the less likely that the Soviets would
escalate. The third assumption is that the Navy can put unique pressures on the
Soviet Union to stop fighting a war by sinking SSBNs, and deploying some
more theater nuclear weapons into range. The risk of escalation and the coup-
ling between the United States and Europe are independent of naval opera-
tions. The fourth is that the US threat is feasible and not excessively costly.

The first assumption may be a reasonable one, especially in light of the
development of mobile land-based missiles and submarine-launched nuclear
cruise missiles that may carry some of the burden of the strategic reserve
mission. Why escalate if the essential mission of the SSBN is preserved by
land-based systems? To the extent that this argument has any weight, however, it
undercuts the major military rationale behind the forward SSN strategy, which is
to make the Soviet leadership so concerned about their SSBNs thar it would use its
Navy to defend them. The Soviet leadership, given its “land orientation,” might
well prefer to have Soviet attack submarines interfering with NATO resupply
and amphibious operations rather than protecting SSBNs.
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The second assumption rests on the balance of two opposing risks. On one
hand, the longer the Soviet Union waits, the more it loses, so it is implicitly
assumed that there is some kind of “‘use it or lose it” decision to be made. On
the other hand, the jump into the use of nuclear weapons is the clearest “fire-
break” in the jungle of escalation. The Soviet Union must choose between
losing some SSBNs and taking a clearly defined step that definitely moves both
sides toward general nuclear war. This is true whether the Soviet Union con-
siders the use of tactical nuclear weapons or SLBMs. The latter choice proba-
bly drives both sides directly into major nuclear war. In the balance, it seems
that a definite move into nuclear war is a high price to pay for losing a few more
SSBNs, which might well not be needed anyway if the war does noz go nuclear.

We cannot know for certain, however, that the option of escalation, either
tactical or even strategic, will seem so obviously counterproductive to the
Soviet decision maker in a confused, rapidly changing environment. What 1s
the risk of widespread escalation from the use of several “small” Soviet nuclear
ASW weapons against US attack submarines in the Soviet Arctic? What would
the US response be to such a specific use of nuclear weapons, in such a specific
geographic area far from the US homeland or allied countries, against a specific
US threat? This use of nuclear weapons may be perceived as being sufficiently
far from the “brink” of general nuclear war that it could be considered if it
yielded some military advantage. In shallow Arctic waters, tactical nuclear
ASW depth charges, rather than torpedoes, may yield the higher probability of
destroying a US SSN, and may contribute more to defending SSBNs.

The third assumption is that the US Navy has a unique role to play by
shifting the nuclear balance through sinking SSBNs and through moving
SLCMs and aircraft into range of potential nuclear targets near the coasts of
the USSR. These combat operations are assumed to be useful because, accord-
ing to Adm. Watkins, they “provide strong pressure for war termination that
can come from nowhere else.” It is certainly true that some kind of pressure
would be applied, but the key question remains: How strong would it be? The
movement of carriers and SLCMs into the northern Norwegian Sea does
increase the number of nuclear weapons, but only in that theater of military
operations. It is not clear what impact a change in the nuclear correlation of
forces in one theater might have on the overall conduct of a war. It is difficult to
know even the broad outlines of Soviet doctrine. Given our lack of understand-
ing, the forward strategic ASW policy derives at most weak support from the
argument that it will contribute to war termination. Finally, it is true that the
forward strategy contributes the unique element of strategic counterforce capa-
bility early in a conventional war,’' but the credibility of that threat is inversely
related to the risk to the US attack submarines operating far forward in Soviet
waters, and that risk is great.

The US Navy puts a premium on terminating war “without the use of
nuclear weapons” as an end result of naval strategy. According to Admiral
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Watkins, ““A large portion of this derives from our maritime strategy which says
there is an opportunity to provide the President with a nonnuclear option to put
at risk their nuclear force. Whether you use it, under what circumstances, how
you play that game, all is another matter.”32 For the SSBN attrition campaign
to play such a large role in forcing the Soviet Union to turn around and stop
fighting a global war all along its periphery, the Soviet Union would have to
consider SSBN attrition on the same level as the war aims that were keeping it
in World War III to begin with.

It is very difficult to imagine how the Soviet leadership would weigh
continental war objectives against the attrition to SSBNs, and at what point the
Soviet Union would give up its continental war aims as a result of the loss of
those weapons. It would appear that SSBN attrition would have to be quite
dramatic in order to have a strong impact in the face of the Soviet Union’s more
immediate war aims. For the technical reasons advanced in earlier chapters, it
appears more likely that the attrition process against defended Soviet SSBNs
would be slow.

In summary, it appears that the Navy is probably correct in assuming that
the destruction of Soviet SSBNs will probably not generate immediate pres-
sures for the launch of sea-based strategic weapons. It is much less clear how
the Soviet political leadership would feel about the use of tactical nuclear ASW
weapons against US attack submarines in the Arctic to help preserve the
“nuclear correlation of forces.” A key question is how the United States would
respond to such a use of nuclear weapons.

The amount of pressure that would be applied to the Soviet Union for war
termination as a result of the loss of SSBNs appears to be small. Paradoxically,
in the course of a conventional war, the Soviet leadership may calculate that
tying down US forces in the hunt for Soviet SSBN's may shift the conventional
correlation of forces in their favor, perhaps reducing their incentive to termi-
nate hostilities.
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6
Summary and Recommendations

he conclusions that have been reached can be categorized as pertaining
primarily to technology or primarily to policy and strategy.

Technology

Prospects for Advances in Acoustic Detection and Quieting

In passive sonar, there are three basic means of improving detection capability:
(1) reducing the range from the target to the sensor; (2) reducing the signal-to-
noise ratio that can be detected at a given probability of false alarm by signal
processing; and (3) increasing the gain of the sensor array. Available evidence
strongly suggests that the spatial and temporal variability in the ocean imposes
fundamental limits on signal processing and array gain associated with long-
range passive detection, particularly in shallow water.

In the area of passive acoustic detection, the ability to detect a small signal
in noise under test conditions will probably not increase by very much. The
ability of US passive sonar to discriminate submarine sounds from ambient
noise is probably unable to keep up with the trend in Soviet submarine quiet-
ing. As a result, the range at which US submarines are likely to detect Soviet
submarines of the same vintage is likely to decrease. The SOSUS fixed acoustic
array system, besides being vulnerable at the beginning of a conflict, is proba-
bly becoming less effective in peacetime tracking. The maximum coverage of
the SOSUS array off the North Cape of Norway into the Barents Sea is
probably less than 75 miles against recent classes of Soviet SSBNs.

An example of the kind of limits acoustic technology is facing is passive
acoustic localization using the Wide Aperture Array (WAA). The WAA func-
tions best if the signal processing is broadband, and since the dominant sounds
of a quiet submarine are narrowband, the WAA must accept a lower signal-to-
noise ratio, and therefore a lower detection range. The gains in search and
engagement rate afforded by the rapid localization capability are partially offset



116 - Strategic Antisubmarine Warfare

by the loss of detection range. Thus, this advance may supplement rather than
replace the “bearing-only” passive array. Other improvements are likely to
come in the areas of tracking many targets simultaneously, and connecting
sensors with weapon systems to shorten the time between locating the target
and launching a weapon.

The trends in Soviet attack submarine quieting can be divided into two
periods: the first, from the early 1960s to the mid-1970s, is characterized by a
relatively slow rate of quieting of 7-10 dB every 10 years; the second, from the
late 1970s to the mid-1980s, is characterized by an increased rate of quieting to
15-20 dB every 10 years.

The trends in US submarine (attack and ballistic missile) quieting appear
to show early rapid quieting, on the order of 20 dB, during the early 1960s, and
a sustained quieting rate averaging 12-18 dB every 10 years since then.

During the period between 1960 and 1975, the US attack submarine fleet
enjoyed a large and steadily growing margin of advantage in quieting over
Soviet attack submarines. Vintage 1958 US attack submarines might have been
nearly equaled by Soviet attack submarines built in the mid-1970s, and US
submarines built in the mid-1970s might be as much as 35 dB quieter than
Soviet submarines built 15 years before. On a fleetwide average (comparing
each vessel on one side with all of those on the other side), however, the US
advantage in quieting among nuclear submarines was on the order of 20-25 dB
throughout this period.

Because of the large number of submarines in the fleets and their longevity,
the fleetwide average acoustic advantage changes relatively slowly. As a result, a
rapid change in the radiated sound levels of submarines will not be reflected
significantly in the fleetwide average for a period of at least 10 years, assuming a
fairly constant rate of shipbuilding. However, the introduction of even a few
substantially quieter submarines can open the possibility of executing specific
missions that require greater stealth, albeit on a limited scale. Such missions
might include various kinds of intelligence gathering near the adversary’s ports.

It is also important to note that by 1980, the United States had been
heavily emphasizing quieting in nuclear submarine design for over 20 years,
and it is to be expected that diminishing returns to investment in quieting
would be observed.

During the period between the late 1970s and the mid-1980s, the rate of
Soviet submarine quieting seems to be accelerating. This quieting trend is
probably not due to any kind of technical breakthrough, but rather to an
increased emphasis on quieting—an emphasis that the United States has main-
tained from the beginning. The recent rates of quieting in Soviet attack subma-
rines do not appear to be much different from the rates of US submarine
quieting in the early 1960s.



Summary and Recommendations * 117

As Soviet submarines become quieter, the ability to distinguish SSBNs
from SSNis in combat decreases, probably substantially. Vice Adm. Lee Bag-
gett, Jr., USN, Director of Naval Warfare said:

I think [requiring US attack submarines to distinguish between Soviet SSBNs
and SSNs] would be a stricture that would be very, very onerous from the
standpoint of ASW. I don’t believe you could make a distinction in a combat
environment—even prehostilities—with certainty to distinguish between
SSBNs and attack submarines. It is going to get worse in the future with the
quieting trends that I depicted, regardless of our capabilities. I think you would
not be able, with any certainty, to make that distinction.!

A rule of engagement that would require US attack submarines to determine
the class of a hostile sonar contact would force the US vessel to give up some of
its precious—and diminishing—detection range advantage.

Acoustic surveillance technology will have to shift to distributed systems of
many inexpensive sensors and to arrays that can be implanted covertly in
hostile waters and under ice. These will require thin, inexpensive data cables.
The Ariadne program is an attempt to develop such cables and links. Arctic
submarine warfare also places a higher premium on sensor and communica-
tions buoys that can penetrate ice. Several US programs are addressing these
problems.

Prospects for Nonacoustic Detection

The nonacoustic observables associated with the passage of a submarine through
the sea can be sensed at different spatial scales. At small scales, on the order of a
meter or less, the presence of a submarine would be indicated by a local change
in whatever is being measured. At scales on the order of hundreds or thousands
of meters, the presence of the submarine would be indicated by a change in the
variable being measured, but that change might occur in a coherent pattern.

The ability to detect coherent patterns of change in the sea permits the
detection of a smaller signal than does the detection of small-scale variations.

Nonacoustic means of areawide detection and surveillance, if they should
appear, would appear slowly and probably in the form of large satellite pro-
grams. For the Soviet Union, the dual imperative of defending its own SSBNs
and preventing the United States from using its SSBNs means that nonacoustic
ASW developments would probably be used for both. To the extent that it is
easier to implement a smaller-scale system to detect US attack submarines near
Soviet home waters, it is probable that a Soviet development in nonacoustic
ASW would be applied to those areas initially.
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The space-based nonacoustic detection technologies examined in this study
fall into two groups: those that seem to be infeasible in the face of basic analysis
of the physical principles involved, and those for which the physical principles
do not appear to be well enough understood to judge their feasibility. In all
cases it must be assumed that the submarine is operating so as to minimize its
detectability. In particular it is assumed that the submarine operates at a depth
in excess of 100 meters, at a speed of less than 5 knots.

Space-based nonacoustic means that appear infeasible at midlatitudes are:
the detection of surface disturbances caused directly by the submarine (the
Bernoulli hump and Kelvin waves); the detection of reflected or absorbed laser
light; the detection of bioluminescent wakes; detection of changes in surface
water temperature caused by the submarine; and detection of changes in the
carth’s magnetic field. At Arctic latitudes, the detection of a warm, buoyant
plume from a very slow-moving submarine may be possible, even through thin
ice. This may have an impact on Soviet SSBN operations.

It is much more difficult to assess the potential for the detection of
submarine-related effects using synthetic aperture radar or radiometers that
measure the emissivity of the surface. The processes governing the generation
and propagation of internal waves by submarines do not appear to be well
understood. Nor do the processes that couple the energy of internal waves to
the ocean’s surface in the form of surface currents. The influence of surface
currents on the capillary waves and on surface organic and oil films that affect
the surface emissivity might be detected by spaceborne synthetic aperture radar
or radiometers, respectively. The conclusion of this study is that there is not
sufficient data to rule out the possibility of such a means of detection.

Soviet SSBN Vulnerability

Soviet submarines are partially vulnerable to US ASW forces, and both sides
know it. A recent major study of Soviet perceptions of US ASW concluded
“the gross US/NATO ASW capability . . . is perceived as a formidable threat,
one against which the mission-completion capabilities of Soviet submarines,
including the SSBNs, are anything but assured.”? The main threat to these
submarines is no longer SOSUS, but the Los Angeles class attack submarines
with torpedoes and mines operating in forward areas in the opening minutes of
a war. The same study found that “the Soviets perceive the losses by enemy
SSNs and mines as unlikely to grow to an unacceptable level in view of the
Soviet Navy’s already great and steadily improving capabilities for protecting
its SSBNs in home waters.””? In order to protect them, the Soviet Navy must
forgo opportunities to move antisubmarine ships, aircraft, and most impor-
tantly, attack submarines out of home waters. This may interfere with the
ability of the Soviet Navy to interdict US sea lines of communications.
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For the next 10 years, the only plausible form of attacking Soviet SSBNs at
sea, other than mining their harbors, is to put US attack submarines off their
ports, wait for the SSBNGs, trail them at least a short distance out to sea and
then sink them with torpedoes. Establishing a trail on all Soviet SSBNs
requires many more attack submarines than the United States is likely to
acquire in the near future, although the United States has long maintained the
ability to trail some SSBNs for periods of time. Even with assumptions very
favorable to the trailing submarines, well over 100 SSN trailers would be
needed for that single mission. US trailing attempts may be defeated by
accompanying SSBNs to sea with quiet SSNs or SSs, by using mobile subma-
rine simulators to send the trailer off after a false target, and by other counter-
measures.

The US forward strategy contains an important signal that can trigger the
Soviet defensive effort: the worldwide surge of US attack submarines. This will
indicate to the Soviet Union that the United States believes war is imminent.
With that information, the Soviet Navy can initiate a surge of its own SSNsas
well as its SSBNS. In addition, the Soviet Union can begin to mine many of the
geographic chokepoints through which US submarines would have to pass.
Within these minefields, or others, the Soviet Navy could install moored sub-
marine simulators set to emit characteristic submarine sounds at random inter-
vals, and lure US SSNs into the mines.

Crucial factors in the ability of US submarines to catch Soviet SSBNs
leaving port is the timing of the movement of US SSNs into Soviet home
waters, the timing of a surge of US SSNis, and on the Soviet side, the timing of
their surge of SSNs, ASW forces, mining forces, and SSBNs. All of these will
be influenced by and will influence the perceptions on each side of when the
actual fighting will begin. The outcome of an SSBN attrition campaign is very
sensitive to whether Soviet SSBN’s can surge within a few days of the US SSN
surge, in order to disperse.

If Soviet SSBN's have had reasonable warning of hostilities and have gone
to sea with defensive forces, the ability of US attack submarines to destroy most
of them within a few weeks is not great. Over a longer period of time, the
attrition to Soviet SSBNs would continue, but so would the attrition to US
attack submarines. With fewer vessels, the frequency of engagement between
US submarines and Soviet SSBNs would probably decline, but the frequency
at which the US vessels encounter Soviet mines might increase, as the Soviet
Navy has a chance to emplace them. Soviet mines, diesel-electric submarines,
quieter attack submarines, ASW aircraft, command and control links, and
surveillance would exact a heavy toll on US attack submarines in the Soviet
arctic seas and in the Sea of Okhotsk. The advantage that US submarines and
their superior crews have over Soviet submarines in one-on-one combat in the
open ocean would be severely eroded in Soviet home waters.
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US SSBN Vulnerability

US Ohio class ballistic missile submarines have probably become quiet enough
to be undetectable using passive acoustic detection beyond a few miles. The
threat of covert trailing by Soviet submarines is probably very small. Lafayette
class SSBNs probably retain a major acoustic advantage over most Soviet
attack submarines. The most recent class of Soviet attack submarine, the Akula,
may be approaching the Lafayette in quietness, but this does not yield a reliable
covert trailing capability. In the first place, there are very few Soviet attack
submarines of the most recent vintage, and in the second place, the Soviet
vessels lack a significant acoustic advantage over the US SSBN.

The US can continue to rely on SSBNs as a survivable basing mode for
weapons of minimum deterrence well into the next century. The only conceiv-
able immediate threat to US missile submarines is the possibility of Soviet
attack submarines’ trailing them at close range using active sonar. If the Soviet
Union were to attempt this on a large scale in peacetime, however, it would be a
major political gamble and would be plausible only in extreme circumstances.
Hostile submarines using active sonar near the US coast would be easily
detected by US attack submarines and coastal surveillance systems operating in
conjunction with US ASW aircraft. The intruding submarines could then be
distracted or attacked, depending on the circumstances.

The threat to smaller SSBN fleets from Soviet ASW may be greater than it
is in the United States. Although such threats have not been considered in this
study, they would be crucially important to British, French, or Chinese percep-
tions of their nuclear retaliatory capability. French submarines are considered
somewhat louder and therefore more vulnerable than the same vintage of US
SSBNs, and the small fleet would be more vulnerable as a whole to covert
trailing by the most recent classes of Soviet attack submarines.

Strategic ASW Policy

Given the degree to which the US maritime strategy is formulated around
Western assumptions regarding Soviet strategy, it is crucial that those assump-
tions be scrutinized. The Western theory that the Soviet general purpose Navy
would be primarily dedicated to defending SSBNs in specific geographic areas
is based largely on Soviet writings that tend to be very general and theoretical.
One expert on the Soviet Navy, Jan Breemer, has pointed out that the body of
Soviet statements upon which this bastion theory is based do not explicitly
acknowledge such a strategy.4 In addition, knowledge of peacetime deployment
practices provides circumstantial evidence in support of a bastion theory, but
also provides contradictory data. Why is the Typhoon so large if it is to be
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defended in a bastion, for example? It is important to consider the sensitivity of
US military objectives to these assumptions.

The two most prominent military objectives that the Navy has identified
with the submarine warfare component of the maritime strategy are 1) tying up
Soviet attack submarines and other naval forces in the defense of SSBNs, and
2) applying pressure on the Soviet leadership to terminate hostilities through
significant attrition of their SSBN fleet. A fundamental distinction between
these objectives is that the first requires an implicit threat to Soviet SSBNs, but
does not necessarily require a large-scale campaign against them. The second
objective requires that the US commit a substantial portion of its attack subma-
rine fleet and perhaps other forces in an attack on the Soviet forces that would
be tied up defending the SSBNG.

The United States poses a sufficiently potent threat to Soviet SSBNs to
force the Soviet Navy to actively defend them, and the first objective is proba-
bly attainable. Sending a few attack submarines into Soviet waters to attack
SSBN's would reinforce the sense of threat to the Soviet leadership, and they
may even overestimate the threat to their SSBNs. It is very unlikely that a
small-scale campaign would result in the rapid destruction of SSBNs, however.

The second objective, that of applying significant pressure for war termina-
tion, is not likely to be met. A large-scale campaign against Soviet SSBNs and
defensive forces may cause a significant attrition to the SSBN fleet, but the
attrition may well not be very rapid. If a US-Soviet conflict were protracted,
the importance of cutting US supplies to Europe would increase for the Soviet
Union and the importance of defending them would increase for the US. The
Soviet leadership may weigh the tying-up of a large portion of US attack subma-
rines in the Arctic campaign as a benefit, partially undermining the US objec-
tive in attacking the SSBNs to begin with.

The Navy’s maritime strategy is a guide for using forces in the present and
for buying forces for the future. As Soviet SSBNs become less reliant on
“bastion”’-type defenses and rely more on stealth, and as the Soviet Union
diversifies its strategic reserve forces into land-based mobile missiles, both of
the objectives mentioned above become less attainable. This is particularly
important with regard to the first objective, because it would lead to an
expanded flexibility in the Soviet naval mission structure. This added flexibil-
ity, coupled with the increasing sophistication and stealth of Soviet attack
submarines, would complicate the US ASW problem at many levels.

Technical improvements in US attack submarines, particularly those envi-
sioned for the SSN-21, are not likely to change the assessment that Soviet
SSBNs will be more capable of secure, independent patrols in the future. The
SSN-21 will be more secure in Soviet home waters than will the SSN-688-class
submarines, but by the time that a large fleet of SSN-21s is built, the future
generations of Soviet SSBNs will probably be less detectable to the SSN-21
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than the current generations of Soviet SSBNs are to the SSN-688s. In addi-
tion, decoys and mines will be no less confusing and dangerous to the com-
mander of an SSN-21.

Soviet Responses to US Strategic ASW:
The Risk of Escalation

There are many ways in which a strategic ASW campaign might induce the
Soviet Union to use nuclear weapons. Four such nuclear responses can be
considered representative: (1) launching SLBMs against targets in the United
States, (2) attacking US aircraft carriers, (3) attacking US attack submarines in
home waters using nuclear depth charges, and (4) using nuclear weapons to
mask acoustically the sounds of Soviet SSBNs.

Launching missiles against the United States in the course of a conven-
tional war as a response to attacks on Soviet SSBN's seems very unlikely. The
SSBNSs seem to be at least partially secure and will eventually be supplemented
in the reserve role by land-based mobile missiles. The very purpose of the
strategic reserve forces is to deter major attacks throughout a conflict, and the
Soviet leadership would have to assume that the launch of submarine missiles
would invite such attacks. The behavior of a Soviet submarine captain in an
SSBN under attack is more difficult to predict, since for him and his crew the
war is over.

Soviet nuclear attacks on aircraft carriers as a response to the loss of SSBN's
also seems very unlikely, even though such attacks would not involve direct
nuclear attacks on US territory and are less escalatory than SLBM attacks.
There is probably little direct threat to SSBNss at sea from carrier-based ASW
aircraft, and those in port might be protected in tunnels. Nor is there likely to
be a significant threat from other ASW forces defended by carriers, such as
destroyers or Orion P-3 aircraft. Aircraft carriers would already be very impor-
tant targets because of their abilities to strike surface ships, land targets, and
aircraft in areas not dominated by Soviet forces, and the carriers’ potential
contribution to strategic ASW probably would not significantly increase their
value as targets. In addition, the relative effectiveness of nuclear weapons against
carriers may be decreasing as quieting improvements in Soviet attack subma-
rines increases their chances of attacking carriers from under the sea using
conventional weapons.

The use of nuclear ASW weapons against US attack submarines in Soviet
home waters seems to be a plausible nuclear response to the strategic ASW
campaign. Such a use would be near the Soviet Union, far from the United
States or allies, and a direct response to the US campaign against Soviet
SSBNs. There are strong tactical arguments for using nuclear weapons against
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a quiet US submarine detected in those waters, since conventional torpedoes
are probably less reliable in shallow, ice-covered waters. Because the US forces
would be operating in forward areas, a US tactical nuclear counterresponse
might be relatively close to the Soviet Union or another country. The Soviet
leadership would have to take this into consideration.

It has been suggested that the Soviet Navy could detonate a series of
nuclear weapons near its home waters to create so much noise at the low
frequencies used by passive sonars for long-range detection that US sensors
would be useless. There are several reasons why this peculiar kind of nuclear
use seems unlikely. To use nuclear weapons at all is a major political step, and it
would seem that the Soviet Union would not use them unless there seemed to
be major advantage to doing so. Underwater nuclear explosions create high
levels of low-frequency noise, but as the analysis shows, in shallow water
low-frequency noise is attenuated rapidly and probably would not last longer
than a few hours. Noise is also directional, so that while an explosion creates a
great deal of noise in one direction, there may be relatively little in another.
Since, in general, US submarines will approach Soviet SSBNs from seaward,
such explosions would have to occur between the SSNs and the SSBNs, near
Soviet sea-lanes.

The decision to use nuclear weapons in response to a threat to or attack on
Soviet SSBNs would assume a grave risk, even if it were to take place in Soviet
home waters. The highest political leaders would probably wish to have the
final say on any such decision, since it would have to be weighed in the broadest
military and political context.> Given the available options for nonnuclear
defense of the Soviet SSBN fleet, the early use of tactical nuclear ASW weap-
ons appears unlikely. As the Soviet Union develops more survivable basing
modes on land, nuclear defense of SSBNs may become still less likely early ina
conflict. However, over the course of an extended war, tactical nuclear ASW
would be a plausible route into nuclear use as a result of forward submarine
operations.

The Soviet Union is in the process of moving about a fourth of its strategic
warheads onto land-based mobile missiles by the mid-1990s. As survivable
systems, these will relieve some of the pressure on the Soviet Union to use its
naval forces to defend its SSBNs. In addition, the Soviet Union is building 6-8
quiet attack submarines per year. This, together with the fact that US attack
submarines are losing their tactical advantage in the Arctic, means that by the
mid-1990s, it probably will be less likely that the Soviet Navy will respond in
the initial phase of a war by withdrawing most of its submarines and ASW
forces to protect SSBNs: the Soviet Navy will have begun the process of
decoupling the mission of maintaining a strategic reserve from the mission of
competing with the US Navy for control of the seas. This process can begin as a
limited bastion defense strategy and evolve into an SSBN deployment strategy
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that involves large surges of SSBNs into the shallow continental seas north of
the Soviet Union, selective mining of entrances to the Arctic, and a greater
reliance on stealth for SSBN security. The US Navy is already prepared for
and expecting some movement of Soviet general purpose naval forces far
beyond home waters. According to Adm. Watkins,

We are ready to deal with what we would call the leakage of Soviet forces
southward in the North Atlantic. Frankly, that is somewhat simpler in some
ways for us to handle rather than in their own backyard where they have heavy
and massive air cover and the like. We are ready to go both ways, but we can
match their strategy as it changes.6

Nuclear Arms Control and ASW

There are some useful perspectives to keep in mind when considering alterna-
tives for submarine policy:

1. Strategic ASW policy is highly secretive: Policies are discussed very
little in public, and ASW capabilities are among the most closely guarded
secrets.

2. Submarines and strategic ASW operations are covert: The unique
quality of the submarine as a naval vessel is its undetectability, which also
makes agreements relating to submarine movements extremely difficult to
monitor.

3. Strategic ASW is seen as a means of gaining conventional leverage:
In order to obtain the benefits of this leverage early in a wartime situation,
the US Navy must create at least the illusion of threat. By publicly
renouncing this threat, the US Navy gives up a perceived advantage.

Limits on deployments of fixed sensors outside home waters are largely
irrelevant, because fixed sensors no longer contribute very much to strategic
ASW. Limits on submarine sonars would be impossible to verify without close
inspection of the submarines themselves. In any case, sonar systems are vital in
every other attack submarine mission, including defensive ones.

Imposing ratios on the number of each side’s SSNs to the other’s SSBNs
might be in the interest of the United States, which will be facing a decline in its
technical advantage over the Soviet SSN fleet. The current ratio of US SSNs to
Soviet SSBNs is 1.5:1, and of Victor and later classes of Soviet SSNs (not
including cruise missile submarines [SSGNs]) to US SSBNsis 1.4:1. Including
modern Soviet SSGNs built primarily for antiship attack, the ratio increases to
1.9:1. At these ratios, neither side would have the ability to trail simultaneously
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all the opponent’s SSBNs. However, as SSNs improve, their ASW capability
increases, and a constant ratio would not ensure a constant measure of SSBN
security over a long period. In addition, a reduction in SSBNs on one side
would trigger a reduction in SSNs on the other.

Monitoring an SSBN sanctuary would be extremely difficult without the
political will to overcome technical obstacles through cooperation. Requiring
attack submarines at sea to account for themselves on a random basis may help
in peacetime but would certainly break down in time of crisis, which would be
the only time it would be perceived as highly relevant. It might discourage
peacetime trailing and intelligence gathering, making wartime operations against
SSBNs more difficult for the lack of data and experience. A peacetime sanctu-
ary would also alleviate fears that the adversary was planting surveillance arrays
covertly. However, given the increasingly short detection ranges that are likely
to be realized, the large number of arrays that would be needed, the difficulty of
collecting data in wartime, and the difficulty of using the data for real-time
targeting, the “covert-array” threat is probably small relative to the SSN
threat.

A US declaratory (and real) commitment to treating Soviet SSBN patrol
areas as sanctuaries would yield tactical advantages to the Soviet Navy without
significantly decreasing the risk of nuclear escalation. A threat to Soviet SSBNs
exists regardless of whether they are attacked in a major campaign, and this
threat will tie up some Soviet forces. In the absence of such a threat, the Soviet
nuclear attack submarine fleet in particular would appear to gain a significant
degree of flexibility in terms of how it might be used in a conflict. Even some of
the strongest critics of the Navy’s maritime strategy accept that this is useful
leverage and that “the Navy should always maintain a powerful attack subma-
rine force with offensive potential.”” On the other hand, potential for wide-
spread nuclear escalation generated specifically by a threat to Soviet SSBNs
does not appear to be significant, for the reasons given earlier. In addition,
there would be little for the United States to gain by a sanctuary agreement for
its secure SSBN force.

In the future, the United States may have greater incentives to consider
some kind of SSBN sanctuaries. Soviet SSBN's will be quieter, more difficult to
detect even by new US acoustic sensors, and therefore easier to defend. The
fraction of the Soviet Navy tied down in their defense may well decrease, and
the US incentive for posing even a threat to Soviet SSBNs would therefore
decrease. At the same time, it is possible in the United States that future
developments in nonacoustic submarine detection might raise some questions
about the survivability of its own SSBN fleet. A sanctuary agreement which
included some limitations on particular types of satellite operations might
increase US SSBN security. The United States would then have less to lose
and more to gain from a sanctuary agreement.



126 - Strategic Antisubmarine Warfare
Recommendations

There is no wartime experience of undersea combat between submarine fleets,
and there are very large uncertainties in any prediction of outcomes of such
combat. In addition, more than most aspects of modern conventional warfare,
strategic ASW is an immediate step into a gray area between nonnuclear and
nuclear warfighting. Plans and policies should account for the likelihood that
these two factors would be extremely important to political decision makers
during a conflict.

1. The Congress should request a study of the command and control issues
inherent in forward strategic ASW operations. In all phases of a conflict
with the Soviet Union, and particularly in the early stages, the National
Command Authorities would be best served by a set of military options
which contained possibilities for crisis management and control along with
warfighting effectiveness. One of the declared objectives of the forward
ASW strategy is war termination, and it is very possible that at some point
in a conflict, cessation of strategic ASW operations may serve that purpose
more effectively than their continuation. It is therefore entirely consistent
with the maritime strategy to seek an optimum balance between warfight-
ing capability and crisis management capability, rather than to simply
maximize the former at the expense of the latter.

Since strategic ASW is a gray area between conventional and nuclear
war, US political leaders would undoubtedly feel the need for a substantial
amount of control over forward ASW. Consideration of the technical and
operational constraints of submarine warfare near the Soviet Union have
raised some of the following questions: How many submarines would have
to be sent forward early in a conflict? How much time would there be for
the National Command Authorities to consider such a decision? How well
could US attack submarines communicate with national authorities> Is it
practical for attack submarine commanders to be required to distinguish
SSBNs from other submarines? Is it plausible that US attack submarines
in Soviet waters would be targets for tactical nuclear ASW weapons? What
might the US response be to such a use of nuclear weapons? These are
some of the questions that might be addressed by a Congressional study.

2. The United States should place little reliance on strategic ASW as a means
toward war termination, both as a current strategy and as a strategy for
procuring future forces. For a marginal investment in US strategic ASW
capability, the marginal cost of countermeasures is lower, probably by a
considerable amount.

3. The United States should expect that, in the near term, some Soviet naval
forces will be tied down defending SSBNs during a conflict. Those defensive
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forces should include a sizable portion of the quietest, most capable Soviet
attack submarines.

4. The United States should not plan future forces (that is, those operating
well into the next century) on the assumption that a strategic threat from
the next generation of ASW forces will tie up a significant portion of Soviet
naval forces, particularly quiet SSNs. Future forces will have to deal
more directly with Soviet submarines rather than relying on indirect
“leverage.”

5. Development of a new class of attack submarine for the next century
should continue. Detailed recommendations regarding the design and
specifications of such a submarine are beyond the scope of this study. In
general terms, designs should not weight the far forward ASW mission
heavily, although it should be recognized that the technical requirements
associated with most submarine missions overlap to a large extent.

6. The US Navy will probably have to rely more on distributed systems of
acoustic and nonacoustic sensors to direct attack submarines and other
ASW platforms to increasingly stealthy Soviet submarines outside Soviet
home waters. Airborne and fixed systems are likely to contribute more to
US abilities to defend sea-lanes than they would to the strategic ASW
capabilities of the United States.
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hull frames, hydrophones, and water.” The hydrophones are placed inside the
sound-transparent outer hull, in order to isolate them better from turbulent
pressure fluctuations and noise generated in the fluid layer immediately adja-
cent to the hull. The submarine sail is a flooded nonpressure structure and may
contain hydrophone arrays. Many older Soviet submarines have visible hydro-
phone windows on the bow and sail, which are made of sound transparent
material. The entire bow of modern US submarines is made of acoustically
transparent material, which need only support the hydrodynamic forces in-
duced by the submarine’s movement and no hydrostatic force.

The Trident missile submarine uses a glass-reinforced plastic sonar dome,
and earlier US missile and attack submarine classes used mild steel domes.
Glass-reinforced plastic improves the sonar performance and minimizes the
hydrodynamic noise entering the sonar.®

The static pressure on freely flooding compartments is the same on the
outside as on the inside, and there is no net collapsing force. As the vessel
moves, the dynamic pressure of the water pushing against the structure can
create a net collapsing force. Retractable towed array sonars can be stored in the
stern flooded area or in sleeves along the hull.

Pressure Hull and OQuter Hull

The two-hull construction of military submarines arises from the fact that the
optimal shape for a deep-diving pressure hull and the optimal shape for a
high-speed hull are different. The outer hull does not support the external
water pressure; since the space between the pressure hull and the outer hull is
flooded, the outer hull provides a hydrodynamically smooth surface over the
main ballast tanks, hull-mounted hydrophone arrays, and external frames. US
submarines have two hulls in the bow, stern, and over the missile tubes, and a
single hull along the rest of the ship.

Soviet SSBNSs appear to have a purely double-hull construction, which is
revealed by rows of flooding holes along the side of the hull that allow water to
drain from the space between the hulls. It has been suggested that the Typhoon
has a separation of 6 feet between the outer and inner hulis around the sides.” A
double hull would protect the inner pressure hull from the initial high, peak
overpressure of an underwater explosion, although it would not attenuate the
aftershocks associated with such an explosion.? The advantage of a double hull
is that less space is used for structural support in the cramped pressure hull,
and that “considerable eccentricity or non-circularity of the hull can be toler-
ated,” whereas single hulls must be very nearly circular to withstand high
pressures.® This would allow a greater margin for error in Soviet construction
techniques without sacrificing submarine safety at great depths.

The pressure hull is a combination of cylindrical, conical, and ellipsoidal
sections,!? whose cross sections are perfect circles for maximum strength. The
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pressure hull is partly supported by closely spaced ring frames, which are
essentially circular “I”” beams that ring it. These frames are internal in the
sections that have only one hull and are external in those sections where the
pressure hullis surrounded by an outer hull.!" The rest of the structural support
comes from bulkheads, which are flat plates that extend across the entire cross
section of the pressure hull. The end caps are either hemispheres or ellipsoids.

There are three basic failure modes of submarine hulls under pressure:
accordianlike buckling of the hull between ring frames, without deformation of
the circular frames; general collapse of the hull and ring frames between bulk-
heads, resulting in a general deformation of the hull; and yielding of the pressure
hull metal itself due to deformation under compression, particularly at points
where stress is concentrated, such as joints and welds. 2

Yielding is caused by the failure of the hull metal at a particular point to
stand high stress, whereas buckling and general collapse are failures of the
hull/frame structure. Ring frames are usually spaced 0.1-0.2 hull diameters
apart to prevent buckling, and bulkheads are spaced at 1-2 diameters to prevent
general collapse. In areas where bulkheads are impractical, an external wing
bulkhead can be used for support if there is a double hull. If there is only a single
hull, an extra heavy ring frame can be used internally.'?

The yield strength of the hull material is, by design, the main factor that
determines the static pressure strength of a US submarine hull.!* This means
that if a metal with a higher yield strength is used to build a thinner hull, the
submarine will be lighter and can still withstand the same pressure. “Indeed,
several comparative designs have been prepared all of which show that the
pressure hull weights are essentially inversely proportional to yield strengths”” at
a given maximum design pressure.!5 Table A1-1 shows that about 40 percent of
the submarine’s weight is in the hull, so that using a stronger hull material can
significantly reduce the overall weight of the submarine. So, for example, a shift
from HY-80 (which is now used) to HY-100 steel would result in a 10 percent
reduction in total weight for a given design depth. A lighter submarine can have a
smaller volume and still float, and therefore the surface area of the submarine can
be smaller. A submarine with a lower surface area has less water resistance and
will have a higher speed for a given propulsion power. There are of course other
trade-offs to be made in reducing the volume, such as reduced space for quieting
measures, electronic systems, crew spaces, and weapons.

Diving Depth
The diving depth of a military submarine depends on the structural strength of:
1. The pressure hull and frames

2. The fittings that penetrate the pressure hull, such as

a. The main propulsion seawater cooling loop
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Table Al-1
Weight loads for early nuclear submarines as percent of normal displacement
Percent of

Normal Displacement
Item SSN SSBN
Hull (shell, frames, & bulkheads) 38-44 40-45
Systems & installed equipment 16-24 18-24
Machinery 22-28 15-17
Arms & ammunition 3-4 10-12
Fuel, feedwater, & lubrication 3-4 2.5-3
Crew, provisions, & fresh water 2.5-3 1-2
Reserve displacement 2-2.5 2-25
Solid ballast 1.5-2.5 2-2.5

Source: V. M. Bukalov and A. A. Narusbayev, Atomic-powered Submarine Design (Leningrad:
Shipbuilding Publishing House, 1964), p. 52.

Weight and volume distribution by function in modern US submarines

Los Angeles (SSN-688) Ohio (SSBN-726)
Function Weight Volume Weight Volume
Weapons and
weapons control 4 10 14 36
Command and control 4 10 6 20
Machinery
(reactor, engines, and so forth) 33 50 22 28

Configuration
(hull, tanks, ballast, and
so forth) 59 30 58 16

Source: Capt. Harry A. Jackson, USN, notes from MIT summer course on submarine design, 1974.

. The emergency reactor seawater cooling loop
. The brine overboard discharge

. The garbage disposal

o Qo o o

. The seawater ballasting (some trimming tanks are inside the pressure
hull, though most are outside)

f. The escape hatches
g. The propeller shaft and periscope shaft
h. The torpedo tubes

3. The strength of internal systems that are at ambient pressure, such as the
seawater condenser in the propulsion system'®

The weakest of these sets the depth limit, and so rational submarine design
provides that all of the mechanical systems will fail at the same depth. This is
called the limiting, or design depth. Uncertainties in the strengths of materials
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and assembly procedures set the maximum operating depth to which the com-
mander is allowed to take the submarine, which is somewhat less than the
design depth. In the US Navy, the operating depth has been two-thirds of the
design depth.!” There is an element of subjectivity in this operating-to-limiting-
depth ratio, since it depends upon the degree of risk that one is willing to accept
under uncertainty. Comparisons of “maximum depth” between different sub-
marines must account for possible differences in this safety factor.!8 The limit-
ing depth for the German Type XXI (which provided a model for the Soviet
Whiskey class) was 891 feet (270 meters), while the limiting depth of the
Thresher and Ethan Allen classes are between 1,485 and 1,780 feet (450 and
540 meters).!* According to some reports the “diving depth” of the Soviet Alfa
class SSN is over 1,980 feet (600 meters).2°

Another safety criterion that determines the allowable operating depth of a
submarine is how deep the submarine goes at full speed at an angle of 30
degrees down in a specified time. For example, if a control accident occurs and
the submarine dives at an angle of 30 degrees at a speed of 30 knots, in 30
seconds the submarine will have gone 760 feet deeper. If 30 seconds is the time
that can be allotted for a crew to react and correct the error, then one option is to
set the maximum operating depth at 760 feet shallower than the design depth.
According to one Navy spokesman, “the judgment of the Navy [is] that the
proper depth for a submarine is that which permits you to operate the subma-
rine safely. And the safety issue is related to how fast you can go at a certain
depth without having a stern plane failure driving the submarine below its
maximum allowed depth.”2!

Submarine Lifetime and Shock Resistance

There is no single parameter that firmly limits a submarine’s lifetime, and it is
common for major ships of all kinds to receive “service life extensions” of a
number of years over their original lifetimes. Older submarines might be
retired from particular missions because their design, radiated noise levels, and
installed systems are no longer suitable for performing them, while being
retained for roles that may not require the most modern equipment. Questions
have arisen from time to time regarding lifetime limits imposed by hull corro-
sion and metal fatigue. However, these factors are generally not limiting ones.

The pressure hull is subject to corrosion, which slowly decreases its thick-
ness. On early classes of US submarines the hull thickness was designed at
about 5 centimeters for pressure and was then increased by 3.2 millimeters to
account for corrosion over 20 years.22 Since this is only a small percent of the
total thickness of the hull, and since modern anticorrosive coatings may have
lessened the rate of decrease in thickness, this effect need not limit the lifetime
of submarines. Submarine hull materials are generally required to have only a
“modest resistance to corrosion.”23
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The hull and frames are fatigued by the normal compression-decompression
cycle of submarine operations. It has been estimated that nuclear submarines
may undergo 10,000 to 30,000 such cycles in the course of a 20-year lifetime.?*
The design criteria for older nuclear submarines was 25,000 cycles.?> This
corresponds to an average of about 7 depth cycles per day for a 50 percent
at-sea rate over 20 years. Newer submarines with longer lifetimes may be
designed for more cycles. Cycling causes metal fatigue and decreases the yield
strength of the hull, particularly in spots where geometric discontinuities in the
hull cause stress concentrations. Stress concentrations may occur at welds,
fittings, and joints between sections. The intense heat of welding also induces
local stresses in metal.

The lifetime of a submarine hull is determined by the integrity of the
weakest portions, which is influenced by the number of cycles the submarine
has undergone. Fatigue weakening of submarine hulls may be spotted long
before the hull actually springs a leak due to the fact that the metal does 80-100
percent of its cracking just on the surface before actually breaking all the way
through.?6 By checking the likely areas of stress concentration with X rays and
other means, the ship repair yards can detect a potential failure long before it
becomes dangerous. Older submarines with weakened hulls can be used beyond
their design life by restricting the maximum operating depth, restricting the
number of depth cycles, or by accepting a higher risk.

For example, the service life of the 31 Lafayette-class SSBNs was “‘ex-
tended” to 30 years from their previous service life of 25 years after the Navy
conducted “an extensive hull monitering program [and] concluded hull corro-
sion and fatigue are not limiting considerations for extending the life of Posei-
don SSBNs.” In addition, the Navy is “able to repair defects during each
examination at very low cost.”??

The most common material used for submarine pressure hulls is high-
carbon steel alloyed with manganese and other metals to increase its yield
strength. High-yield (HY) steel is rated by its yield strength in pounds per
square inch (psi): HY-80 is rated at 80,000- 100,000 psi, and HY-100 is rated at
100,000-120,000 psi. Titanium can also be used as a pressure hull material and
has the advantages of being about half as dense (4.5 gm/cm?) as steel and
nonmagnetic. Pure titanium is not particularly strong, but in alloys of 6-8
percent aluminum and a few percent other elements, it rivals HY-150 steel for
strength.?® The disadvantages of titanium alloys are: inadequate resistance to
brittle fracture, especially at the lower temperatures found in the deep ocean;
the requirement of special gas welding techniques; and high cost, which in
1979 was estimated at $33,000 per ton in the United States for 2-inch-thick
plates. Most of the world reserves of titanium are in India (65.9 percent), Brazil
(21.7 percent), Australia (5.4 percent), and the United States (3.5 percent).
Titanium reserves in the Soviet Union are negligible, although the Soviet
Union is one of the world’s largest producers of this metal.2* The Soviet Union
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built its first titanium-hulled submarine, the Alfa, in the late 1960s. The proto-
type submarine was tested and then scrapped in the early 1970s,3° but entered
slow series production in the late 1970s.

A related aspect of design that is crucial for military submarines is their
resistance to shock. The two ways in which shock can destroy a submarine are
by rupturing the hull or by disrupting the internal systems, disabling the vessel
without necessarily breaking the hull. Relatively small charges are designed to
do the former, and large explosions such as bottom mines and nuclear weapons,
the latter.3! Since the 1950s, the shock reliability of internal components and
systems in the US submarines have not improved as quickly as the shock
strength of the hull. If vital controls are damaged by the shock of a weapon, the
submarine could exceed crush depth. Equipment damage that forces the sub-
marine to surface is almost as dangerous during a war. In some tests, subma-
rines have been ““disabled” by explosions much smaller than those required to
split the hull or even to cause serious injury to crewmen.?2 In these early tests,
the main causes of submarine failure in explosions were: installation errors,
including installation of new components that had not been shock tested,
inadequate clearance between components, and loose objects flying into equip-
ment and causing damage. In extrapolating to conditions on modern subma-
rines, great care must be used in interpreting these results.

Reactor, Steam, and Cooling Systems

Between one-third and one-half of the volume within the pressure hull of a
nuclear submarine is taken up by the power plant, cooling systems, turbines,
generators, power systems, and auxiliary equipment.3? Of this, the reactor core
itself is only a small portion, while the radiation shielding, cooling systems, and
high-pressure machinery associated with the reactor add a great deal of weight
to the system. Figure A1-2 is a schematic diagram of the main power plant and
propulsion system of a nuclear submarine. Marine reactors are usually pressur-
ized water reactors, so called because the primary coolant is light water in the
liquid phase under pressure. Heat generated in the reactor core is picked up by
the pressurized water, which circulates through the core and reactor vessel. The
water (light water is used in these reactors) is also the neutron moderator. This
water is pressurized to over 2,000 psi3 in order to keep it from boiling in the
core, which reaches 315 degrees centigrade.’> The water enters the steam
generator, where it gives up some of its heat to the water of the secondary
system without mixing. The secondary system water is converted to steam since
it is at less than 1,000 psi. The primary water is pumped out of the steam
generator, and some is shunted through a demineralizing filter (not shown),
which removes most of the radioactive minerals that have accumulated in the
water. These filters are changed several times per year, and since they are
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Figure Al-2. Schematic diagram of a typical current naval pressurized water
reactor and propulsion system.

Source: from Submarine Design and Development by Norman Friedman. Copyright © 1984, Norman
Friedman.

radioactive, they are buried when the submarine arrives at port.’¢ The primary
water reenters the reactor vessel to begin the cycle once more.

The Ohio-class missile submarine is reported to have a quiet natural circu-
lating cooling loop, which makes use of the density change in the circulating
water to generate a self-driving flow.>” It is important to quiet or eliminate the
main circulating pumps since they must connect to the reactor via high-
pressure piping, which causes a noise path to the reactor vessel and then to the
hull.

The secondary system is a steam-water cycle. Heated steam from the steam
generator drives one or more turbines and converts some of its heat to work by
expanding. In order to return this steam to liquid water, it is passed through a
seawater condenser. Water from the condenser is then pumped back to the heat
exchanger where it is converted to steam again.

In the seawater cooling loop, cold water is drawn from the sea, pumped
through the condenser where it is heated but does not boil, and then returned
to the sea. In order to prevent the cooling seawater from boiling, it must be
passed through the condenser at a sufficiently high-volume flow rate to carry
off the heat without its reaching the boiling point. Since the seawater cooling
loop is at ambient pressure, everything in contact with it must be secure against
the pressure of design depth, including the condenser tube bundle, pumps, and
pipe joints. If two reactors are used, they may share the primary heat exchanger
or have separate heat exchangers and share a turbine, or have a completely
redundant set of machinery and cooling systems.*®
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Molten sodium metal can also be used as the primary coolant of a subma-
rine nuclear reactor. Sodium is less of a moderator of fast neutrons than water,
but its main advantages are its excellent heat transfer characteristics and its
high boiling point, which means that sodium-cooled reactors can be compact
and maintain the primary cooling loop at near atmospheric pressures, eliminat-
ing the need for some high-pressure equipment. Sodium reacts explosively
with water and becomes radioactive in the core, which necessitates the use of an
intermediary liquid metal cooling loop to circulate a less chemically active and
radioactive potassium-sodium coolant. The second US nuclear submarine, the
Seawolf, used a sodium-cooled, beryllium-moderated reactor. The Seawolf was
launched in 1955 with the sodium reactor and about a year later developed
steam leaks, which were probably caused by the corrosive sodium.’® Between
the danger of explosion, the extra shielding required by the radioactive sodium,
the cost of beryllium, the problems involved in keeping the sodium molten
when the reactor is shut down, and above all, the desire to get many nuclear
submarines to sea quickly, it was decided that the S5W and its variants would
be given priority. By the end of 1961, 52 of them had been built.4 Submarine
reactors run on uranium enriched to a high percentage of uranium-235. This
uranium used to go into US reactors in the form of rectangular slabs, or
“sandwiches.” The inner part of the sandwich was an alloy of enriched ura-
nium and zirconium. This was completely surrounded by a cladding made of a
zirconium alloy.*! The fuel elements were held in cassettes that could be easily
installed in the reactor core without the use of heavy lift equipment or even
removing the cover of the reactor. The process of changing the fuel cassettes
would require a few days or weeks,* but the additional shielding that must be
removed along with the fuel requires opening the pressure hull, a very expen-
sive and time-consuming process. Modern reactor fuel elements are in the form
of rods.

The core life of submarine reactors typically extends 4-10 years but
depends on the rate at which uranium-235 atoms undergo fission and the
density of U-235 in the core. The fuel density is a function of the degree of
enrichment, the mix of uranium in the fuel alloy. Modern reactor fuel is
enriched to 97.3 percent U-235. Decreasing the power output of a reactor also
increases the core life. The core life of the SSW reactor was between 45and 6
years. The core lives of recently designed naval nuclear reactors is 10-13
years.4?

Closely related to the problems of powering a nuclear submarine are the
problems of making it quiet. At high speeds, the principal noise source is the
propeller, and at lower speeds, it is rotational machinery in the propulsion
plant: circulating pumps, propulsion turbines, turbo-generators, and reduction
gears. The major design task is to eliminate vibration “short-circuits” leading
from the machinery to the hull. A major step in isolating machinery vibration
on US submarines was taken in the SSBN-608 class submarines (launched in
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1960), which had their main machinery mounted on a “bed plate,” or raft,
which was itself acoustically isolated from the hull.** British submarines used
the same system, only the raft in their first nuclear submarine, the Valiant, had
to be locked into place—and therefore short-circuited to the hull—when high
power was used. The follow-on Swiftsure class did not require this locking
procedure.*> Although strength problems were encountered in the fabrication
of the machinery raft of the Swiftsure, since it had to carry the gears, turbines,
condensers, and turbogenerators, in the end the submarine was quieter than it
was designed to be.* Further improvements in the quieting of the vessel gener-
ally took the form of noise isolation, rather than quieting the machinery itself.
Noise isolation mountings require more space but are generally the more cost-
effective solution.*’

Propeller noise is being reduced by a design that is new to US submarines
and will be introduced into the SSN-21 class. The propulsor is a cross between
a pump and a propeller, using a propeller that rotates slowly against a second
stationary propellerlike ““stator” within a duct. Recent British submarines and
the US Mk 48 torpedo use this design, which is called a pump-jet.*® Theoreti-
cally, a hydrodynamic jet is a less efficient generator of acoustic energy than a
propeller, and by isolating the propeller within the pump-jet, some degree of
quieting may be attained.** By isolating the propeller from the asymmetric hull
wake, it may be possible to reduce the blade rate tonals induced by the fluctuat-
ing thrust.

Propulsion System

The propulsion system is all the machinery that converts the energy of steam
generated by the reactor to propeller thrust. About 20 percent of the power
from the reactor is delivered to the propeller shaft. The speed of the submarine
is then determined by the balance between the propeller thrust and the resis-
tance of the hull.

The resistance on the hull is broken down into a form drag component and
a skin friction component. Form drag is caused by the difference in water
pressure between bow and stern and is minimized by streamlining, but con-
tributes only about 5 percent of the total resistance of a submarine-shaped
body,>® and will be neglected. Skin friction arises because the entire surface of
the submarine must drag along a thin layer of turbulent water. The surface area
of the submarine is the sum of the areas of the bare hull and the appendages
(planes, rudders, and sail).5! For simple calculations, the different components
of surface resistance can be lumped into the following equation for the surface
friction resistance force:

1
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where p is the density of seawater, Cy is the surface friction coefficient for the
submarine as a whole, U is the speed of the submarine, and 4 is the total
surface area. Setting the maximum propulsive power equal to the resistance
power yields an expression for the maximum speed of the submarine:

5509P, | 1 (AL.2)

1

where the numerical factor of 550 is a unit conversion factor from foot-pounds
per second to horsepower, P is the maximum propeller shaft horsepower, and
7 is the ratio of the power delivered to the water to the propeller shaft power, or
the propeller efficiency. The latter is always less than unity, since some of the
propeller power goes into generating noise, heat, and turbulence, which do not
contribute to forward motion. The friction coefficient is a very weak function of
submarine speed and length and is essentially constant. For modern military
submarines at speeds from 25-40 knots, the value of the roughness coefficient
C 'r is about 0.002.52 The variation of the roughness coefficient between hulls is
only about 10 percent. The roughness of the hull may increase slightly with age
between hull cleanings, thereby lowering the maximum speed of “dirty” hulls.53

The surface area of a submarine depends on its exact shape, but an approx-
imate expression can be derived from available data on surface area versus gross
dimensions. The ratio of length to diameter is a measure of the slenderness of
the submarine. The relationship between length, L, diameter, D, and surface
area is approximately

A=BLD (AL.3)

The parameter B equals 2.8 for 1960s vintage submarines and is probably
similar or slightly higher for modern submarines. ¢ This coefficient approaches
the value of 3.14 for slender cylindrical hulls and decreases for less slender
hulls. The factor of 2.8 accounts for the surface area of the appendages as well
as the bare hull.

The propulsive efficiency, 7, depends on the propeller shape and the struc-
ture of the submarine wake. A single propeller on the axis of a body of revolu-
tion is the most efficient geometry for propulsion, and efficiency increases for
larger propellers, with more blades, at lower turning speeds. US submarines
are designed in this way, while many older Soviet submarines use a less effi-
cient two-shaft design. The maximum possible propeller efficiency is about 0.9,
while actual efficiencies are about 0.8 for single propellers, and 0.68 for two
propellers.55
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Taking these values and using equation AL3 in equation Al.2 yields

1
B P, \3 (Al.4)
U=K (ﬁ)

This equation relates the length (feet), diameter (feet), and shaft horsepower
to maximum submerged speed (knots) of a single-propeller submarine.>¢ The
coefficient K is 25 for single-propeller submarines and 24 for double-propeller
submarines. If the quantity in brackets is increased, by making the submarine
smaller or more powerful or both, the speed is increased by only a small
amount. For instance, a doubling of the term in brackets leads to only a 26
percent increase in speed. In order to get that small increase, a very large price
must be paid in terms of space within the submarine for weapons and sensors,
since more power generally involves a larger power plant. Higher speeds also
increase the noise generated by the submarine, which simultaneously blinds its
own sensors and makes it more detectable to the enemy.

Table A1-2 shows some calculations of the maximum speed of various US,
British, and Soviet submarines using equation Al.4. The computed speeds
show reasonable agreement with the quoted speeds from published data in

Table Al-2
Unclassified speed estimates and predicted speed from equation Al.4
Stated Predicted
Length  Diameter  No. of Shaft Speed Speed from Equation
Submarine (feet) (feet) Shafts  Horsepower (knots) (knots)
Nuclear:
Soviet
Delta 492 36 2 30,000 24 29
Yankee 425 30 2 30,000 30 32
Hotel II1 377 28 2 30,000 26 34
Alfa 260 29 1 40,000 42+ 44
Victor 341 28 1 30,000 30 37
British
Resolution 425 31 1 15,000 25 26
Swiftsure 272 30 1 15,000 30+ 31
Us
Ohio 560 40 1 60,000 35
Los Angeles 360 33 1 35,000 30+ 36
Skipjack 251 30 1 15,000 30+ 31
Thresher 279 30 1 15,000+ 30+ 30
Diesel-Electric:
Sovier
Kilo 230 ~26 ~3 ~6,000 24
Tango 302 27 3 6,000 16 22
Foxtrot 300 24 3 6,000 16 23
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Jane’s Fighting Ships, except for the Soviet diesel-electric submarines.s” The
Skipjack, which is one of the earliest SSNs in the US Navy, has 15,000 shaft
horsepower (shp) and has a maximum speed of 31 knots according to equation
Al.4. The newest Soviet Alfa class submarine has 40,000 shp, is smaller than the
Skipjack, and, according to equation Al.4, can travel at 44 knots. Norman
Polmar, in Guide to the Soviet Navy, rates the Alfa’s power plant at only 24,000
shp, but this would not drive the submarine over 40 knots. Some people have
pointed to this discrepancy as evidence that the Soviet Union is using special
chemicals to decrease the roughness coefficient and the turbulent friction forces
that slow the submarine. It is more likely to be due to inconsistencies in various
intelligence estimates.58

The gear-turbine system is a transmission system that reduces the high-
speed turbine shaft rotation to low-speed high-torque propeller shaft rotation.
The efficiency of this system is high, but the reduction gears emit a strong,
well-defined noise signature that may be transmitted through the hull to the
water. Turbine-electric drive was developed to overcome this noise problem.
The turbo-generator system drives a quiet electric motor, which in turn drives
the propeller, and is used in only two US submarines. This is a less efficient
system for converting reactor heat to propeller power than the gear-turbine
system, but it is quieter. The reason nonnuclear submarines running on batter-
les are quieter than most nuclear submarines is because no coolant pumps,
high-speed turbines, or high-speed gears are involved, only a motor and some-
times a simple reduction gear. Recently, however, noise isolation measures have
reduced the noise output from the latest US submarines to levels which
approach those of most battery-driven submarines.

Submarines that are powered primarily by diesel engines must use oxygen
from the atmosphere when the engines are running. These submarines must
therefore travel on the surface or at a shallow depth with a snorkel above the
surface to take in oxygen and expel combustion fumes. The diesel-powered
submarine is highly vulnerable to detection when running on its engines, since
the engines generate loud tones, the snorkel can be detected visually or by
radar, and the exhaust fumes can be detected by chemical “sniffers” on aircraft.
The diesel-powered submarine can also be propelled completely submerged by
a battery-driven electric motor. When running on batteries, the submarine is
very quiet and very difficult to detect. However, the diesel engines must be
running in order to recharge the batteries. Because the submarine becomes
relatively detectable when running on diesels, the ratio of diesel running time to
total running time is called the indiscretion rate.

The Soviet Union maintains a large fleet of these submarines, which are
only very threatening to US submarines when they are running quietly on
batteries and completely submerged. The rest of the time they become quite
vulnerable. Using unclassified information about current technology, we can
estimate how long a diesel-electric submarine can run on batteries.
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The specific capacity of modern storage batteries on German submarines
(which are taken as the model) is 23 watt-hours per pound of battery weight at a
discharge rate of 100 hours.>® At a discharge rate of 10 hours, the battery
capacity is about 20 percent less.®® About 20-25 percent of the surface dis-
placement of modern submarines is battery weight.*!

The power drain of the batteries during submerged operations depends on
which systems are being used and for what fraction of the time they are being
used. Typical power requirements for older US nuclear-powered submarines
were 6 kilowatts (kW) for computers and 3 kW for navigation.®> Power for the
basic life support systems may draw on the order of 50 kW. The minimum
power requirement of the submarine may be around 70 kW, and a more realis-
tic figure for modern sophisticated submarines is 100 kW . However, propulsion
for the submerged submarine can easily dominate power consumption from
internal systems and limit battery-powered operations.

As an example consider the Soviet Tango class submarine, which is 300
feet long and 27 feet in diameter. The surface displacement of the Tango is
3,000 tons, so its battery weight is estimated to be 1.2 X 10° pounds. Using
equation Al.4, the amount of power that is needed to drive the submarine at 5
knots is 73 shaft horsepower, or 55 kW. Assuming that the conversion of
electrical power to propeller shaft power via electric motor is 85 percent effi-
cient, 64 kW of battery power are needed to drive the submarine at 5 knots. By
similar reasoning, 2,100 kW of electrical power are needed to drive the subma-
rine at 16 knots. The total power load on the batteries at 5 knots is about 164
kW, and at 16 knots it is 2,200 kW. The total energy stored in the batteries is
2.7 X 107 watt-hours. Therefore, the Tango traveling at 5 knots can run on
batteries for about 160 hours (about 6 days) and has a range of 800 nautical
miles. A submarine traveling at 16 knots will drain the batteries in less than 10
hours and has a range of only 150 nautical miles.

Another measure of diesel-clectric submarine performance is the fraction
of time at which the submarine must operate its diesel engines to recharge its
batteries, called the indiscretion rate. A reasonable limit on diesel power on
submarines is 1.9 kilowatts per standard ton. Extrapolating somewhat from a
study on Western submarines, it is estimated that for the Tango, the indiscre-
tion rate at 3 knots is about 5 percent, at 5 knots it is 8 percent, at 10 knots it is
25 percent, and at 13 knots it is 50 percent. Thus, at the relatively modest speed
of 13 knots, the diesel-electric submarine spends half its time as an acoustic
sitting duck.5> On the other hand, at the typical patrol speed of 5 knots, 90
percent of the time a diesel-electric submarine is quiet and effective.

Submarine Communications

The command and control requirements associated with missile submarines
depend foremost on their place in plans for fighting nuclear wars. If policy
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dictates that SSBNs are part of warfighting at its most theoretically complex
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Figure A1-3. Airborne network for missile submarine communications.

Note: This figure shows the links to submerged submarines only, and excludes extremely low
frequency communications. A submarine with antennas above the surface might receive high
frequency and low frequency radio transmissions, sporadic ERCS transmissions, arid possibly
transmissions from satellites. Airborne command posts (ABNCP) of the Commanders-in-Chief of
the Atlantic (CINCLANT) and Pacific (CINCPAC) may be able to transmit directly to subma-
rines via LF radio.

Source: Bruce G. Blair, Strategic Command and Control: Redefining the Nuclear Threat (Washing-
ton, DC: Brookings Institution, 1985), adapted from fig. 6.1 (p. 193) and fig. 6.5 (p. 200).
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The specific capacity of modern storage batteries on German submarines
(which are taken as the model) is 23 watt-hours per pound of battery weight at a
discharge rate of 100 hours.”® At a discharge rate of 10 hours, the battery
capacity is about 20 percent less.® About 20-25 percent of the surface dis-
placement of modern submarines is battery weight.®!

The power drain of the batteries during submerged operations depends on
which systems are being used and for what fraction of the time they are being
used. Typical power requirements for older US nuclear-powered submarines
were 6 kilowatts (kW) for computers and 3 kW for navigation.®? Power for the
basic life support systems may draw on the order of 50 kW. The minimum
power requirement of the submarine may be around 70 kW, and a more realis-
tic figure for modern sophisticated submarines is 100 kW . However, propulsion
for the submerged submarine can easily dominate power consumption from
internal systems and limit battery-powered operations.

As an example consider the Soviet Tango class submarine, which is 300
feet long and 27 feet in diameter. The surface displacement of the Tango is
3,000 tons, so its battery weight is estimated to be 1.2 X 10¢ pounds. Using
equation Al.4, the amount of power that is needed to drive the submarine at 5
knots is 73 shaft horsepower, or 55 kW. Assuming that the conversion of
electrical power to propeller shaft power via electric motor is 85 percent effi-
cient, 64 kW of battery power are needed to drive the submarine at 5 knots. By
similar reasoning, 2,100 kW of electrical power are needed to drive the subma-
rine at 16 knots. The total power load on the batteries at 5 knots is about 164
kW, and at 16 knots it is 2,200 kW. The total energy stored in the batteries is
2.7 X 107 watt-hours. Therefore, the Tango traveling at 5 knots can run on
batteries for about 160 hours (about 6 days) and has a range of 800 nautical
miles. A submarine traveling at 16 knots will drain the batteries in less than 10
hours and has a range of only 150 nautical miles.

Another measure of diesel-electric submarine performance is the fraction
of time at which the submarine must operate its diesel engines to recharge its
batteries, called the indiscretion rate. A reasonable limit on diesel power on
submarines is 1.9 kilowatts per standard ton. Extrapolating somewhat from a
study on Western submarines, it is estimated that for the Tango, the indiscre-
tion rate at 3 knots is about 5 percent, at 5 knots it is 8 percent, at 10 knots itis
25 percent, and at 13 knots it is 50 percent. Thus, at the relatively modest speed
of 13 knots, the diesel-electric submarine spends half its time as an acoustic
sitting duck.®® On the other hand, at the typical patrol speed of 5 knots, 90
percent of the time a diesel-electric submarine is quiet and effective.

Submarine Communications

The command and control requirements associated with missile submarines
depend foremost on their place in plans for fighting nuclear wars. If policy
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dictates that SSBNs are part of warfighting at its most theoretically complex
level, with multiple exchanges, rapid retargeting, and so forth, then the flow of
information between the national command authorities and the submarine
commander must be highly reliable and secure for all times and in the most
disruptive of environments. If submarines are intended to provide a strategic
reserve and simply survive throughout the course of a war, maintaining a force
capable of annihilating the political and industrial structure of the opponent
(which largely coincides with the population centers), then the command and
control requirements are considerably less stringent.

During peacetime, US missile submarines on alert (within range of their
targets) are required to receive continuous communications from fixed land-
based very low frequency (VLF) transmitters, which are called Verdin.®* VLF
operates at 3-30 kilohertz®> and transmits encrypted data at 67 words per
minute on several channels.® The two primary land-based VLF transmitters
are at Cutler, Maine, and at Harold E. Holt, on the Northwest Cape of Austra-
lia, and these two transmitters alone cover all of US SSBN operating areas.®’
Additional fixed VLF systems (as of 1979) are located in Annapolis, Maryland;
Jim Creek, Washington; Luoluolei, Hawaii; and Yosomi, Japan.

The fixed VLF has a primary role in the National Command Authority’s
World Wide Military Command and Control System (WWMCCS) and is itself
backed up by 21 low frequency secondary stations.®® A third level of backup is
provided by 24 high frequency radio transmitters, at least two of which simul-
taneously transmit the information broadcast over Verdin VLF stations.®?
Further levels of backup are provided by ultra-high frequency (UHF) satellite
communications” and by the Clarinet Pilgrim, which is associated with the
LORAN C navigation system.”! Clarinet Pilgrim uses the LORAN transmis-
sions as a carrier for submarine communications.

Missile submarines rarely transmit messages while on patrol in order to
minimize the possibility of detection by way of antennae or signals. They
receive information constantly while on alert and periodically while on modi-
fied alert (at sea but out of target range) via a floating wire antenna or a floating
buoy. The floating buoy can be used at significantly greater depths than the
floating wire but must be towed at a somewhat slower speed—at about 5 knots
rather than 10 knots for the floating wire.” In fact, the towed buoy does not
appear to inhibit the diving depth of the submarine much if at all.” However,
submarine operators are reluctant to use the buoy because it has proved unreli-
able’ and because the tow wire is easily severed, leaving the buoy to bob to the
surface.” As one former SSBN commander pointed out, SSBNs generally
patrol at depths compatible with the floating wire antenna in any case to permit
rapid launch of their missiles, which must be fired from depths considerably
shallower than the maximum depth of the submarine.”

The means of communicating with submarines is expected to change radi-
cally once war begins. The National Command Authorities or their SUCCESSors
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are supposed to survive in airborne command posts, in particular the National
Emergency Airborne Command Posts (NEACPs). These command aircraft are
linked to airborne VLF transmitters directly, through relay aircraft, ground
stations, satellites, and even the emergency rocket communication system
(ERCS) on some Minuteman 11 ICBMs.”” The airborne VLF transmitters are
on aircraft called TACAMO, an acronym that stands for ‘““TAke Charge And
Move Out.” During a war, it is expected that the land-based VLF and LF
transmitters will be destroyed, and they are therefore relegated to a support role
in the Joint Chiefs’ wartime Minimum Essential Emergency Communication
Network.™

TACAMO aircraft transmit VLF signals at a power of 200 kilowatts
through a pair of wires, one 30,000 feet long that hangs downward, and one
4,000 feet long that trails behind the plane as it executes a slow continuous turn.
The antenna configuration resulting from this maneuver generates a signal that
efficiently penetrates seawater to depths of 30-40 feet.” These have maintained
a continuous airborne alert in the Atlantic, and beginning in 1983, in the
Pacific.®°

The airborne command and control network for missile submarine com-
munications is shown in figure A1-3. The wartime communication links are
notably different for the Atlantic and the Pacific. The main link to the Atlantic
TACAMO runs from NEACP through the airborne command post of the
commander in chief of the Atlantic Fleet.®! In the Pacific, communications run
from NEACP, through relay aircraft called the Post Attack Command and
Control System (PACCS), to the Strategic Air Command’s Looking Glass
airborne command center. From there, messages can be transmitted via LF to
the CINC of the Pacific Fleet or to TACAMO directly.*? If NEACP does not
survive, an Air Force general in the “Looking Glass” aircraft can send launch
orders to the airborne Fleet Commanders in Chief or to TACAMO directly.?’

Within the submarine itself, it is technically possible for a few people to
initiate the process leading to missile launch without receiving an outside order
and code,% because there is no lock on the missile system that would require a
release code from the highest authorities.?> The Navy’s arguments for maintain-
ing a procedure that increases the probability of an unauthorized launch seem
to center on the point that if some part of the communication or authorization
system fails, then the missiles can still be launched, although official doctrine
holds that they cannot be launched without orders from outside.%

According to the Navy, the procedure for receiving and validating a launch
order is as follows. There are always two radiomen trained in receiving such
messages—although usually only one is on duty at a time. If a message comes
in, the radioman on duty alerts the officer of the deck (the officer in charge on
that particular watch). The officer of the deck then alerts the commanding
officer and alerts the entire ship to battle stations. Two officers must enter the
radio room and validate the format and content of the message by checking a
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Figure Al-3. Airborne network for missile submarine communications.

Note: This figure shows the links to submerged submarines only, and excludes extremely low
frequency communications. A submarine with antennas above the surface might receive high
frequency and low frequency radio transmissions, sporadic ERCS transmissions, arid possibly
transmissions from satellites. Airborne command posts (ABNCP) of the Commanders-in-Chief of
the Atlantic (CINCLANT) and Pacific (CINCPAC) may be able to transmit directly to subma-
rines via LF radio.

Source: Bruce G. Blair, Strategic Command and Conzrol: Redefining the Nuclear Threat (Washing-
ton, DC: Brookings Institution, 1985), adapted from fig. 6.1 (p. 193) and fig. 6.5 (p. 200).
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received code word with codes stored in two locked safes.®” “Then those people
have to be convinced themselves, and then have to convince the commanding
officer and the executive officer that the proper order has been received. That
process is necessary for the appropriate keys and interlocks to be made available
to be used by the rest of the crew.”®® At this point, the entire crew, which is at
battle stations, is alerted that a message has been received from the National
Command Authorities. This process involves validation of the launch order by as
few as two or three people, although more people may examine the message, and
still more must follow the orders generated by the commander in order to launch
the weapons.®® These additional people are not necessarily involved in the
validation or decision-making process, however. For example, the weapons
officer, launch officer, and executive officer must turn keys to enable the launch,
but these are turned in response to a decision to launch and are not votes in the
decision. These switches merely indicate that systems are functioning.”

Submarine airborne communication systems are being modernized with
the procurement of the new E-6A TACAMO aircraft whose principal advan-
tages over the current fleet of EC-130Q aircraft are greater speed (445 knots
versus 335 knots) and longer endurance with refueling.®’ On the ground, the
extremely low frequency (ELF) communication system is expected to supple-
ment the Verdin ground-based VLF system and provide communications at
greater depth and speed, but it is vulnerable to attack, so wartime control would
still go through TACAMO.

An argument that has been put forward for ELF is that the missile subma-
rines could operate at great depths and high speeds. While on patrol, however,
SSBN’s operate at low speeds to minimize their radiated noise levels as well as
their disruption of the ocean in their efforts to remain undetectable, and in
order to remain near missile-launch depth, submarine commanders prefer to
operate at depths sufficiently shallow to use the floating wire. With a buoy,
depths equivalent to the maximum ELF reception depth can be maintained,®
and with a self-propelled buoy, such as the one suggested by Richard Garwin,’*
the submarine could be freed from its cable link to the buoy. In terms of SSBN
security, the Navy does not consider the detection of floating wire antennae or
towed buoys a serious threat now or into the foreseeable future.* The Navy
makes its case for ELF mainly as a hedge against some unforeseen future ASW
development that would threaten SSBNs in peacetime. The strongest case for
ELF can be made in terms of communicating with attack submarines, but the
Navy does not usually put forward that rationale.

Little is known about Soviet submarine communications, but their capabili-
ties are “essentially equivalent” to those of the United States. According to a
Navy space systems expert, “‘both use various elements of the frequency spec-
trum for redundant communication paths such as very low frequency
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transmitting sites, airborne emergency communications systems, satellites, high
frequency transmitting sites, and extremely low frequency systems.”® The
Soviet Navy probably communicates with its submarines primarily via VLF,
there being some 30 ground stations for that purpose in the Soviet Union, 5 of
which have a power of 500 kilowatts.% It is likely that Soviet submarines use
trailing wires and/or buoys similar to those of the United States.®” Under the
ice, however, submarines must avoid ridges that can extend a few tens of—and
down to a hundred—feet below the underice surface. A portion of the floating
wire antenna must be on the surface for “effective communications recep-
tion,”’*® so that the use of the floating wire antenna under the ice can be only
partially effective. In order to use the trailing wire antenna, the submarine must
stop, either to remain under an opening in the ice or else to permit the
buoyancy of the wire to carry it around or between ice ridges that would
otherwise keep it below its effective depth.”® According to one officer, “[Re-
ceived] signal strengths are also adversely affected . . . because the proximity
of the magnetic North Pole creates ionic disturbances that upset the VLF
signal. This latter phenomenon—known as polar-cap disturbance—can last for
a week or more, though more commonly it persists for only a few days and is
prevalent during periods of high sunspot activity.”100

The towed buoy must remain within about 40 feet of the surface of the ice,
which is typically 6-12 feet thick, so it must be towed at a depth of 20 feet
below the underice surface. At these depths ridges could become a major
obstacle to the continuous use of the towed buoy, particularly in light of the US
Navy’s problems with such devices in open water. One authority states that ice
ridges are a “prohibitive hazard” to use of buoys.!°! Perhaps Soviet SSBN
communication policy does not require constant contact, as in the United
States, or these vessels must remain near gaps in the ice, although the latter
tactic would be very restrictive in the winter, when fewer gaps exist. Gaps that
are frozen over with a relatively thin sheet of new winter ice may be good places
for the Soviet SSBNs to station themselves, since ridges would not be present,
and the thin sheet of ice would hide the submarine’s heated wake. During the
winter, thin ice sheets several ship-lengths wide should be encountered about
every 10 miles.'%? Transmission disturbances induced by solar activity would
affect buoys as well as floating wire, so it would be essential for the Soviet
SSBNs to maintain alternate communication channels at other frequencies.
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Appendix 2

ASW Forces of
the United States
and the Soviet Union

Ballistic Missile Submarines

The targets of strategic antisubmarine warfare are the nuclear and convention-
ally powered missile submarines (SSBNs and SSBs). Soviet SSBN basing is
shown in table A2-1, with the submarine-launched ballistic missile (SLBM)
warhead count. Most Delta and Typhoon class SSBNs are in the Arctic, carry-
ing about 80 percent of the long-range SS-N-8, SS-N-18, SS-N-20, and SS-
N-23 warheads. These Northern Fleet SSBNs can target most of the United
States from within the Barents Sea. The remaining 20 percent of the long-range
SLBMs are on Pacific Fleet SSBNs and can reach the western continental
United States from the protected waters of the Sea of Okhotsk and the north-
west Pacific Ocean. According to table A2-1, the proportion of Delta and
Typhoon submarines in the Northern Fleet is only about 70 percent, or 60
percent using DoD figures. The Yankee SSBNs with 1,600-nm-range SS-N-6
missiles can target NATO countries from the Barents Sea, and from the west-
ern Pacific they can reach China, Japan, the Aleutians, and the Philippines.
These Yankee class submarines are removed from service as the Delta v
and Typhoon classes enter sea trials, in order to comply with SALT I limits.
The Soviet Union is currently constrained by the “modern” nuclear-powered
submarine limit (62) and by the “modern” SLBM launcher limit (950) of
SALT I. Because SALT II does not limit intercontinental ballistic missiles
(ICBMs) and SLBMs under separate subtotals, it is possible to say only that
the continued production of missile submarines contributes to three SALT 11
ceilings: the number of strategic nuclear delivery vehicles (MIRVed and not
MIRVed), which are limited to 2,504; the number of MIR Ved missile launchers
and bombers, which are limited to 1,320; and the number of MIRVed missile
launchers, which are limited to 1,200. The Soviet Union has reached the limit
on strategic nuclear delivery vehicles, but with the retirement of Yankee sub-
marines (which are required to remain within SALT I anyway), the total
number of submarine-based strategic nuclear delivery vehicles remains rela-
tively constant. On the other hand, the retirement of Yankee submarines with
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Table A2-1
Soviet SSBN basing and warheads
Northern Pacific
Class Submarines Warheads Submarines Warheads
Typhoon/SS-N-20 4 640 0 0
20 X 8 =160 (720 max)
Delta IV/SS-NX-23 2 288 0 0
16 X 9 =144 (320 max)
Delta ITI/SS-N-18 10 587 4 235
16 X 3.67 =58.7 (1,120 max) (448 max)
Delta I1/SS-N-8 4 64 0 0
16 X1=16
Delta I/SS-N-8 10 120 8 96
12X1=12 - _ — N
Total 302 1,699 122 331
(2,344 max) (544 max)
Yankee I/SS-N-6 11 176 9 144
16 X1=16
Yankee I1/SS-NX-17 1 12 0 0
12X1=12
Hotel ITI/SS-N-8 1 3 0 0
3X1=3
Golf V/SS-N-20 1 (Black Sea) 9 (Black Sea) 0 0
1X9=9
Golf I11/SS-N-5 6 (Baltic) 18 (Baltic) 7 21
3X1=3
Warheads/M:is. Range Yield CEP
Missile (independent) (km) (Mr) (meters)
SS-N-5 1 1,300 1 2,800
SS-N-6 mod 3 1 (MRV) 3,000 0.35 1,900
SS-N-8 mod 1 & 2 1 7,800 0.8-1.0 1,500
SS-N-18
mod 1 3 6,500 0.2 1,400
mod 2 1 8,000 0.45 1,400
mod 3 7 6,500 0.2 1,000
NG firm figures on deployment of each mod of SS-N-18.
Assume 1/3, 1/3, 1/3 for average loading of 3.67 warheads.
SS-N-20 6-9 8,300 0.1 1,000
SS-NX-23 8-10 9,300 0.1 1,000

Sources: Barton Wright, Sovier Missiles (Lexington, Mass.: Lexington Books, 1986); Caspar
Weinberger, Soviet Military Power, 5th ed. (Washington, DC: US Government Printing Office,
1986), p. 29; Ulrich-Joachim Schulz-Torge, “The Soviet Submarine Fleet in 1985,” Military
Technology, December 1985, pp. 95-99.

2DoD sources in 1986 indicate that the distribution of Delta class SSBNs between the Arctic and
Pacific is 22:16, respectively, while Schulz-Torge gives 26:12 as of October 1985. Other data also
suggest that a larger fraction of Deltas is deploying in the Pacific.

their single warhead missile launchers does not affect the total number of
sea-based systems applied against the MIRVed limits, and within a few years,
the production of Delta IV and Typhoon submarines will help bring the Soviet
forces up to those limits. This will leave the Soviet Union with the choice of
limiting production of these systems, dismantling other fairly modern systems,
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or ignoring the limits.! The US sea-based forces are not up to the SALT I
limits at all. The US, in approaching the SALT II limit on MIRVed missiles,
decided to dismantle older SSBNs.

US, French, and British SSBNs operate in the North Atlantic and Medi-
terranean. Since the SSBN patrol areas are closely held secrets, it is not possi-
ble to assume that SSBNs are separated by nationality while on patrol. In
strategic-level warfare, it must be assumed that all these SSBNs would be
potential targets of Soviet ASW. Table A2-2 lists all US and other NATO
SSBNGs. The bulk of the SSBNs in the Atlantic are US, and all Western SSBN's
in the Pacific are US.

ASW Platforms and Systems

The Soviet Navy is not directly comparable to the US and UK navies, since the
evolution of naval missions has been so different since World War II. Entire

Table A2-2
NATO SSBN basing
North Atlantict North Pacific

Class Submarines Warheads Submarines Warheads

France:

Le Redoutable/ M-20 5 80 0 0
16 X 1 = 16 whs/sub

United Kingdom:

Resolution/A-3

Chevaline 4 64 0 0
16 X 1 = 16 whs/sub

United States:

Ohio/C-4 0 0 6 1,152
8 X 24 = 192 whs/sub

Lafayette/C-4 12 1,536 0 0
8 X 16 = 128 whs/sub

Lafayette/C-3 16 2,560 0 0
10 X 16 = 160 whs/sub

Total US 31 4,096 6 1,152

Total NATO 40 4,240 6 1,152

Warheads/Mis. Range Yield CEP

Missile (independent) (km) (Mt) (meters)

M-20 1 3,000 1 ?

M-4 (dev.) 1 (MRV) 4,000 + ? ?

A-3 Chevaline 1 (MRV) 4,000 0.04 ?

C-3 Poseidon 10 5,900 0.04 460

C-4 Trident 1 8 7,400 0.10 460

Source: Thomas Cochran et al., US Nuclear Forces and Capabilities (Cambridge, Mass.: Ballinger,
1984); Fane’s Weapon Systems 1984/85.

2Includes Mediterranean Sea.
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classes of ships exist in the US Navy that do not exist in the Soviet Navy, and
vice versa, so that comparing the navies by Western category (a common exer-
cise) is confusing and misleading. Moreover, Soviet classifications of their own
ships provide at least some guidance as to their missions, although it is neces-
sary to consider the specific weapons and sensors on individual ships.

Surface ships on their own have rather limited strategic ASW capabilities
compared with modern SSNis, so that very fine distinctions between the capa-
bilities of different classes of surface ships would not be expected to affect
significantly one’s assessment of overall strategic ASW capability in a navy,
Surface ship capabilities can be significantly improved with stand-off weapons,
low-frequency bow and towed sonar arrays, and helicopters, but even with
these, SSNs have a distinct advantage in hunting SSBNs. In a surface task
force, coordinated ASW from many surface ships increases the ASW capability
of the task force as a whole, although US and Soviet surface-group ASW is
intended primarily as a screen against hostile SSNs and not for area search
against evasive targets like SSBNs. The attack submarine is the superior ASW
platform as it can be very quiet, use its sonar at optimum listening depths,
penetrate much closer to SSBN patrol areas covertly than can surface ships,
and is the only vessel that can conduct ASW under ice.

ASW aircraft can be effective if they are given a rough localization of a
target, which they can then pinpoint. ASW aircraft, however, are vulnerable to
attack from land- and sea-based tactical fighter aircraft, and even from ship-
board surface-to-air missiles. Land-based bomber aircraft can play a role in
ASW as minelayers and with air-to-surface missile strikes against ASW surface
ships. Air ASW is expected to be most effective at chokepoints that are acousti-
cally monitored.

Soviet ASW Forces

The deployment of Soviet attack submarines is not known with certainty; for
example, attack submarines from the Northern Fleet may be deployed in the
Mediterranean. There are no Soviet nuclear-powered attack submarines (SSNs)
or nuclear-powered cruise missile submarines (SSGNis) in either the Black Sea
or the Baltic Sea fleets. An estimate of the basing of Soviet SSNs, SSGNs, and
conventionally powered submarines is shown in table A2-3. It appears that the
Soviet Union has tended to base its newest, most capable submarines in the
Arctic rather than in the Pacific. SSGNs can operate as attack submarines, and
including them the total number of nuclear-powered ASW capable submarines
in the Arctic is 75. Excluding the old, very noisy November and Echo I1 classes
brings this total down to about 53. In any likely scenario, there would be a
substantial number of SSGNs assigned to antisurface strikes, so the totals
above are definitely overestimates. In the Pacific, there are about 42 SSNs and
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Table A2-3
Soviet attack and cruise missile submarine
deployment

Northern Baltic Black Pacific
SSN:
Akula 0 0 0 12
Mike 1a 0 0 0
Sierra 12 0 0 0
Alfa 6 0 0 0
Victor 111 102 0 0 8
Victor 11 5 0 0 2
Victor I 13 0 0 3
Echo I 0 0 0 5
November 8 0 0 4
SSGN:
Yankee 1 0 0 0
Oscar 3 0 0 0
Papa 1 0 0 0
Charlie 11 4 0 0 2
Charlie I 8 0 0 3
Echo II 14 0 0 14
SS8G:
Juliet 6 3 3
Long Bin 0 1 0 0
SS:b
Kilo 0 0 0 73
Tango 15 0 3 0
Foxtrot 28 5 0 27
Romeo 4 0 3 3

Whiskey 50 (distribution unknown)

Source: Ulrich-Joachim Schulz-Torge, “The Soviet Submarine
Fleet in 1985, Military Technology, December 1985, pp. 95-99.

aAdditional units building.
bMany Whiskey, Zulu, and Romeo SSs in reserve.

SSGNs, where only 19 of those are newer Victor and Charlie class submarines.”
Though most US attack submarines have a detection advantage over all Soviet
submarines, it is useful to make a distinction between the overwhelming Us
acoustic advantage against Echo/November classes, and the somewhat nar-
rower acoustic advantage against Victor and Charlie classes. The US SSN-637
class is in fact considered equivalent to the Victor I11. The three newest classes
of Soviet SSNs—three vessels in all—are probably quieter than the 37 vessels
of the US Sturgeon (SSN-637) class.

The conventionally powered Soviet submarine fleet is fairly large, though
declining in numbers as the postwar SSs are finally retired. Diesel-electric
submarines have some disadvantages relative to nuclear submarines: (1) they
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must refuel, either from a port or a support ship, (2) they are slow, (3) they
cannot remain submerged for long periods. In fact, diesel-electric submarines
are perhaps better thought of as surface ships that can submerge for limited
periods. These submarines can remain submerged on batteries for about 6 days
at hovering speed with a minimum of life-support and sensor gear operating. At
full 16-knot speed with all systems on, however, the batteries may last less than
10 hours. The advantages of diesel-electric propulsion are lower cost relative to
nuclear propulsion and quietness while on batteries. While running on batter-
ies, SSs can be substantially quieter than older Soviet SSNs, though they are
probably about as quiet as the most recent classes. Therefore, the Soviet SSs
and Juliet diesel-electric cruise missile submarines (SSGs) can be employed to
form stationary screens or barriers near the Soviet home waters. Acting in this
role of an intelligent minefield, a barrier of Soviet SSs could pose a significant
threat to US SSNs attempting to penetrate.

The Soviet surface combatant fleet can be divided into three major groups
by displacement. Ships over 2,000 tons standard displacement are in the
“large” group of ocean-going vessels, ships between 500 and 1,000 tons are
“intermediate” ships that could be used in open ocean operations but are closer
to coastal patrol ships. Finally, there are those ships less than 500 tons that are
coastal and river patrol ships. Counting the “intermediate” ships among the
ocean-going fleet can be misleading, since, for example, some of the largest of
the “intermediate” group are run by the KGB as border patrol boats. It is
interesting to note that, aside from the Coast Guard, this “intermediate”’ group
does not exist in the US or UK navies. This is because these two major
maritime nations have long been oriented toward long-range deployment for
which they need larger ships with better ocean endurance. The difference is
also related to fundamentally different design practices: the United States tends
to build ships with much larger margins for growth and additions than does the
Soviet Union. Design margins for weight, stability, and powering are about 10
percent on US ships and only 2 percent on Soviet ships. Endurance margins are
up to 33 percent on US ships and zero on Soviet ships.> British and US frigates,
for example, are more than twice the displacement of Soviet “frigates,” except
for the Krivak class.

Tables A2-4 and A2-5 show the distribution of Soviet large and interme-
diate combat ships, along with their major ASW weapons. Almost all Soviet
ships have some sonar, ASW torpedoes, and depth charges. However, most of
these sonars are high or medium frequency and are unsuitable for long-range
detection. Soviet depth charges are propelled on rockets and can be fired out to
a range of only a few kilometers, with a few reaching 6 km. These short-range
weapons are matched to the short range of the sonar and are defensive systems.
Modern low-frequency sonars are installed on newer ships, as is shown in table
A2-4, and are generally associated with the modern, longer-range ASW weap-
ons like the FRAS-1 and the SS-N-14. The FRAS-1 is a rocket-propelled
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nuclear depth bomb that has a range of 30 kilometers. Some 20 of these may be
carried on a large ASW ship.* The SS-N-14 is a cruise missile that carries a
homing torpedo or a nuclear weapon up to 45 or 55 kilometers.5 Referring to
table A2-4, it is apparent that the Soviet designation of BPK, or “large anti-
submarine ship,” generally agrees with my assessment, the main differences
being in the Kanin and Kashin classes, which are designated BPK though they
lack stand-off ASW weapons, helicopters, and low-frequency sonars. The Kiev
is not designated a specifically ASW ship, but it has a strong ASW component.
Of 41 large combatants in the Northern Fleet, 20 carry these ASW stand-off
weapons and appropriate Sensors and can be considered primary ASW ships.
In the Baltic, there are 10 primary ASW ships out of 25, in the Black Sea there
are 12 primary ASW ships out of 36, including 2 Moskva and 1 Kiev class ASW
helicopter ships. In the Pacific, 21 out of 43 large ships are primary ASW
vessels. None of the intermediate or small ship classes carries stand-off weap-
ons or long-range sensors, though their sheer numbers would make them a
significant force in very limited operations, such as acting as coastal barriers or
in defense of short-range amphibious operations.

Antisubmarine warfare aircraft are generally slow, long endurance aircraft
that can carry torpedoes, conventional or nuclear depth charges, expendable
sonar buoys (sonobuoys), magnetic anomaly detection (MAD) gear, and some
on-board processers for the acoustic data. These aircraft are not heavily armed
for self-defense and are therefore vulnerable when beyond their own tactical air
cover. Some of these aircraft carry antiship cruise missiles and can be a signifi-
cant threat to surface ships.

ASW aircraft are in general not as effective as SSNs for area search. The
MAD detection range is at most a few thousand feet, which makes it a poor
search sensor, though sonobuoys can provide much longer detection ranges
over wider areas on a continuous basis. The utility of sonobuoys depends
largely on how many can be deployed, on how many can be monitored and
processed simultaneously, and on the environment. These factors rely on minia-
ture electronics, signal processing, and computer technology, areas in which the
United States enjoys a clear and even growing superiority over the Soviet
Union.¢ Even with this technical advantage, however, US ASW aircraft are
generally considered most effective when vectored by an initial rough localiza-
tion. In their home waters, Soviet ASW aircraft may operate using information
from surveillance systems also.

Most Soviet ASW aircraft are helicopters, which have short ranges and
small weapon/sensor capacities. The primary large, long-range, fixed-wing
ASW aircraft are the 50-60 Bear F, which are still in production.” Table A2-6
shows the approximate distribution of all Soviet ASW aircraft. There are peri-
odic deployments of ASW aircraft outside the Soviet Union® so the figures in
table A2-6 should not be interpreted as specific basing. Table A2-7 shows
some of the characteristics of Soviet ASW aircraft. The aircraft are assumed to
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Table A2-5
Soviet surface ship deployments

Northern Baliic Black Pacific

Large:

Kievb

Moskvab

Kirovb

Slava

Karab

Kresta I

Kresta ITb

Kynda

Mod Sverdlov

Sverdlov SAM

Sverdlov

Kanin

Kashin (& Mod)

SAM Kotlin

Sovremennyy

Udaloyb

Kotlin/Mod Kotlin
Kilden/Skoryy

Krivak I & ITb

=

®
=

RO UVNINOCOOCN—~C O —O —
Y PNNONOO—~O~0Oo—~00
CO—OVON— =~ O OWNON —
COMNBULUNO—~NWNAES—~O N

NN
=

© W
[EIN
[« SEN |
= o

41

%)
wn

36

'y
w

Intermediate:
Riga/Koni/Grisha/
Mirka/Petya

Small:
Nanuchka, Tarantul 6 12 8 6
Poti, Pauk, Turya

T-58, Babochka, SO-1 27 31 18 =

41

N
-J

38

'
=]

Source: Ulrich-Joachim Schulz-Torge, “The Soviet Navy in 1985, Military Technology, Novem-
ber 1985, pp. 120-129.

aUnder construction.
Primary ASW ships.

Table A2-6
Approximate deployment of Soviet ASW aircraft

Northern Baltic Black Pacific
Fixed-wing aircraft:
Bear F (Tu-142)2 25 0 0 25
Mail, May
(Be-12, 11-38) 45 20 25 55
Helicopters:
Haze A, Helix A, Hormone A
(Mi-14, Ka-27, Ka-25) 75b 30 75 65

Sources: Defense Intelligence Agency Unclassified Communist Naval Order of Battle, November
1983; Combat Fleets of the World 1984/85, p. 689.
aThe distribution of 50 Bear F aircraft is an assumption.

bAnother source gives Soviet aircraft totals in the Northern Fleet as 30 Bear F, Mail, and May
fixed-wing aircraft, and a total of 100 helicopters. See Tomas Ries, “Defending the Far North,”
International Defense Review 17:7, 1984.
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remain on station for one-third of their total flight time, so the “combat radii”’
given here are one-third of the maximum range. There are no Soviet bases from
which the shore-based helicopters and Be-12 Mail Soviet ASW aircraft can
search a significant portion of NATO SSBN patrol areas. Even the I1-38 May,
which is similar to the P-3, lacks the range needed to reach the central North
Atlantic. Rather, these aircraft could be used for defensive ASW near Soviet
submarine bases, under the cover of Soviet tactical aircraft. The Mail and May
aircraft have also been used for reconnaissance.® The only aircraft that can
reach NATO SSBN patrol areas is the Bear F, and though construction is
continuing, ' there are few of these aircraft. The large, propeller-driven Bear F
is also relatively vulnerable to NATO tactical aircraft beyond the range of
Soviet land-based tactical aircraft.

On the other hand, NATO ASW aircraft are vulnerable to Soviet tactical
air forces. There are 19 all-weather airfields on the Kola peninsula with run-
ways that exceed 2,000 meters and that can receive most of the several types of
Soviet fighters from the Leningrad Military Districts Thirteenth Tactical Air
Army."" In the Pacific, there are airfields on the Kamchatka peninsula and
Kuril Islands.

The range of Soviet MIG-21 fighters with typical combat loads flying out
of Murmansk cover the Barents Sea to Spitzbergen and only the northern
Norwegian Sea, and MIG-23s reach to Southern Norway. NATO tactical
aircraft can control the central Norwegian Sea and the Greenland Sea from
Iceland, Norway, and aircraft carriers. Soviet ASW aircraft would operate in
these areas at great risk. NATO ASW aircraft operating from Britain, Iceland,
and Norway could search for submarines up to the edge of the ice in the
Greenland Sea while just entering the range of Soviet fighters. Without protec-
tion, they would be vulnerable in the central Norwegian Sea and northward.

US ASW Forces

As is shown in table A2-8, there are three main classes of US attack subma-
rines: 13 Permit class, 37 Sturgeon class, and about 40 Los Angeles class, which
are still being built. As of 1986, these three large classes are about 23,16, and 6
years old respectively. Between these main production runs there are smaller
classes and individual experimental ships that were built specifically to test
some new design. Attack submarines are homeported on the East Coast at
Charleston, South Carolina; Groton, Connecticut; Norfolk, Virginia; and Ports-
mouth, New Hampshire. On the West Coast, homeports are San Diego; Pearl
Harbor; Vallejo, California; Bangor, Washington; and Bremerton, Washington.
From these homeports, SSNs may rotate into assignments with the various
fleets as part of carrier task forces. Other assignments may include covert
intelligence operations in the western Pacific or the Barents Sea as part of the



US and Soviet ASW Forces + 167

\

Table A2-8

Active US nuclear attack submarines (mid-1985)

Class Years

Number Name Built Atlantic Pacific
575 Seawolf* 1955 0 1
578 Skate? 1957-58 0 3
585 Skipjack 1958-60 5 0
594 Permit 1961-66 5 8
597 Tullibee 1960 1 0
608 Ethan Allen 1960-62 1 1
637 Sturgeon 1967-75 23 14
671 Narwhal 1967 1 0
685 Lipscomb 1973 1 0
688 Los Angeles 1974~ 20 12
Total 57 39

Paihhns NSNS

\

Source: US Navy.

aThe Skate and Seawolf classes are no longer first-line vessels.

«Pinnacle” or “Bollard” programs,'2 or trailing Soviet submarines. US attack
submarines can be armed with Mk 48 ASW torpedoes, Harpoon antiship mis-
siles, and some with mines and SUBROC. An SSN normally has about 20
places for internal weapons, each of which can carry one of the large Mk 48
torpedoes, or 2 Harpoon antiship missiles, or 2 mines. The Los Angeles class
SSNs will also get vertical launch tubes for Tomahawk land attack and antiship
missiles. Most SSN's have bow spherical sonars as part of the BQQ-2 or newer
BQQ-5 system. Towed linear arrays, which significantly improve the passive
detection capability of submarines, are mounted in an external sleeve on the
hull of Sturgeon and Los Angeles SSNss, while older SSNs may get a towed
array attached externally at sea.

Unlike the Soviet Navy, the US Navy has no significant surface combatant
ships smaller than 1,500 tons, as is shown in table A2-9. Virtually all major
surface combatants, including frigates, are heavier than 3,000 tons and are open
ocean vessels designed for global operations. All of these ships have antiair and
antiship missiles. For sensors, these ships carry bow- or hull-mounted sonars
that are effective for moderate detection range in medium seas and at low
speeds. Tactical towed arrays (TACTASS) will be fitted to FFG-7, DD-963,
DDG-51, and CG-47 classes.!* The variable depth sonar (VDS) is a towed
“fish” containing a cylindrical array that can dive below the seasonal thermo-
cline layer and get into optimal listening layers. Towed linear arrays can do the
same, and they have a greater ability to pick up low-frequency submarine
sounds and are superior to VDS for long-range detection. However, towing any
kind of array behind a ship limits the movement of the ship, especially if the
array is to be stably oriented. Depending on the tactical situation this may or
may not be an important limitation. The British Royal Navy is in the process of
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Table A2-9
US surface combatants (active)
Years Stand. ASW Towed
Class Name Built Disp. A/C Array Atlantic Pacific
Aircraft Carriers:
CVN-68 Nimitz 1972-88 81,600 18¢ No 2 1
CVN-65 Enterprise 1960 75,700 18¢ No 0 1
CV-63 Kitty Hawk 1960-67 60,100 18¢ No 2 2
CV-59 Forrestal 1954-58 59,000 18¢ No 2 1
CV-41 Midway 1945-46 52,500 18¢ No 0 2
Total 6 7
Total with ASW Aircraft 6 7
Cruiserst:
CGN 38 Virginia 1974-78 10,0002 2 No 4 0
CGN 36 California 1971-72 9,561 No No 2 0
CGN 35 Truxtun 1964 8,200 LAMPS No 0 1
CGN 25 Bainbridge 1961 7,600 No No 0 1
CGN9  Long Beach 1959 14,200 No No 0 1
CG 47 Ticonderoga 1981- 9,6002 2 LAMPSd TACTASS 1+ 1+
CG 26 Belknap 1963-65 6,570 1 LAMPS No 4 5
CG 16 Leahy 1961-63 5,670 No No 3 6
Total 14 14
Total with ASW Aircraft 9+ 5+
Destroyerst:
DDG 993 Kidd 1979-80 8,5002 2 LAMPS TACTASS 2 2
DDG 37 Farragut 1958-60 5,709 No No 3 3
DDG2 Adams 1959-63 3,370 No No 11 12
DDG 31 Decatur 1955 4,1502 No No 0 1
DD 963  Spruance 1973-83 7,8102 2 LAMPSY TACTASS 16 15
DD 931  Shermanb 1955-58 2,800 No No 3 2
DD 931  (ASW Sherman) 1955-58 3,000 No VDS 6 2
Total 48 34
Total with ASW Aircraft 18 17
Frigatest:
FFG 7 Perry 1976- 3,6052 2 LAMPSd TACTASS 18+ 17+
FFG 1 Brooke 1963-66 3,4262 1 LAMPS No 3 3
FF 1052 Knox 1966-73 4,2002 I LAMPS VDS/TACTASS 20 22
FF 1040 Garcia 1963-65 3,403 1 LAMPS No 5 5
FF 1098 Glover 1965 3,4262 No VDS 1 0
FF 1037 Bronstein 1962 2,6502 No No 1 1
Total 48+ 48
Total with ASW Aircraft 46+ 47

Sources: Fane’s Fighting Ships 1984/85; Jean Labayle Couhat, Combar Fleets of the World 1984/85.
afull load displacement.

5The Navy counts only one Sherman class DD among the active fleet.

Battleships will carry four LAMPS I helicopters.

dLAMPS III will go on FFG 7, DD 963, and CG 47.

¢Typical carrier ASW aircraft are 10 S-3 and 8 SH-3, though more can be carried.

fSQS-26 or SQS-53 sonar and ASROC on all cruisers, destroyers, and frigates.
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removing VDS from some frigates because it is difficult to use and because
towed linear arrays are more effective.'

All US ships have some ASW capability, and most compare favorably to
the Soviet ASW ships. Frigates, of which there are about 100, are mostly
designed as ASW escorts. Destroyers, of which there are about 82, are primar-
ily escorts for carrier battle groups and as such have ASW defenses. Cruisers,
numbering 28, are also used in conjunction with carrier battle groups. Most of
these ships carry ASROC, which is a rocket-boosted torpedo (Mk 46) or kiloton
nuclear depth charge with a range of about 10 kilometers. It is used on 27
cruisers, 87 destroyers, and 65 frigates in the US Navy.'s These ships, like their
Soviet counterparts, have torpedo tubes that can launch antisubmarine torpe-
does directly. The Mk 46 is the standard lightweight torpedo of the US Navy.
It is carried by ships and aircraft and can attack either submarines or surface
ships. It has a maximum speed of 40 knots and a range of 11 kilometers, and
will have its sensor and guidance systems updated in a near-term improvement
program. The standard heavyweight submarine-launched torpedo is the Mk
48, which is not carried in aircraft. The Mk 48 has a maximum speed of 55
knots and a maximum range of about 38 kilometers (21 nm), although its most
effective range is around half that. It can be wire-guided from the launching
submarine, thereby making use of the powerful sonar systems on the submarine
to provide target information over the first part of its “flight.” The Mk 48 is
being updated under an advanced capabilities program.

Several ASW mines also deserve mention. The CAPTOR mine is an Mk
46 torpedo in a capsule which has a mechanism that triggers the torpedo launch
when a submarine approaches. It can be sown in deep water by submarines,
various surface ships, ASW aircraft, and B-52 bombers. By mid-1984, 2,116
had been produced, and the production rate was about 300 per year.!® Produc-
tion was curtailed after the fiscal year 1985 buy, because the Navy said that it
could no longer afford them,'” although the total procurement fell short of the
Navy’s original minimum requirement of 4,109 and does not meet the min-
imum requirement for the Greenland-Iceland-United Kingdom gap of 2,235."%

Also entering the US mine inventory is the submarine-launched mobile
mine (SLMM), which is a modified Mk 37 torpedo that swims out from a
submarine torpedo tube and places a mine in waters inaccessible to other
minelaying craft. This would be a potent weapon near Soviet home waters.
However, as of 1985, no SLMMs had been deployed because of technical
difficulties encountered by the small firm that is building them. The Navy
originally planned to have about 900 by the early 1990s.'°

ASW aircraft with sonobuoys, depth charges, and torpedoes can localize a
long-range detection in the vectored intercept mode. Helicopters on their own
would not be able to search large areas quickly and would be most effective in
groups where at least one ship or submarine would have a towed array. As
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table A2-9 shows, nearly all US frigates have ASW helicopters, and most of
these also have either VDS or TACTASS. In the destroyer and cruiser classes,
only the newest classes have helicopters. Helicopter operations are not unlim-
ited, however, and high wind accompanied by large waves can prevent them
from flying. Statistical analysis of meteorological conditions averaged over the
year in the seas north of Iceland indicate that US frigates are capable of
operating their ASW aircraft and sensors only 2-3 days out of ten.20

The primary land- and sea-based US ASW aircraft are shown in table
A2-6. The Orion P-3C, the most recent version of the P-3 airframe, is consid-
ered the best ASW aircraft in the world. With its very long range and large
payload, it can track submarines far from the airplane’s base. P-3Cs are based
in the United States at two East Coast and two West Coast bases. From these
bases, squadrons of 12 flight crews and 9 aircraft rotate out to overseas US
bases periodically. In addition to the US bases overseas, eight other countries
operate versions of the P-3, and others operate similar aircraft, and in emergen-
cies they could service US P-3s.

The P-3 is large enough to contain weapons, sonobuoys, and complete
ASW processors for detection and classification. Ten people operate the air-
craft and equipment, which makes up a complete and self-contained ASW
system; it has been updated three times. The Update III, completed in January
1982, added the PROTEUS signal-processing system. This airborne acoustic
system, the most advanced in existence, will improve the P-3Cs’ ability to
detect and track quieter Soviet submarines.2! Update II added the Harpoon
missile to the P-3C, giving these aircraft the ability to attack surface ships at
long ranges, and making the P-3C a significant threat to Soviet surface ships in
the Norwegian Sea.

The US operates 18 active squadrons of P-3Cs and 6 active squadrons of
older P-3Bs. As new P-3Cs are produced at a rate of about 6 per year, the older
P-3Bs will rotate out to the 13 reserve squadrons until the US has an all P-3C
fleet by about 1990.22

The smaller carrier-based S-3 Viking and SH-3H Sea King, and the ship-
based SH-2F light airborne multipurpose system (LAMPS) Mk I and SH-60B
LAMPS Mk III cannot carry the sophisticated processing and large numbers
of sonobuoys that the P-3C Orion can carry. The SH-3H Sea King is primarily
used for inner zone defense within 30 miles of the carrier where its active
dipping sonar, along with MAD, is considered better than sonobuoys for
detecting submarines due to the high-level low-frequency ship noise there. The
SH-2F LAMPS I and SH-60B LAMPS III helicopters are used for detecting
submarines farther from the carrier group,?* and therefore need sophisticated
passive as well as active signal processing. The LAMPS system puts much of
the heavy processing equipment on the ship, and the helicopter transmits the
raw data from sonobuoys via radio to the ship and receives the results. If radio
transmission is being jammed, however, the helicopter’s acoustic detection
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capability is considerably reduced. Also, when the SH-2F LAMPS Mk I heli-
copter is over the horizon and near the surface using MAD, radio transmission 1s
interrupted.?* The SH-2F LAMPS Mk I will not be completely replaced by
the newer SH-60B LAMPS Mk III because the latter is too large and heavy to
land on some of the LAMPS Mk I frigates, namely the Brooke (FFG-1), Knox
(FF-1052), and Garcia (FF-1040) classes. The SH-2F LAMPS Mk I is still
being produced.?’

Sonar Systems

Surface ship sonars are primarily defensive systems, providing detection and
fire control information about attacking submarines and torpedoes. The sonar
transducers are mounted in the hull or keel, near the middle of the ship in older
classes, and in a large underwater bulb in the bow of newer ships. The bow-
mounted sonars are considerably heavier than hull-mounted types but have the
advantage of being far from the ship’s own engine noise, which can drown out
the weak submarine sounds. Many bow-mounted sonars can operate in an
active or a passive mode, and feed range and bearing information directly to the
fire control systems of torpedoes and other ASW weapons. Those sonars can
also provide underwater acoustic links to submarines. When many ships oper-
ate in groups, passive sonar is incapacitated by the strong low-frequency
sounds of the nearby ships, and active sonar is the only detection mode that can
be used. Active ship sonar was used extensively by the British in the Falkland
islands war, but the only result seems to have been the destruction of a large
number of marine mammals that happened to reflect the sonar pulses as would
a submarine.

Helicopter dunking sonar is intended for use in the midst of a fast (30
knots) carrier battle group (CVBG) where again the ambient ship’s noise effec-
tively masks any submarine sounds and hampers the use of passive sonar.
Dunking sonar has the advantages of mobility and of being isolated from direct
contact from heavy engine machinery. The aircraft carriers in CVBGs carry
SH-3H helicopters with dunking sonar and sonobuoys, while helicopters on
escort destroyers and frigates, which provide a defensive ASW screen around
the carrier, launch the LAMPS helicopters in the Mk LAMPS I version (a
Kaman SH-2F) and Mk LAMPS I1I version (a Sikorsky SH-60B), neither
with dunking sonar.2

Sonobuoys are dropped from helicopters or aircraft traveling at up to
several hundred knots and up to 10,000 or 20,000 feet. They are about three feet
long and are fitted with a small drogue parachute or a rotary parachute to slow
their descent. When they hit the water, they drop a weighted cable, which is
attached to one or more hydrophones. A buoyant radio transmitter bobs at the
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surface and transmits the acoustic signals to the aircraft on one of several
preselected channels. The more channels that are available, the more sono-
buoys can be monitored, with some US versions allowing 99 channels for
communication. The simplest sonobuoy in use is the SSQ-41B omnidirectional
passive buoy, which simply picks up sounds in all directions and transmits that
signal to the aircraft. A pattern of these buoys can be laid by an aircraft and can
detect the presence of a submarine but cannot yield much information about its
location. If, however, an explosive sound source is dropped in the water, several
widely spaced SSQ-41Bs can be used to localize the submarine by measuring
the difference in arrival times of the echo off the submarine. More complex are
the SSQ-53 and SSQ-53A directional passive sonobuoys, which can obtain an
independent bearing on a submarine. This means that only two sonobuoys are
necessary to localize the submarine by simply intersecting two lines of bearing.
Active sonobuoys function like active sonars, and the sophisticated SSQ-62
DICASS system (Directional Command Activated Sonobuoy System), which
Is just entering service, can localize a submarine with a single buoy on com-
mand from the aircraft. Hundreds of thousands of sonobuoys are needed to
support ASW operations. 27

Sonobuoys dropped from LAMPS helicopters are used to localize subma-
rines that are trying to approach an aircraft carrier. In this mode, the helicop-
ters are sent to the general vicinity of the intruder using initial detection
information gathered by a towed array sonar. Sonobuoys can also be used to
make the initial detection, and sometimes land-based P-3 or carrier-based S-3
aircraft fly ahead of CVBGs to drop a screen of sonobuoys, but due to the cost,
short range, and limited supply of sonobuoys, initial detection is usually left to
the ship’s towed array systems.

The towed array suffers from the fact that it can only determine the angle
to the target relative to the array, but there is an ambiguity as to on which side
of the array the target is located. However, several towed array fixes can solve
the ambiguity and provide sufficient information to send out LAMPS heli-
copters.

In contrast to the variety of radars and direction-finding sensors on surface
ships, sonars are virtually the only sensors available on submarines besides the
periscope, and great importance is given to the submarine sonar suite. Hull-
mounted sonars are much more effective on submarines than they are on
surface ships because of the lower hull vibration noise, remoteness from the
noisy ocean surface, and the position of the submarine itself at optimal listening
depths. US SSNs and SSBNs have a bow spherical sonar, a hull-mounted
conformal sonar, and many have towed arrays. Attack submarines carry active
as well as passive sonar, while SSBN's carry only passive sonar for defense and
evasion. Another type of sonar found only on submarines is the passive range-
finding sonar. This system is designed to estimate the range to a target with a
single fix, rather than by using several lines of bearing obtained from different
points in space.
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In a class by themselves are the surveillance sonars: the principal US
systems are SOSUS, SURTASS, and RDSS. The SOSUS (Sound Surveillance
System) is the well-known fixed passive system that actually comprises several
main subsystems, one off each coast of the United States, one in the Greenland-
Iceland-United Kingdom gap, and others possibly off the Aleutians, Japan,
and Norway. These systems arc probably long line arrays, partly buried to
prevent disruption by dragging anchors. They may be maintained by the US
miniature nuclear submarine NR-1.2% SURTASS (Surveillance Towed Array
Systems) is a long line array towed at speeds of around 3 knots behind specially
designed T-AGOS ships, which would be run by civilians. SURTASS is
expected to provide coverage where SOSUS is unavailable, though in wartime
both SOSUS and (to a lesser extent) SURTASS would be vulnerable. The
rapidly deployable surveillance system (RDSS) is essentially a long-life, sophis-
ticated, air-dropped sonobuoy that could provide surveillance in areas not
covered by SOSUS or SURTASS.

Each RDSS buoy would moor itself, release hydrophone data in short bursts
to an aircraft (as it is currently configured) or possibly to a satellite, and could
provide lines of bearing on all submarines within a short radius. These could be
rapidly dropped by aircraft like P-3s, S-3s, or even B-52s. The RDSS is based
on the moored surveillance system (MSS), which was introduced in 1969 and
has been in development since 1976 or 1977, when the Navy suddenly halted
the MSS program and expanded the concept to the RDSS.? The Navy
announced that it was stopping the RDSS program on 26 December 1984
because it “would not be cost effective by the time it became operational” in
the early 1990s.3 The RDSS was to have the ability to determine the direction
to a sound from a single buoy using any one of a string of directional hydro-
phones. The amount of data generated by these sensors would require some
processing in the buoy.3! These buoys would be expected to have a relatively
short range, particularly against the quiet Victor 11T and subsequent classes. A
fundamental limitation to RDSS is that the small size of its array precludes
efficient reception of low-frequency sounds from quiet submarines. In spite of
this, the Navy announced in 1985 that it would revive the program.>?

The Defense Advanced Research Projects Agency (DARPA) conducts
research on Naval Tactical Technology as part of its program. The emphasis of
DARPA’s work in naval warfare has been and continues to be surveillance of
the Soviet submarine forces.>* To this end, DARPA has been examining
methods of making fixed seabed distributed acoustic surveillance systems
beyond SOSUS. At the core of the technology is the use of fiber optics to build
inexpensive hydrophones and cables so that hundreds of short-range hydro-
phones could be laid on the ocean floor in areas where surveillance is particu-
larly desired. This seabed distributed system avoids some of the inherent
problems of long-range surveillance with long arrays by shortening the distance
between the sensor and the target rather than by attempting to overcome the
background ocean noise and the quietness of the target.
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SSBN Attrition

Attempts to model the dynamics of strategic antisubmarine warfare at the level
of a campaign must account for two processes: the search for SSBNs, and the
likely outcome between individual engagements between SSBNs and the forces
attacking them. The search process governs the time over which a campaign
might take place, assuming that most of the time spent in ASW operations is in
looking for the elusive SSBNs, while the actual battle may be relatively short.
The outcome of the individual battles is determined by a large number of
factors, such as quietness of the SSBN, quietness of the attacker, weapon range,
weapon reliability, firing rate, presence of an ice cover, ocean conditions, and
others. This level of modeling is very complex and relies on a great deal of
tactical data that is either unknown or is classified. In this section and in
chapter 2, some analyses are presented that reveal the basic character of stra-
tegic ASW campaigns, particularly US ASW campaigns against Soviet SSBNss.
The first analysis, presented in this section, makes the simplifying assumption
that all ASW forces search for SSBN's unopposed in order to examine some of
the time scales involved in ASW “seek and destroy” campaigns. The analysis of
trailing operations, which is fundamentally different from the search and de-
stroy campaigns described here, is given in chapter 2.

Given the deployment of ASW forces and SSBNS, and some assumptions
regarding detection range, one can calculate the time required for an ASW
force to search completely an SSBN patrol area for the targets there. In order to
make such a calculation without expending a huge amount of effort in modeling
defenses against ASW forces, uncertainties due to the environment, sensors,
weapons, and SSBN evasive tactics, the problem must be simplified to the
point of being unrealistic. The benefit of such a calculation, however, is that it
identifies the time scale that would govern the ideal search (ideal from the ASW
point of view). One can then discuss, in a qualitative manner, the impact of
more realistic assumptions on the search time.

In the idealized situation, current ASW forces in the Atlantic or Pacific
mobilize simultaneously and search the opponent’s SSBN patrol area com-
pletely unopposed. Each type of platform is assumed to have a constant detec-
tion range against the SSBN target and travels at a constant speed without
overlapping any of the area previously covered by itself or by other ASW
platforms. In the simplest case, the targets are assumed to be stationary.

The search rate in square nautical miles per hour for a given vessel is the
product of its speed and twice its detection range. Detection range is defined in
its simplest form as the range within which a target is detected with complete
certainty, and beyond which a target cannot be detected. As appendix 7 shows,
however, detection range is actually a probabilistic concept. The search rates
for each vessel can be added to obtain the fleetwide search rate. This rate can
then be applied to the SSBN patrol areas to obtain the time required to
search—and by assumption to detect—all SSBNs in the area.
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The detection ranges used in this analysis are of the order of magnitude, of
10 nautical miles. Surface ships and submarines with modern, low-frequency
hulls or towed sonars were assigned ranges of about 30 nm. Vessels with
medium-frequency sonars were assigned 10 nm ranges.”* The Soviet Kiev class
was assigned a 50 nm range, which is the range at which the Soviet ASW
helicopters can spend 80 percent of their flying time on station. Moskva class
ships are assigned a 40-mile detection range. These detection ranges, applied to
US Ohio class SSBNs, are extremely overestimated, since the passive detection
range against the Ohio class is on the order of a few miles or less.

US ASW assets are divided into carrier battle groups with detection ranges
of 150 nm, or a total search width of 300 nm. These are the distances typically
covered by a battle group,* and the assumption is that the SH-3H and S-3
carrier-based ASW aircraft, and the SH-2F and SH-60B helicopters, together
with towed arrays detect all targets in the area. Ship and submarine search
speeds are assumed to be 20 knots, which is high by at least a factor of two,
since at such speeds, sensors are surrounded with too much noise to be of use.

Aircraft search areas are assumed to be equal to the product of the number
of sonobuoys and the sonobuoy detection range—assumed to be 5 nm.>* The
average speed of advance of the ASW aircraft is taken to be 100 knots, about
half the patrol speed. One way to visualize the aircraft search is to assume that a
line of directional sonobuoys are dropped at a spacing of 5 miles, so that any
two adjacent sonobuoys can localize a target. The aircraft drops the buoys at a
speed of 200 knots and overflies them once, so the average speed is 100 knots.
The United States has about 240 P-3 aircraft in active squadrons, and these are
assumed to be divided evenly between the Atlantic and Pacific. Aircraft can
also use MAD detection for open area search, but the area covered by a 1 nm
sweep width in 4 hours (1/3 of total flight time) at 180 knots is much less than
the area covered by sonobuoys given the assumptions.

The numbers of ASW forces in the search are based on a surge of 75
percent of major ASW ships, submarines, and long-range aircraft. Ships
counted as primary ASW ships are those having low-frequency sonars and
stand-off weapons to match the sonar range and those having helicopters. All
modern SSN's and SSGNss are included.’ Surface ships included in the Soviet
Atlantic ASW force (including some from the Black Sea Fleet) are 2 Kiev, 2
Moskva, 2 Kirov, 2 Kara, 6 Kresta 11, 2 Udaloy, 15 Krivak, and 3 Modified
Kashin. In the surged Pacific Fleet are 1 Kiev, 2 Kara, 2 Kresta I1, 1 Modified
Kashin, and 8 Krivak. The only Soviet ASW aircraft able to cover US SSBN
patrol areas are the Bear F, of which 19 are assumed available in the Atlantic
and the same number in the Pacific.”®

The Soviet Navy must search for US missile submarines in major portions
of the North Atlantic and North Pacific oceans. The area of the North Atlantic
that is within range of Moscow is 4 million square nautical miles. If all Soviet
ships and submarines are used in this area, on the order of 60 hours is required.
If only ships are used, the search time is over 200 hours, whereas if only
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submarines are used, the search time is about 100 hours. This emphasizes the
point that submarines would provide the bulk of Soviet long-range ASW capa-
bility. ASW aircraft search time is measured by the number of search/reload
cycles the entire fleet must make in order to cover the entire area. In the
Atlantic, on the order of 100 cycles must be made by Soviet ASW Bear F
aircraft.

In the Pacific, between Alaska, Hawaii, and the Soviet Union, the Soviet
surface fleet would require over 500 hours for a search, and the nuclear subma-
rines alone could search that area in about 200 hours. Together, these two
forces could search that area in approximately 150 hours. Aircraft would
require many hundreds of cycles.

The time scales for US search of Soviet SSBN patrol areas is relatively
short due to the limited size of those areas and the number of modern US
frigates and SSNs with low-frequency sonar systems of high quality. The sizes
of primary Soviet SSBN patrol areas are as follows: Arctic 1,000,000 nm?2,
Barents/Kara seas 394,000 nm?, Norwegian/Greenland seas 650,000 nm?, Sea
of Okhotsk 452,000 nm2. The time required by US carrier battle groups and
frigates to search the Barents/Kara seas is on the order of 5 hours. Attack
submarines alone require 8 hours. About 20 hours is required by the SSNs to
search the Arctic Ocean, where of course surface ships cannot penetrate. The
Sea of Okhotsk can be searched by the US Pacific attack submarine fleet in
about 14 hours. US patrol aircraft would require a few cycles to search the Sea
of Okhotsk and the Barents Sea. It is important to remember that these prelim-
inary results are based on unrealistically long detection ranges and on total
cooperation by the Soviet Navy.

Before discussing these results, it is helpful to introduce a basic idea from
the theory of random search to illustrate how search time might increase if the
targets move randomly. The search described above is exhaustive in the sense
that as soon as the entire area is swept exactly once, all the targets are detected.
This is because in the assumptions the targets do not move, so that each section
that is swept can be ignored in further searching and there need be no overlap.
As a probabilistic process, the exhaustive search is characterized by a linear
increase over time in the probability of detecting all targets in the area. When
the entire area is swept, the probability reaches unity. However, no realistic
search process would have this characteristic.

If the targets move randomly, they may move into areas previously
searched, which means that covering the entire area once does not guarantee that
all targets are detected, and the searchers are forced to overlap. Another way to
visualize this process is to see the targets as stationary, but with the searchers
lacking memory of where they previously searched, and therefore overlapping
randomly. The assumptions of a random search lead to the result that the
probability of detecting all the targets in an area increases as unity minus a
negative exponential, approaching unity asymptotically. The “time constant” of
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this function is the exhaustive search time, which has aleady been calculated.
According to the random search model, the time required to achieve a probabil-
ity of 0.95 of detecting all randomly moving targets is three times the exhaus-
tive search time. Therefore, to account for random target motion, multiply the
search times calculated above by three.

Given no prior information about the location of US SSBNs, the time
required by Soviet forces t0 search their patrol areas is on the order of weeks,
even under the extremely favorable conditions of long detection range, no SSBN
evasion, and no interference from other US forces. Aircraft provide an insignifi-
cant fraction of the total ASW search capability. Under more realistic conditions
it is doubtful that many Soviet surface ships could even enter the North Atlantic.
Submarines would have a better chance but would suffer heavy attrition.

The time required for US forces to search Soviet SSBN deployment areas 1
much shorter, on the order of a day or a few days, assuming no opposition and
long detection ranges. However, the level of opposition that the Soviet Navy
could mount against such a search is intense, due to the proximity of Soviet
SSBN patrol areas to major fleet concentrations. While aircraft can provide a
significant fraction of the search capability under these highly idealized condi-
tions, they would in fact be extremely vulnerable to Soviet tactical aircraft, as
would US surface ships. In addition to human interference, the ocean itself
would limit the ASW operations of surface ships. Frigates in particular are
vulnerable and may be capable of conducting helicopter operations 20-30 per-
cent of the time in northern latitudes, and even carrier-based aircraft have been
“grounded” due to high winds.

The only threat that can have a major impact is that of the US attack
submarines, which can penetrate the Soviet bastions and travel under the ice.
However, in the presence of Soviet defenses, US SSNs in the bastions would
themselves be subject to attrition, and with a sufficient density of defenses
(including minefields) the attrition rate of US SSNs could be very high.

The impact of a decoy/ minefield scheme on a strategic ASW search cam-
paign can be illustrated by a simple example. Suppose that in a crisis involving
the movement of US attack submarines to sea, the Soviet Navy decides to begin
dispersing SSBNs and setting decoys and mines. One configuration would be a
recording of an SSBN, broadcast from a submerged buoy. Surrounding the buoy
at a range similar to the maximum effective range of a Mk 48 torpedo, say 10
miles, a series of mines could be setalong a 60-mile circular perimeter. The mines
might be set in clusters around the perimeter, with a mile-wide cluster every 10
miles. If the probability of destroying a submarine in the mine clusters is very
high, then the probability of destroying a submarine that crossed the perimeter is
0.1. This assumes that the submarine is equally likely to cross the perimeter at
any angle and thatit exits the same way it entered. Itis assumed that if the attack
submarine successfully enters the mined perimeter then it can determine that the
decoy is indeed a false target.
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Consider a single US attack submarine searching for a single, undefended
Soviet SSBN in a large area. When the two vessels engage, the expected out-
come is given by the assumed kill probability. Assuming no mutual kills, the
probability that the SSBN is destroyed is 0.75 and the probability that the SSN
is destroyed is 0.25. In other words, the US-favorable exchange ratio is assumed
to be 3:1, which is probably an overestimate against modern quiet Soviet
SSBNs.

If the exchange ratio is used as a measure of the likely outcome of this
one-on-one “‘campaign,” then the impact of mines and decoys must be calcu-
lated. In the case of no decoy/minefields, the exchange ratio is simply 3:1. In
the case of one decoy/minefield, if it is assumed that the SSN is as likely to
encounter a decoy as an SSBN, the probability of the SSN encountering either
the SSBN or the decoy is 0.5. Calculating the probabilities of the various
outcomes, the probability that the US attack submarine is destroyed either by
the SSBN or by the minefield is 0.288, which means that the exchange ratio
drops to0 2.5:1. In the case of four decoy/minefields, the exchange ratio for the
ASW “campaign” reduces to 1.6:1. In terms of cost-effectiveness, this means
that for every SSBN, if the Soviet Navy invests in four decoys and associated
mines, the United States must invest in another attack submarine in order to
achieve the same outcome.

No mention has been made of the time required for the SSN to execute
such a search, but the presence of decoys that must be localized, approached,
and possibly attacked clearly increases the search time. The impact of increas-
ing the search time may not be important if the time required to search in the
absence of decoys is already long. In cases where the search time is expected to
be relatively short, however, the additional time required to track down decoys
may give SSBN defense forces time to mobilize.
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Nonacoustic Means of
Submarine Detection

eans of detecting submarines that do not involve underwater sound

(that is, sonar) are called nonacoustic detection measures. Cur-

rently, nonacoustic techniques are limited in long-range detection
capability and are primarily used for short-range localization, though both the
the United States and the USSR have been devoting considerable efforts to
research in nonacoustic technologies that might be used to detect submerged
submarines at long distances.!

Unofficial stories abound regarding the US Navy’s interest in exotic means
of detecting submarines, such as flights over the ocean with Ouija board ““oper-
ators,” and investigations of dowsers who claim the ability to find submarines
on ocean charts. Whatever their accuracy, such stories are plausible, for the
enormous military benefit that would accrue in terms of ASW capability com-
pensates for the low probability of success. Moreover, the perceived cost of a
sudden Soviet breakthrough in the ability to detect US submarines helps drive
the search for new detection methods.

Observable Submarine Disturbances

Any disturbance of the physical environment caused by a submarine suggests
the possibility of remote detection. The disturbance must be measurable at a
distance and must also be discriminated from the background of similar natu-
rally occurring disturbances. Such an anomaly is frequently called an observ-
able. To be useful, a detection system must perform both of these functions—
detection and discrimination—to some degree of confidence.

The objective of this appendix is to describe the physical nature of the
more prominently discussed nonacoustic submarine observables in terms of
detection and discrimination. The structure of this discussion will attempt to
follow roughly the logic of the system designer and will begin with the signal
strength at the submarine, the transmission characteristics of the signal, the
noise and false targets that must be discriminated against, and the sensors that
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can perform the tasks. Included are some assessments from the literature, most
of which have been drawn together in a recent study by Daniel,2 and a sum-
mary of the prospects and problems with these detection means.

The signal strength at the submarine must be defined rather broadly to
include the various observables, but in general it is some measure of the degree
of modification of the local environment. A related factor is the persistence of
the modification. An observable that is associated only with the vessel itself
presents a different detection problem from one that persists and trails behind
the submarine at some distance that is large compared with the length of the
submarine. A persistent observable increases the size of the target and yields
information on the history of its movement. In addition to the source strength,
the signal transmission or propagation loss characteristics are a major system
variable. The medium of propagation is of course the sea, or the sea and air
together. The atmosphere is transparent to many kinds of electromagnetic
radiation, while the sea is opaque. On the other hand, the sea is a much more
efficent medium for transmitting sound.

Noise and false targets are closely related and can be described generally as
phenomena similar to the submarine observable, but which are caused by
processes other than submarine activities. The phenomenon may be widely
distributed geographically and may form an overall background against which
the submarine observable must be detected, in which case it is usually referred
to as noise. On the other hand, the phenomenon may be spatially discrete and
as such present potential false targets. Noise and false targets can be associated
with natural processes in the environment as well as with deliberate human
attempts to generate them. The main questions are how strong the noise and
false targets are in relation to the strength of the submarine observables, how
closely they imitate the particular spatial and temporal pattern of the subma-
rine’s signal, and in the case of human attempts to create noise and false targets,
how difficult it is to build and power such systems.

There is an important distinction to be made between detection of a small
signal against background noise at a particular point and the detection of a
pattern of disturbance against background noise.

In the former case, “detection” means that the measured signal rises above
the background to a preset threshold. This method takes no account of the
spatial coherence of submarine observables. The detection of a pattern involves
correlating prior information about the general shape of the submarine-generated
pattern with observed patterns in the ocean. The same observable might be
more detectable using the additional pattern information.

The analysis contained here takes no account of the pattern of a submarine
observable. Because of this, the analysis tends to underestimate the detectabil-
ity of an observable that exhibits a predictable pattern. It is not clear how much
more detectable the observable might be using a pattern-recognizing scheme.
That would depend on the coherence of the pattern, the coherence of patterns
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generated by natural phenomena, knowledge of the patterns, and the ability to
make the enormous number of calculations necessary to correlate assumed
patterns with observed ones.

A partial list of non-acoustic submarine observables is:

Direct electromagnetic effects: galvanic currents from hull, magnetic
anomaly

Biological disturbances: bioluminescence, fish and mammal behavior
Ocean surface effects: surface waves

Internal waves: electromagnetic signals generated by internal waves, modu-
lation of surface waves

Temperature: reactor heat, disruption of the thermocline
Optical reflectivity or absorption: laser reflection or absorption
Wakes: effect of turbulent wakes on the surface, direct detection of wake

Chemical and radioactive effects: paint, corrosion, chemical effluents, radio-
active elements

The following is a brief description of some of the more frequently dis-
cussed means of nonacoustic detection.’?

Local Changes in the Earth’s Magnetic Field. As a large piece of ferrous
metal, the steel-hulled submarine causes a local disturbance in the earth’s
magnetic field. This disturbance or anomaly can be detected with a device that
measures the local magnetic field. Magnetic anomaly detection (MAD) is used
on US and Soviet aircraft to verify acoustic detection and localize the position
of the target submarine. If a nonmagnetic hull material is used, the magnetic
signature decreases but is not eliminated, since the submarine contains some
ferrous parts, and the nonmagnetic shell does not shield the magnetic effects of
this internal material.

Bioluminescent Detection. The sea contains bioluminescent organisms of
many kinds, the most relevant to detection being dinoflagellates. These organ-
isms can generate light when they are physically stimulated in the boundary
layer of a submarine or in its wake. This phenomenon has been studied as a
method for detecting submarines from the air or space.

Submarine-generated Waves on the Surface of the Ocean. Moving
submarines at high speeds and shallow depths generate surface waves behind
them. At reasonable depths and speeds, however, submarine-generated surface
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waves are negligibly small. The presence of wind-generated surface waves
masks the minute submarine waves.

Submarine-generated Internal Waves. Internal waves are oscillations of
the thermocline that can be caused by a solid body moving in the ocean.
Internal waves in turn cause water motion at the surface that is not directly
observable but that can influence preexisting wind-generated ripples and waves
on the surface. These changes in the surface can in principle be detected by
radar. The ocean always contains internal waves that are generated by storms,
currents, tides, whales, surface ships, and submarines. Internal waves and
wakes may also change the emissivity of the surface, which can be detected by
passive microwave radiometry.

Submarine-related Changes in the Sea Surface Temperature. Subma-
rine nuclear reactors generate an enormous amount of heat, which ultimately
must be rejected into the surrounding seawater. Water has a very high capacity
to absorb heat with a small change in temperature, however, and a moving
submarine raises the water temperature by a very small amount.

A moving submarine may also change the temperature of the sea surface by
mixing lower cooler water with upper water, thereby leaving a trail of cool
surface water that could be detected with infrared (heat) sensors.

Laser Detection. The sea is relatively transparent to blue-green light. A burst
of blue-green laser light could penetrate the sea, reflect off an object, and return
to the sensor. The round-trip travel time of the laser burst indicates the depth
of the object, but cannot discriminate, for example, between a large whale and a
submarine. On the other hand, a black submarine may not reflect as much light
as the ocean would backscatter, and the system may attempt to detect the lack
of returned light. Lasers might also be used to detect changes in the internal
scattering in the ocean caused by a submarine.

This consideration of nonacoustic detection methods is by no means com-
plete, but it describes those methods that are most frequently discussed. Table
A3-1 summarizes the nonacoustic effects that may be used for ASW detection.

Magnetic Anomaly Detection

Magnetic anomaly detection (MAD) devices are used to detect changes in the
background magnetic induction that are associated with submarines. Terres-
trial magnetism usually varies slowly over distance, but when a submarine is
present, the field changes rapidly and may be detected by a low flying aircraft
carrying MAD equipment.



Table A3-1

Some nonacoustic methods of submarine detection
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Physical Quantity Submarine

Measured Effect Sensor
Magnetic field Perturbation of Magnetic anomaly
strength earth’s magnetic field detector

Emitted light level

Sea surface
elevation

Sea surface
roughness

and of local fixed
anomalies

Excitation of
light-emitting
organisms

Surface waves gener-
ated by moving sub-
marine

Internal waves, which
modulate sea surface
roughness

Blue-green light
Sensors

Synthetic aperture
radar

Radar, or passive
microwave radi-
ometry

Sea surface Temperature anomaly Infrared

temperature due to upwelling and radiometry
mixing of deep water

Reflection or Direct reflection off Blue-green laser

absorption of (or absorption by) (lidar)

laser, backscattering submarine, backscat-
ter from internal

waves

Submarines contain a large amount of metal that becomes magnetized in
the course of normal operations. The permanent magnetic field associated with
the submarine remains until active measures are used to demagnetize it. The
earth’s magnetism induces a transient magnetic field that depends on the spa-
tial orientation of the submarine. The total magnetic field of the submarine is
the vector sum of the permanent and induced magnetic fields.

The strength of the magnetic field at a distance from the submarine is
inversely proportional to the third power of distance. The shape of the earth’s
magnetic field lines are distorted by the submarine according to how far away it
is. A MAD-equipped aircraft flying horizontally through such a submarine-
distorted field would detect a sharp change in the magnetic induction if it
passed directly over the submarine.

The earth has a strong and very complex magnetic field that varies with time
and location. Typical values of the earth’s magnetic induction at the surface are
between 25,000 and 50,000 gammas. On a small scale the earth’s magnetic field is
very irregular, and small natural magnetic anomalies associated with ore deposits
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may be indistinguishable from submarines to MAD equipment. When search-
ing areas in which there is a high level of geologic noise, MAD operators must
set their receivers at a low sensitivity. According to a Navy study, “At these . . .
settings it will be difficult, if not impossible, to see a small submarine anom-
aly.””* “Parts of the Norwegian Sea,” and “‘the seas around Iceland” are areas
where geologic noise may interfere with MAD operations.>

The earth’s magnetic field varies temporally as well as spatially. Solar
storms send charged particles into space that modify the natural field. In peak
years of the 12-year solar storm cycle, there are intense magnetic storms about
15 percent of the time. In quiet years, intense storm activity occurs only 3
percent of the time. Figure A3-1 shows a typical MAD signal during a moder-
ate magnetic storm obtained from a stationary MAD device. For comparison,
the box in the lower left-hand corner shows a typical signal for an aircraft
passing over a submarine. The difficulties in discerning a submarine signal
from the noise produced by even a moderate storm are evident. It is seldom
that environmental magnet noise will produce a targetlike signal; rather, its
effect is to mask signals, thereby reducing the effective range of the MAD
equipment.® The intensity of this noise increases as one approaches the north
magnetic pole.” In practical terms, ‘‘that means that during the same magnetic
storm, aircraft flying out of Puerto Rico might see very little effect, and those
flying out of Iceland would be wondering what happened to their equipment.”

The United States currently deploys two types of MAD equipment on its
ASW aircraft, the ASQ-10A and the more recent ASQ-81. The sensitivity of
the ASQ-10A is 0.2 gammas, and the sensitivity of the ASQ-81 is 0.05 gam-
mas.? This fourfold increase in sensitivity yields only a 59 percent increase in
detection range. These systems can detect the submarine magnetic field at a
maximum range of a few thousand feet.!?

At a range of 100 miles, the magnetic signal level from a submarine is seven
orders of magnitude lower than the minimum signal that can be detected by the
ASQ-81. It would be virtually impossible to identify such a small signal in the
presence of noise from geologic anomalies and magnetic storms.

A more basic limitation to long-range magnetic surveillance is that a mag-
netic antenna would be impossible to build. Unlike sound or light, the magnetic
field is not a propagating wave phenomenon. This means that it is not possible
to form a passive directional beam of sensitivity, and all magnetic fields and
disturbances affect the measurement of the magnetic field at a point. An
extremely sensitive magnetic induction sensor that could sense the minuscule
magnetic field change caused by a submarine at 100 miles would also be sensing
every other minute variation in the magnetic field originating from every direc-
tion. Without directionality, such a sensor would be overcome by magnetic
noise.

Area magnetic surveillance is technically feasible with a distributed system
of many MAD systems. The most suitable mission would be as a barrier against
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intruding submarines. For example, the polar ice pack north of the Barents Sea
is an area in which a magnetic sensing barrier could be placed using available
technology. MAD sensors placed on the ice could detect submarines passing
below. Thus distributed, MAD systems might prove useful to the Soviet Navy
in its efforts to defend its SSBNs.

Even if some highly sensitive MAD system were widely distributed in the
ocean, simple countermeasures could render it virtually useless. Small dummy
submarines could carry coils that reproduce the magnetic signature of a much
larger submarine. Military submarines themselves could carry coils that neu-
tralize their own magnetic field by imposing an equal and opposite magnetic
field from the coil.

Detection of Submarine-induced
Bioluminescence

The primary sources of ocean bioluminescence are certain species of the plank-
ton dinoflagellates.!' The mechanical stimulus of a moving submarine hull and
its turbulent wake will elicit luminescence from organisms disturbed or killed.
The power and persistence of this light is a function of the population density,
species, environmental conditions and submarine speed.

Luminescence is expected to be the strongest in the turbulent regions
associated with a submarine—that is, the hull boundary layer and the wake.
The thickness of the turbulent boundary surrounding the hull is small relative
to the diameter of the hull and increases very slowly with speed. The Reynolds
number, which is a measure of the turbulent forces in the wake, decreases
linearly with distance behind a self-propelled body.!2 Typical length scales for
surface ship luminescent wakes is several ship lengths.!3 The physical wakes of
submarines may be shorter, however. Experiments on the acoustic properties of
wakes from diesel-electric submarines (World War II S-class) showed that at a
speed of 6 knots, the length of the acoustically detectable wake is 1,000 yards at
a depth of 45 feet, 235 yards at a depth of 90 feet, and only 100 yards at a depth
of 125 feet.!* ““At creeping speed (2 to 3 knots) the length of the acoustically
effective wake is less than 30 yards for a fleet type submarine.”!5 These subma-
rines were smaller, had higher rpm propellers, and had more appendages than
modern submarines, so these results must be used cautiously when discussing
modern submarines. In addition, an acoustically effective level of turbulence
may or may not be sufficient to stimulate bioluminescence. However, it has
been observed that the visible manifestations of surface wakes decay before the
acoustic, !¢ so it is assumed that the extent of a wake that contains sufficient
energy to scatter acoustic energy is equal to or greater than the extent of the
wake that can stimulate bioluminescence.
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The radiant flux of an individual organism varies widely among species.
The dinoflagellate noctiluca miliaris may radiate 0.002 X 107 watts, while other
organisms may radiate 20 X 10 watts or more.'” The peak of the emission
spectrum in dinoflagellates and many other organisms is in the blue to blue-
green part of the visible spectrum, 0.48 microns. This is also the wavelength
that is transmitted in seawater with the least attenuation. Almost all of the
energy in dinoflagellate bioluminescence is radiated in a 0.17-micron-wide
band between 0.42 and 0.59 microns.!8

The population density of bioluminescent organisms varies with location
and depth. At any given point, the density may also vary seasonally and diur-
nally. According to one study, “Under natural conditions, bioluminescence is
maximum around midnight and minimum around midday. This diurnal period-
icity is attributed in part to downward migration of the organisms during the
day and return migration to surface waters at night.”!® Most luminescence is
found between 50 and 150 meters and is associated with dense dinoflagellate
populations in continental shelf areas up to 60 degrees north latitude. Maxi-
mum luminescence frequently occurs at depths where the water temperature
changes relatively quickly in the vertical direction. Such layers are called ther-
moclines.20 The available data on geographic distribution is sparse and heavily
biased by the density of shipboard observations. In the North Atlantic from
Nova Scotia to France, wintertime bioluminescent levels are low. In the
summer, bioluminescent levels increase somewhat at all latitudes, but accord-
ing to the little data that is available, levels in the Norwegian Sea and the
GIUK gap area remain low. Wintertime bioluminescence in the Pacific is
minimal, even when compared to the North Atlantic. This minimum is more
pronounced at high latitudes. In the Sea of Okhotsk, bioluminescence is
observed all year around, even in broken winter ice fields.?! Population densi-
ties vary over several orders of magnitude from 10° cells per liter to 10° cells per
liter.22 It is important to note, however, that the bioluminescence is not neces-
sarily correlated to population density.

The amount of light generated by a submarine wake can be estimated by
multiplying the volume of water disturbed by the wake, the number of organ-
isms per unit volume, and the light power emitted per organism. Since the
flux of light through a unit area is the relevant measure, only the thickness of
the wake need be considered, if it is assumed that the wake is very wide. This
assumption will tend to overestimate the detectability of the wake. It is also
assumed that the organisms emit light constantly and at their full power level.
Suppose a submarine generates a wake about as thick as its diameter, 10 meters.
A column through that wake generates

(105 cells/liter) X (10° liter/m?) X (10 watt/cell) X (10 m) = 1 wart/m?
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ignoring the fact that only half this is radiated upward, and some of it is
absorbed in the 10-meter water column. Since the energy is emitted in a 0.17
micron band, the spectral density of the signal is on the order of 6 watt/m2/
micron.

Measurements of ocean bioluminescence in situ suggest much lower values
of the signal. Values of up to 10-* watt/m2/micron are high measurements in
the ocean; typical values for the North Atlantic and North Pacific are 106 to
10~ watt/m?/micron.?? This is four orders of magnitude lower than what is
estimated by the preceding analysis, which is, incidentally, similar to the analy-
sis used by Strand et al. Part of the reason that the analysis overestimates the
output of a wake is that it assumes all organisms glow constantly, whereas
dinoflagellates flash only intermittently for a duration of about 100 milli-
seconds.2*

In order to reveal the presence of a submarine, this light energy must pass
through some depth of water and atmosphere and still be sufficiently strong
relative to reflected and scattered sunlight or moonlight to be detected. To
estimate the detectability of a wake, one must compare the bioluminescent
irradiance to the sunlight and moonlight irradiance. Exponential transmission
loss is assumed between the source and the surface, with an attenuation coeffi-
cient for blue-green light being a function of depth. The one-way transmission
loss is given in table A3-2.25 The geometric spreading of the light is ignored. It
is important to note the sensitivity of the results to the assumption of total

Table A3-2

Optical transmission loss as a function of
submarine depth

(Wavelength = 0.48 microns [blue-green])

One-Way Round-Trip

Depth Loss Loss

(meters) (dB) (dB)

50 -24 -48

75 -36 =72

100 -45 -89

150 -62 -124

200 -72 -145

250 -83 -167

Depth Autenuation Coefficient
5-75 meters 0.11 m-!
75-150 meters 0.08 m-!
>150 meters 0.05 m-!

Source: John E. Tyler, “Optical Properties of Water,” in Hand-
book of Oprics, ed. Walter G. Driscoll (New York: McGraw-Hill,
1978), p. 15-30.
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atmospheric transmission. Attenuation of 10-40 dB over a one-way path from
the earth’s surface to space is common. The higher value is associated with
clouds and fog, which on an oceanwide average, cover 60 percent of the surface.
As MIT oceanographer Eric Mollo-Christensen observed: “One does not realize
the prevalence of cloud and fog patches before one starts looking for visible and
infrared satellite data for the surface.”?°

The noise against which a bioluminescent imaging system must discrimi-
nate is scattered light from the atmosphere, reflected light from the sea surface,
and scattered light from within the sea. A sensor outside the atmosphere
receives about 19 percent of its light from internal sea scattering, 80 percent
from atmospheric backscatter, and 1 percent from surface reflection.?”

For the moment consider a sensor close above the water surface so that
atmospheric scattering can be ignored, as can scattering from within the sea.
These two assumptions reduce the predicted noise level by about a factor of
100, or 20 dB. The reflected irradiance at the sea surface is typically 4 percent
of the incident irradiance.?® Data on incident—that is, downward—irradiance
is available from Priesendorfer, who indicates that under average cloud condi-
tions, we receive on the order of 1,000 watt/m2/micron in the bioluminescent
band (0.42 to 0.59 microns) from the sun. Under the blackest of skies, this is
reduced to 100 watt/m?/micron, even at fairly low sun angles. At night, how-
ever, even a clear, full moon gives us only 10°2 watt/m?/micron, and a quarter
moon 10-? watt/m2/micron in the bioluminescent band.?” There can be a six
order of magnitude change in the noise level over the course of each day!
Taking 4 percent of these values for the upward reflected noise detected by a
downward looking sensor (and ignoring backscatter), the signal-to-noise ratio
for different submarine depths at different times of the day are calculated
in table A3-3. It is clear from these results that during the daytime, the

Table A3-3
Signal-to-noise ratios for bioluminescence detector at the sea surface for
various sky conditions and source depths

Upward Surface-reflected Irradiance versus Sky Condition

(W/m2/micron)
Submarine Surface Avg. Cloud? Black Sky Full Moon Quarter Moon
Depth Signal
(meters) (W/m2/micron) 40 4 4 X 104 4 X 10-%
0 10-3 -46 -36 +6 +16

50 4 X 10-6 -71 ~61 -21 -11

100 3X 108 -91 -81 -41 -31

150 6 X 10-10 -108 -98 -58 -48

aFigures under sky conditions are values of upward reflected irradiance. Bioluminescent source
level taken as 10-4 watt/m2/micron. Typical values are 20 dB lower. Atmospheric and oceanic
backscattered irradiance is omitted.
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bioluminescence is lost within the surface reflection. For a sensor high in the
atmosphere, the signal-to-noise ratio should degrade by an additional 20 dB
due to atmospheric scattering of ambient light into the sensor’s field of view.
Low-level light image intensifiers can improve the absolute signal level, but not
the signal-to-noise ratio. At night, disturbances on the sea surface may be
detectable, according to table A3-3. However, reviewing the assumptions
behind these calculations, particularly the overestimate of the bioluminescence
signal and the omission of the upward noise irradiance due to scattering, it
should be apparent that the signal-to-noise ratios for submarines below 50
meters may easily be less than -20 dB under practical conditions. The only
other possibility for creating a surface bioluminescent disturbance is for the
wake to reach the surface, but it will be shown that submarine wakes generated
below 50 meters are unlikely to do so.

Before leaving the topic of bioluminescence, it is helpful to examine one
publicized application of this technology. Many species of fish rise to the
surface at night, to feed on plankton. As the fish disturb the water, the plankton
emit light and guide fishermen to them. Low-level light image intensifiers can
be used to detect these signals. 3 Referring to table A3-3, under moonlit condi-
tions, the low surface-reflected noise results in signal-to-noise ratios of 10 dB or
more, which are detectable, and under the proper conditions should be visible
to the eye. In essence, it is the depth of the submarine-generated light that
precludes its detection from above the surface.

Detection of Surface Waves Generated
by Submarines

This section examines the physical effects and engineering problems associated
with detection of submarine surface waves. Solutions are obtained for near-
field and far-field waves generated by a moving body that closely approximates
the hull dimensions of the Ohio class submarine. These results are then com-
pared with typical wind-generated surface waves. It is found that the subma-
rine wave is negligibly small relative to wind waves.

For the purposes of calculating surface effects from a submerged body the
following assumptions are made:

The ocean is infinite in depth and extent.
The free surface has no surface tension.

The fluid has no viscosity, there are no shear stresses, only normal stresses.

Ll

The submarine hull is approximated as a source and a sink moving along an
axis parallel to the free surface.

The first assumption is based on the fact that ocean bottom and boundaries
are distant relative to the scale of the submarine. The second assumption
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follows from the fact that the wavelength of the surface disturbance is large
relative to the wavelengths at which surface tension is important. Surface ten-
sion is effective only at wavelengths less than a few centimeters. The third
assumption follows from the fact that the boundary layer on the submarine is
small relative to the diameter. The fourth assumption simply follows from the
fact that the body generated from such a source-sink pair, called the rankine
ovoid, is geometrically a very good approximation to a modern submarine
hull.3!

The Near-Field Solution

The solution?? for the near-field disturbance generated by a source-sink pair 1s
given by equation A3.1. This equation predicts the sea surface disturbance,
N> directly over a moving submarine and is the product of two functions.
The first is a scaling function that varies with speed U, hull diameter D, and
depth. The second is a shape function varying over the distance from the
midpoint of the hull and dependent on depth # and the length 2a, of the
submarine. The x coordinate is zero at the midpoint of the submarine and is
positive in the direction of the stern, and g is the acceleration due to gravity.

Iy 7{x,0) = I;Zg [f (" J}: “)— f (x_;_f‘ﬂ (A3.1)

The nondimensional shape function is shown in figure A3-2 for two values
of depth. Calculations of the near-field wave height are given in table A3-4 for
the scaling function W(U, D, h):

W(U, D, h) = D2U?/8gh? (A3.2)

where a diameter D of 11 meters is assumed, which is about the hull diameter of
the Ohio class Trident missile submarine.

The near-field disturbance of the surface appears as a hump of water
(sometimes called a Bernoulli hump) over the moving submarine which dies
away rapidly with distance from the submarine. The two curves plotted in
figure A3-2 correspond to an Ohio class submarine at 82 meters and 164 meters
depth, and have a maximum value of about 0.8. The general shape of the
disturbance is not very sensitive to changes in depth. The height of the disturb-
ance, on the other hand, increases as the square of the speed, and decreases as
the square of the depth. The surface disturbance is limited in extent to a few
ship-lengths.

The amplitude of the wave is shown in table A3-4 to be very small but,
under certain circumstances, measurable. An Ohio class submarine running 20
knots at only 30 meters depth would generate a wave at most 0.8 X 19cm =15
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0.5+
h = 164 meters

h = 82 meters

6.0 X/h

Figure A3-2. Nondimensional shape of the near field surface disturbance
(Bernoulli hump) over a moving submarine (dimensions of the Ohio class).

Note: The shape is independent of speed and insensitive to depth. See table A3-4 for the height of
the near field disturbance.

cm high. Under more realistic patrol conditions (5 knots at 100 meters), the
wave is on the order of a millimeter.

The Far-Field Solution

The solution* for the far-field disturbance due to a single source contains
oscillatory wave components that have a physical wavelength given by

Lyyave = 6.3 U2/g (A3.3)
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Table A3-4
Height of the near-field wave (Bernoulli hump)
Depth Speed W(U, D, h)
(meters) (knots) (cm)
30 5 1.1
12 6.5
20 19.0
50 5 0.41
12 2.40
20 6.50
100 5 0.10
12 0.59
20 1.60
200 5 0.025
12 0.150
20 0.410
300 5 0.011
12 0.065
20 0.180

Source: Calculations of equation A3.2.

A moving source-sink pair generates a wedge-shaped Kelvin wave pattern
behind it, as shown in figure A3-3. In general, both transverse and divergent
waves may be present, and these are contained within an angle of 19.5 degrees
to both sides of the line of motion.>* It has been shown that for typical speeds
and depths, transverse waves dominate.? The solution for the far-field surface
transverse wave generated by a submarine is

1

1 hq 2 1
L, r(x:0) = ——\/2—7& D? 47 exp [’EUTJ * (1 2 %) (A3.4)

X sin <k0x + %) sin kya

where kg is 27/L .. The wave height may be everywhere zero, or its maxi-
mum value according to the following criteria:

=0 ——g——a—n‘n'

Zero: |sin kgal i

Maximum: |sin kga| = 1 £ a= (n + %) ™

forn=20,1,2,....
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~ Transverse Waves
~

Center Line— —

Limit of Wave Pattern

Figure A3-3. The Kelvin wave pattern.

Note: Transverse waves dominate for submerged submarines at low and moderate speeds.

The terms of equation A3.4 are grouped by independent variable to dem-
onstrate how wave height varies with the submarine diameter, speed, depth,
distance, and length. Speed and depth are the most important factors, since
wave height decays exponentially with increasing depth and decreasing speed.
The waves decay slowly behind the submarine, with the square root of the
distance. The disturbance is sinusoidal, with wavelength L ..e> and has the
shape of the Kelvin transverse wave pattern shown in figure A3-3 36

Table A3-5 shows the calculation of the maximum wave height in centime-
ters from equation A3.4. The table shows that even for very shallow depths and
speeds up to 12 knots, the surface wave is only of the order of millimeters, and
for depths greater than 100 meters, no wave is generated at reasonable speeds.

In going from the inviscid model to a real fluid with viscous effects, the
conclusions are still valid, since it has been shown in model tests that the effect
of the separation of the turbulent boundary layer near the stern of the subma-
rine hull is to reduce the strength of the sink term by 10-25 percent.3? This will
not significantly change the results obtained here.

The calculations in tables A3-4 and A3-5 demonstrate that for reasonable
submergence depths and speeds the near-field wave will be a few millimeters
and the submarine-generated surface wave will be a few hundredths of a mil-
limeter. The wavelengths of the submarine waves fall within the short period
range of the gravity wave spectrum for deep water. These gravity waves are of
the order of a meter high. Thus, the very faint submarine waves would be lost
among the energetic wind-generated waves of the same wavelength.
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Table A3-5
Maximum far-field wave height due to a moving submarine (equation A3.4)
Diameter = 11 meters
(sin (kox + w/4)sin(koa) = 1)

Centerline Wave Height (cm)

Downstream Downstream Downstream
Depth Speed Distance Distance Distance
(meters) (knots) x =100 m x=500m x = 10,000 m
30 5 02 0 0
12 0.13 0.092 0.022
20 12.0 8.3 2.0
50 5 0 0 0
12 0.00074 0.00051 0.00013
20 1.9 1.3 0.32
100 5 0 0 0
12 0 0 0
20 0.018 0.012 0.003

A zero indicates that the predicted wave height is of the order 10-10 meters or less. For depths greater
than 100 meters, no wave is generated.

In order to assess the possibility of detecting submarine-generated surface
waves, one must consider the signal-to-noise ratio inherent in the problem. The
near-field wave, or Bernoulli hump, is a single, localized perturbation a few
hundred yards in extent that is three orders of magnitude below the peak of a
typical wave spectrum. The prospects of detecting such a disturbance are
extremely dim, irrespective of the sensitivity of a space-based system. The
far-field Kelvin wave pattern covers a greater area but, as the preceding analy-
sis shows, can only be produced at high speeds and shallow depths. With the
mildest of precautions, these waves are virtually nonexistent.

Submarine-generated Turbulent Wakes
and Internal Waves

As a submarine moves through the water, some of the energy of propulsion
goes into generating a turbulent wake behind the hull. Figure A3-4 shows the
form of the cylindrical wake and the mean velocity distribution across it.’® The
mean velocity near the centerline is directed away from the submarine, and
water is drawn toward the centerline from the top and bottom of the wake. The
height of the wake’ grows as a function of (x/D)*-# for a submarine in an
unstratified ocean, where x/D is the downstream distance in submarine diame-
ters.® In general, the wake from a submarine moving in a straight line at
constant speed does not persist for a long time.*! Typical wake lengths asso-
ciated with submarines below 125 feet are on the order of 100 yards at 6 knots
and 30 yards at 2 to 3 knots, based on actual measurements.*?
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In latitudes south of 60 degrees North, the water temperature decreases
with depth in the upper 1,000 meters. Since this is also the operating zone of
the submarine, it can be assumed that the submarine wake will disturb the
temperature structure. Cooler water from below the submarine will be drawn
up into the wake, and warmer water from above will be drawn downward into
the wake. The mixed wake will therefore be slightly cocier than the water just
above it and slightly warmer than the water just below it. Collapsing forces due
to these density differences are therefore exerted on the wake from above and
below. Once the wake ceases 10 grow or collapses vertically, it usually continues
to spread horizontally.** In a stratified ocean, the height of the wake grows as
(x/D)"- until it reaches a maximum height and either stops growing or
collapses.

The appropriate time scale for the wake growth is the Brunt-Viisild
period, Tgp» which in the ocean is on the order of 10-100 minutes, depending
on the stratification of the water column.** This is a measure of the natural
period of oscillation of the stratified layer. According to available evidence,*’
the vertical rise of the wake stops at approximately 0.2T gy Thisison the order
of a few hundred seconds in typical ocean conditions. Therefore, the height of a
submarine-generated wake extends a maximum of 1.3-3 hull diameters above
the centerline of the wake—that is, 8-25 meters above the top of the hull. This
maximum should be attained at a distance of 300-3,000 meters behind a sub-
marine traveling at 5 knots. Beyond this point, the wake does continue to grow
horizontally.

Another useful result is the rate at which the turbulent fluctuations decay
behind a submarine. The root mean squared (rms) longitudinal fluctuations
decay as the 0.75 power of distance (scaled in hull diameters) and increase
linearly with speed. The vertical fluctuations decay linearly with distance and
increase with the 1.25 power of speed.* The point at which the wake “‘ends”
depends on the properties of the wake that are of interest. Acoustic measure-
ments of actual submarine wakes show that they are detectable on the order ofa
few hundred meters downstream, while scale model studies suggest that the
wakes may be detectable a few kilometers downstream before the turbulence
decays to an undetectable level."’

Internal Wave Generation

When the turbulent wake collapses, it can drive an internal wave in the density-
stratified layers of the ocean. Submarines also generate internal waves by the
movement of the hull alone, without consideration of the wake collapse effect.
This is analogous to the generation of surface Kelvin waves by submarines.
Theoretical investigations have shown, however, that unlike the surface Kelvin
wave, which fans out 19.5 degrees from the line of motion, these internal wave
patterns associated with the hull “are sharply concentrated along” the line of
motion.*
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Internal waves cannot be seen directly as undulations of the surface. The
internal wave generates horizontal currents near the surface that modulate
existing surface ripples whose wavelengths are on the order of centimeters or
tens of centimeters. The modulation takes the form of changes in the ripple
wavelength and Steepness, which in turn alters the radar scattering properties
of the rippled surface. The modulation of surface waves can in principle reveal
the pattern of underlying internal waves, 4

Synthetic aperture radar (SAR)% can be tuned so that the radar backscatter
depends on the wavelength of the short surface waves. This SAR backscatter
technique has already been used to measure large ocean waves by satellite—
SEASAT A. Large surface gravity waves, of the order of 100 meters long,
generate horizontal surface currents that modulate the 15 centimeter waves, By
detecting the pattern of modulation of the 15 cm waves, the dominant surface
gravity wave can be studied.

Beyond this simple outline, it is difficult to assess the state of knowledge
regarding the internal wave observable. It is known that the submarine wake
will collapse fairly rapidly, within one Brunt-Viisili period, so that the poten-
tial energy in the wake can be transferred to internal waves.’! The energy
distribution of the internal waves generated by wake collapse is not well known,
but one experiment suggested that it is skewed toward higher frequencies and is
peaked at about 0.8 of the Brunt-Viisili frequency.s2 Taking this value in the
ocean, the internal wave energy density spectrum associated with the collapsing
wake should peak at frequencies on the order of | cycle per hour.5

On the surface of the ocean, the question of the detectability of these
internal waves, in principle, appears to be open. A recent review of all the
subsurface hydrodynamic mechanisms that could modulate the surface ripple
field concluded that although the large surface gravity waves have a dominant
effect on the surface ripples that ride upon them, ‘“the surface wave modula-
tions by the internal wave can still be shown observable,””s4

The surface manifestations of internal waves, or the vortices of an internal
wake, may be linked to the presence of a thin film of natural organic material
and oil that is commonly found on the ocean’
currents generated directly by the submarine wake or indirectly by internal
waves caused by the submarine can sweep the film into regular patterns. Rela-
tively thick films of this floating matter can change the physical properties of
the sea surface and form a pattern that might be detectable to a sensor with
sufficient spatial resolution.

The surface slicks have several effects that may be detected by different
sensors. They can lower the emissivity of the surface, making it appear cooler,
and they can increase the reflectivity of the surface, making jt appear warmer in
the daytime. These effects might be detected by thermal infrared imaging or by
passive microwave radiometry. The slicks also reduce the surface tension,
which can affect the wave characteristics and energy dissipation in capillary
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waves. The variation in surface roughness may be detected using the synthetic
aperture radar. Since the SEASAT radar had a theoretical spatial resolution of
only 6 meters (in practice, the resolution was 25 meters), this may prove to be a
possible method of satellite-based detection.>

Press reports, from both the United States and the Soviet Union, have
suggested that internal wave detection of submarines may be a possibility.
Reports from unnamed sources suggested that synthetic aperture radar was used
by the USSR from aircraft and the Salyut space station to detect submerged
Delta submarines in the Northwest Pacific.56 This and other information sug-
gested that the observable in question was the modulation of surface waves by the
submarine-generated internal wave. The US Defense Department denied the
report, which was supposedly based upon intelligence from the Defense Intelli-
gence Agency, the Air Force Intelligence Agency, and the National Security
Agency.>” Of course one must be very cautious about “secret” reports of poten-
tial SSBN vulnerability, especially when the Air Force is involved and the MX
missile, as it was at the time, is in political trouble. These reports do tie in,
however, with a statement made in the Soviet newspaper [zvestia in July of 1981
by a member of the Ukrainian Academy of Sciences:

Soon the range of electromagnetic waves exploitable for surveillance will be
expanded. It is now becoming clear that, owing to satellites, we can have not
only a surface but also a volumetric and depth picture of phenomena in the
ocean. Internal waves are very widespread in the ocean. Ttis possible to register
their manifestations at the surface from satellites and to judge what is taking
place in that upper layer of several hundred meters which is of the utmost
importance to us.”®

The US Navy has been conducting its own research on detecting internal
waves from the space shuttle. In the fall of 1984, a scientist from the Naval
Underwater Systems Center tested an instrument that could detect eddies and
currents in the ocean, much as the SEASAT A synthetic aperture radar had.
When asked if this new technology might hasten the day when submarines could
be tracked from space, the Chief of Naval Operations, Adm. James Watkins, said
that the technology

is clearly opening some doors on submarine tracking. But the question s, doyou

open the doors of detecting submarines faster than you close the doors on
learning about the ocean depths? And the answer today is, you're still ahead of
the game in the latter category. So the ability to track submarines—we don’tsee

that as being a threat to our forces until the turn of the century or later,

depending on what kind of breakthroughs we might find at the end of this

decade or into the next decade.”
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Admiral Watkins also reemphasized his judgment that as the Navy learns
more about the oceans, confidence in the undetectability of submarines in-
creases. %0

The technical director of the Navy’s SSBN Security Office, Dr. Edward
Y. Harper, reported to Senate Armed Services Committee in 1984 that their
“assessments are that the synthetic aperture radars cannot detect [deleted]
- - - submarines.”¢! There were four times that the SEASAT A radar flew over
US strategic submarines on patrol and obtained radar images of the sea surface.
On one of those occasions, the submarine was at a keel depth of 58 feet, which is
very shallow. Nevertheless, Harper testified that no trace of the submarines was
detected.s?

This revelation by the SSBN security official is unusual in its candor. Very
rarely do details of US SSBN operations come out of classified hearings. This
seems motivated by the desire to make a strong public statement to the effect
that synthetic aperture radar holds no promise as 2 means of detecting subma-
rines. However, the analysis and brief literature review presented here suggests
that the question of submarine detection by synthetic aperture radar is very
much an open one.

Detection of Submarine-generated
Temperature Changes

Submarines change the temperature of the water in two ways: by mixing the
thermocline, and by direct heating through the reactor cooling system. These
two processes may tend to cancel each other, since upwelling of cool, deep
water is offset by reactor heating. The net result depends on the relative magni-
tudes of the heating effect and the cooling effect. If either a cool or warm
temperature anomaly is present at the surface, it may in principle be detected
by ASW forces.

The temperature of the ocean surface can be measured by measuring the
infrared (IR) or microwave radiation emitted by the surface, using a radiome-
ter. Infrared does not penetrate water, so only surface temperature is detect-
able. For this reason, only those submarine-induced temperature anomalies
that reach the surface can potentially be detected. IR radiometers can actually
measure a surface temperature that is about 0.5 degrees centigrade cooler than
the water a millimeter below the surface. This offset is due to surface evapora-
tion and is said to be “relatively constant,” so that measurements may simply
be adjusted to correct for the bias, 63 However, this surface cooling effect
imposes a lower limit on the magnitude of temperature changes that can be
reliably detected. For example, a 0.03° C change may be caused simply by a
variation in the evaporation rate at the surface due to an oil film. A submarine-
generated temperature anomaly would have to be ar least on the order of 0.1° C



Nonacoustic Means of Submarine Derection + 203

at the surface to be distinguishable from naturally occurring variations of the
surface temperature.

It has already been shown that under typical ocean conditions the maxi-
mum rise of an unheated submarine wake is at most a few tens of meters.
Therefore, if the upwelled cool water is expected to dominate the wake, the
submarine wake is essentially unheated and will not rise. However, if the
reactor heating provides enough buoyancy to the wake to overcome the ambient
density forces in the stratified ocean, then the wake may rise.

The submarine reactor generates heat that is converted into mechanical
energy in the turbine. Most of the thermal energy is lost to the sea directly.
Some of the mechanical energy goes 1o propelling the submarine and some into
electricity to run the submarine systems. The electrical energy is converted
back into heat in motors, transformers, heaters, and other components, and is
subsequently lost to the sea. The propulsion energy is converted to turbulence
in the ocean, which eventually decays away into heat. About 20 percent of the
thermal energy produced by the reactor goes into propulsion. The remaining 80
percent of the energy goes directly to the sea through the condensation of steam
in the seawater cooling loop, or indirectly to the sea via electrical systems that
generate heat. This heat raises the temperature of the water in the submarine
wake.

The thermal power of current submarine reactors is about 80-100 mega-
watts. Future submarines may have a higher power output, however, as new
metals and reactor designs are employed. Assume 2 submarine power plant that
delivers 50,000-shaft horsepower. This corresponds to a 190-megawatt (MW)
reactor.%* This amount of heat goes into the sea within the submarine wake. A
power of 190 MW is 4.5 X 107 calories per second, or 45.4° C m?/second. An
11-meter diameter submarine has a frontal area of about 95 m?, so at 5 knots the
submarine mixes 244 m*/sec. of water. This increases the temperature of the
water immediately behind the submarine by 0.19° C. As the wake expands
downstream, however, the volume of entrained water increases and the temper-
ature drops as x/D™-%. Assuming that the submarine heat is mixed into the
wake 11 meters (1 diameter) behind the propeller, then at a distance of 1,100
meters downstream, the temperature in the wake is only 0.02° C higher than
the surrounding water. At 10 knots the temperature 1 kilometer downstream
is 0.01° C, and at 20 knots, 0.005° C. This figure is comparable to an estimate
made in a Soviet study (supposedly based on data from ““foreign specialists™)
which states that the temperature change due to a submarine is at least 0.005°
C.¢5 For a 100-MW reactor typical of current submarines, this corresponds to a
speed of 10 knots.

The warmed water is less dense than the surrounding water and tends to
rise. As the warm wake rises, however, it encounters warmer ambient water
above it. In subarctic latitudes, the typical average vertical temperature gra-
dient is about 0.005° C per meter.*® A parcel of water in the wake at 0.02° C
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above ambient temperature would rise about 4 meters. At that point the wake
has no more buoyancy. It will continue to rise, however, due to the effect of
turbulence, but it is clear that the vertical expansion of the wake is primarily
due to the turbulent forces in this case. Itis interesting to point out that insofar
as the buoyancy mitigates the collapse of the wake, the reactor heating may
contribute somewhat to preventing internal wave generation.

Since the thermocline limits the buoyant rise of the heated wake, it is also
interesting to consider what happens in the Arctic, where no thermocline exists.
A heated plume of water will rise to the surface, cooling as it rises. It is more
likely that a slowly moving or stationary submarine will generate a warm sur-
face trail in the Arctic than at lower latitudes.

The possibility of detecting submarine-generated surface temperature anom-
alies is remote. To begin with, deep wakes in midlatitude waters do not reach
the surface under most circumstances and therefore do not induce a noticeable
temperature change on the ocean surface. In the constant temperature water of
the Soviet Arctic, however, slowly moving or stationary submarines may pro-
duce a noticeable warm spot. The accuracy that has been obtained by IR
thermometers on satellites has been about a 0.5° C error.5” These measure-
ments were taken by the very high resolution radiometer (VHRR) aboard the
NOAA-3 and NOAA-4 satellites. Since the expected temperature anomaly
from a submarine would be at least an order of magnitude smaller than this
error, it could not be reliably detected. Even if some method of measuring sea
surface temperature is found, it will be obscured at least half the time by clouds
and fog.

Detection of reactor heat through the ice may be possible if the submarine
were to remain in a single place for a long time with a fairly high thermal
output. The temperature change on the surface of the ice would depend on the
ice thickness, the amount of heating from below, and time. Ice conducts heat
slowly, so that it could happen that the maximum temperature of the surface of
the ice would be attained after the submarine had left the area. For similar
reasons, the warm “scars” on the ice surface would persist for a long time,
creating false targets, and reducing the tactical usefulness of detecting them.

Detection of Submarines by Laser

Lasers have been considered as an active nonacoustic detection device because
of the depth to which blue-green light penetrates seawater. Such a detection
system would consist of an airborne or spaceborne laser/detector, which would
send short pulses into the ocean and from the return energy determine if a pulse
had been either reflected off or absorbed by a subsurface object. Airborne laser
systems of this type have been studied for over 15 years as a method of measur-
ing water depth and generating the information from which bathymetric charts

.
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can be made. The first US field experiment of such a system was carried out by
the Navy in 1969.%® The Defense Mapping Agency currently uses a laser for
making depth measurements in coastal waters, usually from boats. The agency
is developing a systein that can take measurements in 40 meters of clear water.®
Because laser detection systems are the optical analogue of radar, they have
been given the generic name of lidar. The Swedish Navy has probably used
lidar in its attempts to detect Soviet submarines in its territorial waters.”

In order to guarantee that detectable levels of energy return from a subma-
rine, through the overlying ocean and atmosphere to the receiver, the laser
must have sufficient power to compensate for round-trip attenuation and the
large reflection loss off the submarine. In addition, the laser beam will spread
due to scattering off of particles and molecules along the path. Atmospheric
losses can be significantly lower for a low-flying aircraft than for a satellite,
although the greatest loss by far occurs in the few hundred meters of seawater
through which the beam must pass.

The analysis presented here is for the problem of detecting a reflection off a
submerged submarine. A system might also be designed to detect the absorp-
tion of light by the submarine. These are analogous problems, and both involve
detecting an anomalous intensity of laser return (either higher or lower than
average) in a particular range of depths. The same constraints that limit the
«reflectance” lidar system also limit the ““absorption’ system.

The optimum wavelength for seawater penetration in the deep ocean 1s
around 0.48 microns (1 micron equals 10-6 meter), which is blue to blue-green
light. In coastal waters, green or €ven yellow light may propagate most effi-
ciently, although the propagation loss in these waters is higher than in the open
ocean. Attenuation in the ocean is strongly related to the density and size
distribution of suspended particles, organic and inorganic, and the highest
attenuation occurs in the upper 100 meters.”! Some longer wavelengths propa-
gate more easily through the atmosphere, but because oceanic attenuation is
much greater than atmospheric, the optimum lidar wavelength is in the blue-
green.

Atmospheric attenuation is caused by absorption and scattering from
molecules or small particles in aerosol suspension. Scattering loss always domi-
nates absorption loss by at least an order of magnitude. Molecular scattering
loss is always of the same order of magnitude as, but less than, aerosol scatter-
ing loss.”? Therefore, molecular and aerosol absorption are neglected, and only
scattering loss is considered.

An aircraft-borne laser is attenuated through a much smaller layer of the
atmosphere than is a satellite-borne laser. However, most of the scattering loss
occurs in the lowest 5 kilometers, and much of it in the lowest 1 kilometer, so
that from a power standpoint, there may be little difference between an aircraft
and a satellite. On a round-trip through the entire atmosphere, blue-green laser
suffers transmission loss of 4 dB on a clear day and 10 dB on a hazy day, as long
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as no clouds are encountered. An airborne lidar at 5 kilometers suffers round-
trip propagation loss of 2 dB on a clear day and 8 dB on a hazy day. Moderate
fog, which cannot of course be circumvented by low-flying aircraft, strongly
attenuates blue-green light due to scattering. The attenuation coefficient for fog
can range between 1 and 5 km™',” and the round-trip attenuation through even
a 100-meter-thick fog can be 4 dB.

Clouds cover over 75 percent of the ocean skies 6 days out of 10,7 and in
particular ocean regions, such as the GI UK gap, the figure may reach 8 days
out of 10. Therefore the attenuation through cloud cover is an important sys-
tem parameter. Most of the laser energy backscatters from a cloud, and the
round-trip attenuation over a thick layer is on the order of 26 dB.”> The effect
of clouds on blue-green laser communications to submarines, which involve
only one-way transmission, has been characterized by the head of DoD com-
munications as a “high technical risk,” so that the two-way transmission of
lidar must be considered at least as uncertain,’®

To summarize, the round-trip transmission loss of a blue-green laser over
the entire atmosphere may range from as little as 4 dB over a perfectly clear
path to 40 dB through clouds and fog. On an ocean-wide average, some cloud
scattering is usually present. Lidar on an aircraft can avoid some of the cloud
attenuation, but provides much less coverage, and is vulnerable to attack.

Oceanic attenuation coefficients are three orders of magnitude larger than
atmospheric attenuation coefficients, and except for the case of very shallow
targets, oceanic attenuation dominates atmospheric. The overall attenuation
coefficient decreases most rapidly with depth over the upper 100 meters,
becoming relatively stable below 150 meters, due to the decrease in particle
concentrations over depth. Typical values in the open ocean at midlatitudes are
0.11 m™! from 5-75 meters, 0.08 m~! from 75-150 meters, and 0.05 m~! below
150 meters.? Assuming constant coefficients over the three layers, the one-way
and round-trip transmission losses can be calculated and are given in table
A3-2. In the upper 75 meters, the round-trip transmission loss is nearly 1 dB
per meter of depth, while for depths below 150 meters, the round-trip loss is
approximately 0.5 dB for each additional meter. At only 75 meters, the loss is
~72 dB, already much greater than the highest expected losses over the entire
atmosphere. At 200 meters, well within the maximum depth of submarines, the
loss is a factor of over 300 trillion.

In order to compare signal and noise levels for lidar, the bandwidth of the
signal becomes a crucial parameter. The sun radiates a tremendous amount of
visible energy onto the sea surface, and even with only 2-4 percent reflectance,
the total upward irradiance is large, on the order of 10-50 watts/m2/micron.”8
However, within a very narrow bandwidth, the natural irradiance is much
lower. A very narrowband laser need therefore “‘compete” with only a tiny
fraction of solar noise.
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The characteristics of laser output spectra vary widely for different types
and modes of operation. ‘For spaceborne use, the most promising candidate is
the mercury-bromide laser, which radiates directly in the blue-green part of the
spectrum (0.49-0.51 micron).””® Other lasers under investigation, and which
may prove more promising, are xenon-chloride, neodymium pumped by light-
emitting diodes, and copper vapor lasers.®® Some radiate at wavelengths other
than blue-green and must be frequency-shifted. Also, lasers can act as amplifi-
ers, in which mode they can radiate very narrow lines.

The atmosphere broadens the spectral width of laser light, but this effect is
negligible. For example, the frequency of blue-green light is 6.25 X 10'* Hz,
and measurements of atmospheric linewidth spreading suggest smearing due to
curbulent fluctuations of the refractive index of the order of 10% or 10* Hz.%!
This suggests that the atmosphere imposes a minimum linewidth of the order
of 10! microns for blue-green laser light. If one could construct a laser to emit
a line at this width and construct a receiver with a narrow filter of the same
width, and keep it all stable, the noise could be reduced to the order of 1071°
watts.

There is, however, a fundamental constraint on reducing the bandwidth of
a lidar system. When the laser fires into the ocean, a relatively strong reflection
is returned from the ocean surface, while the reflection from a submerged
submarine, even at 50 meters depth, would be quite weak, on the order of 50 dB
lower than the surface-reflected intensity.® Since both returns are in the same
frequency, the surface signal acts as an overwhelming noise source if the two
returns coincide. The only way to avoid this problem is to keep the laser pulse
short enough to separate the surface-return pulse from the submarine-return
pulse, which must travel a slightly longer round-trip distance. For a submarine
at depth A meters, the extra round-trip time for the submarine return is
T, =2h/c where ¢ is the speed of light, 3 X 10° m/sec, so the laser pulse
duration must be on this order or shorter.

There is a fundamental relationship between laser pulse duration and line-
width, which is that for a pulse duration T, the linewidth must be greater than
about 1/(37).83 The depth of a submarine sets an upper limit on pulse duration,
and therefore a lower limit on spectral linewidth, which in turn sets an upper
limit on the signal-to-noise ratio. Considering the pulse length restriction de-
scribed above, the minimum linewidth for a submarine detection lidar is equal
to or greater than 5 X 107/h Hz. To resolve a target at 10 meters, a pulse
duration of less than 67 nanoseconds is required, yielding a linewidth of 5 X 107
Hz, or 3.8 X 107® microns. For 100 meters resolution, the pulse duration must
be less than 670 nanoseconds for a minimum linewidth of 3.8 X 107 microns.

A major environmental problem is that of pulse-stretching due to scatter-
ing in the air. On a one-way trip through the atmosphere “experimental results
show that pulse widths may grow to 1 microsecond in the very thinnest clouds
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to over 100 microseconds in very thick ones.”8* A pulse stretched even to 1
microsecond as it travels down in virtually clear skies is too long to resolve
clearly the surface from the subsurface return, particularly in view of the fact
that the surface-reflected return will be stretched further on its return trip. The
lidar system is thus its own noise source, analogous to the reverberation prob-
lem in active sonar. Consider the form of the return signal: because of pulse
spreading, the satellite detector would first receive cloud backscatter, then the
leading edge of the surface return, which would be increasing in intensity.
Nanoseconds later, the much weaker (by 50 dB or more) submarine return
would begin to arrive. Over a period of several thousand nanoseconds both
signals would arrive together, the surface return completely burying the sub-
marine return.

The stability of the laser output can be another limiting factor. If the
output varies randomly over a range of blue-green wavelengths due to tempera-
ture and other effects, the receiver filter bandwidth must be wide enough to
accept the signal despite its excursions from the mean wavelength. In any case,
filter bandwidths themselves may have a lower limit, which may or may not
exceed the atmospheric minimum linewidth. A filter has been developed for
applications in submarine communications which has a bandwidth of only
2 X 107* microns, according to DARPA officials.85

It is important to keep in mind that in order to make these estimates, the
temporary (and unrealistic) assumption is made that no pulse stretching occurs.
Assume that the filter bandwidth is 10-5 microns—an order of magnitude
narrower than DARPA’s. The incoming solar energy from sea-surface reflec-
tions only (neglecting the larger atmospheric backscatter) is on the order 10-5
watt/m? assuming 10 dB atmospheric transmission loss. Against a target with |
perceat reflectance®s at a depth of 150 meters, the laser’s total round-trip
transmission loss is ~164 dB. In order to obtain a signal-to-noise ratio of 0 dB,%
the laser must generate a beam with an intensity on the order of 10! watt/m? in
the same bandwidth.® An important parameter is the depth of the target: if it is
assumed to be only 50 meters rather than 150 meters deep, the laser output
need only be 4,000 watt/m2. It is worth remembering that the sea-surface
reflection detected by a sensor outside the atmosphere is only 1 percent of the
total irradiance seen by that sensor.8° Accounting for upward-scattered solar
irradiance therefore decreases the signal-to-noise ratio by 20 dB.

Another calculation that can be made is to assume a lidar system whose
bandwidth is limited only by the pulsewidth needed to resolve a target at 50
meters depth, which is approximately 7.6 X 10~ microns. Assume the laser is
stable and the filter is matched—that is, several thousand times narrower than
the one assumed in the example above. In daylight, the surface-reflected irra-
diance transmitted through a clear atmosphere (10 dB attenuation) into space
might be about 1 watt/m?/micron, so the optical noise passing the filter is on
the order of 10-8 watt/m2. The round-trip attenuation of the space-based laser
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is 20 dB through the atmosphere, 48 dB through 50 meters of seawater, and 20
dB at the submarine reflection, for a total of 88 dB total loss. This would
require a laser power of 10 watt/m? to achieve a 0 dB signal-to-noise ratio—
well within current capabilities. However, at greater depths and with more
realistic assumptions about submarine reflection, the power requirement can
easily increase 2 millionfold.

The system requirements of a satellite based laser are strict. For every watt
of laser power, these systems typically require 100 watts of electrical power.
Solar photoelectric arrays may reasonably generate on the order of 10* watts of
electrical power,?® which could drive a laser at 100 watts average power. Pulsed
lasers, however, can generate much higher pulsed optical power levels at the
same average power. For example, a 100-nanosecond-pulse generated at a repe-
tition rate of 500 Hz gives a ratio of pulse power to average power of 4,000.
Thus, solar cells could drive a laser with a 100-nanosecond-pulse to powers of
4 X 105 watts, which for a 1-cm?-beam is 4 X 10° watt/m2. At these powers,
reasonable signal-to-noise ratios could be achieved given a sufficiently narrow
filter and moderately shallow submarine depths, but only in the absence of
atmospheric pulse stretching.

There is an interesting alternative to detecting the light reflected from the
submarine, which is to detect the absence of reflected light. At depths down to
100 meters, or perhaps deeper, a laser pulse should return some backscattered
light as a matter of course. A submarine, painted black, may absorb the pulse
and not scatter or reflect light back, leaving a kind of “hole” in the ocean. A
laser detector might be set to accept a normal level of backscatter from the
water, which, if interrupted, would signal the presence of a body absorbing the
light. Here again, however, the same pulse length restrictions would apply,
since a long pulse would be overcome by atmospheric backscatter. The ten-
dency of the atmosphere t0 stretch laser pulses would interfere with the “hole
detector”’ system in the same way as it would with the reflection detector.

The power requirements of a space-based lidar detector are severe but
attainable. A 10-fold increase in laser power can be offset if a submarine dives a
mere additional 20 meters, due to the high rate of attenuation in the sea.
Another major problem is the lifetime of a satellite laser. Current systems that
use flashlamps and corrosive vapors as the lasing medium can be used on
aircraft but cannot endure long periods without maintenance. Other systems
are being developed to circumvent this problem, but they in turn lack the
necessary power.”!

The determining factor, however, is the stretching of pulse length due to
atmospheric scattering. Because of this stretching, the very weak submarine-
reflected signal is swamped by the surface-reflected signal, which can easily be a
million times more intense. The only way to defeat this effect is to fly close to
the water surface, thereby severely reducing the satellite surveillance potential
of lidar detection.
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Lidar is not the only means by which lasers might be used to detect
submarines. As noted earlier, the volume backscattering from the ocean depths
s a relatively strong signal. Internal waves may alter the backscattering charac-
teristics of the water column, and therefore be detectable by a laser system that

does not suffer the same limitations as lidar. As with synthetic aperture radar,

internal waves is a crucial factor, as is the presence of naturally occurring internal
waves. Unlike synthetic aperture radar, however, the mechanisms that cause
surface disturbances are probably not relevant factors. Also unlike synthetic
aperture radar, the mechanism of laser backscattering is well understood.

Conclusions

The difficulties involving various nonacoustic detection technologies have two
basic characteristics in common. First, they are generally problems involving a
very low signal-to-noise ratio that is very difficult to overcome. Power limita-
tions (which might be overcome) are generally not limiting factors. Second,
most of the technologies discussed here can be defeated simply by operating the
submarine deeper. The signal-to-noise ratios decrease dramatically, usually by
several orders of magnitude, with an increase in depth on the order of 100
meters. Operating submarines below 100 meters is probably sufficient on its

ments of sea-surface emissivity. There does not appear to be an adequate
scientific basis to rule out such a means of detection with a very high level of
confidence. At the same time, there is no breakthrough in sight.

For most systems, it is likely that relatively short-range sensors on aircraft
are more immediately feasible than long-range sensors on satellites.
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Appendix 4

The Oceans and
Submarine Detection

Introduction

For the foreseeable future, acoustics will remain the principal means of detect-
ing submarines for both the United States and the USSR. This fact has a
profound influence over the design and operation of ballistic missile subma-
rines (SSBNs) and attack submarines (SSNs), particularly in view of the fact
that SSNs will remain the most effective antisubmarine warfare (ASW) plat-
form. The very tactics of submarine warfare are linked to the problems of
trying to hear without being heard, and the stealthy, independent operations
that characterize submarine warfare have been likened to guerrilla warfare at
sea.

There are two modes of acoustic detection: active, in which a ping gener-
ated by the searcher is reflected off a target and is then detected by the
searcher; and passive, in which the searcher listens to sounds that are generated
by the target. The two modes of detection are associated with two somewhat
different tactical environments. This discussion will be oriented toward
submarine-versus-submarine operations, but some of the main ideas can be
extended to surface and air ASW platforms.

When active sonar is used in the process of detecting or localizing a target,
the target immediately becomes aware that a searcher is in the vicinity and
knows in what direction that searcher lies, although its range is ambiguous.
In practice, the target will be able to counterdetect 2 searcher that is using
active sonar at a range of two to eight or more times the range at which the
searcher can detect the target, a fact that can be of immense importance to an
evasive submarine.! On the other hand, a detection made with active sonar
yields all the information needed to launch a weapon accurately at the target:
relative direction and range, as well as information about the target’s motion
and orientation. The target knows only the direction from which the ping is
arriving, although this is sufficient information for launching a torpedo in
desperation and thereby putting the searcher on the defensive. Active sonar is
particularly useful when passive sonars arc less effective either because the
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battle groups where noise from the many escort ships dominates the acoustic
background. From a tactical point of view, when active sonar is used in subma-
rine versus submarine search, the relative importance of active countermeasures,
echo-reducing coatings, speed, weapon load, firing rate, and maneuverability
increases. For €xample, once a submarine has been detected by active sonar,
there is little penalty attached to its launching torpedoes, noisemakers, jamming
devices, masking bubbles, or driving off in a hurry in an effort to avoid an
oncoming torpedo.

Passive sonar is in a tactical sense somewhat the opposite of active sonar.
Here, the searcher hopes to detect the target before being detected itself. A
single passive fix only yields the direction of the target,? so the searcher must
move around and obtain several estimates of the direction to the target from
different points, triangulating to find the distance to as well as the direction of

sound waves as they radiate from the target, but at long distances the waves
approximate planes, and acoustic nonhomogeneities in the intervening ocean
disrupt these wave fronts and degrade these passive localization systems. In
passive sonar tactics, the emphasis is on quietness and sensors.

Speed is helpful for increasing sonar search rate, but only up to the point
at which the sensors are deafened by the noise of the submarine or of the
turbulent water. This speed is called the tactical speed of a submarine. The
“maximum speed” is the fastest a submarine can travel independent of noise
output. Submarine-mounted passive sonar requires acoustic decoupling of the
hydrophones from the submarine’s own structural vibration and noise, so that
quietness not only helps the searcher approach the target inaudibly, but also
improves the searcher’s own detection capability. External anechoic coatings
also help reduce radiated noise, but most of the quieting is done through
advanced propeller design and machinery quieting and isolation,

It is impossible to say which of the two tactics is “better,” since the
effectiveness of each depends on the particular circumstances. US nuclear

to the USSR where Soviet ASW forces will be dense, and insofar as the US
SSN can maintain its acoustic advantage over ijts Soviet counterpart, this

equipment, the Soviet fleet is less effective in passive acoustic tactics. This may
partly account for the greater Soviet emphasis on active acoustics, but it may
also be that active detection is the superior tactic for a submarine fleet that is
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defending an area from very quiet intruders. In other words, Soviet active
sonars may simply give a greater detection range against US submarines than
passive sonars, and if the main objective is to keep US submarines out, then the
disadvantages of active sonar in the one-on-one scenario may be outweighed by
advantages at the larger mission level.

In this appendix on acoustic detection, the emphasis must be limited to
passive acoustics, if only because the specific application of interest here is to
strategic ASW/, and a covert threat to SSBNs is the more difficult to counter.

General Description of the Oceans

Water covers about 71 percent of the total area of the earth and about 60
percent of the Northern Hemisphere. Of the total ocean area, the Pacific Ocean
accounts for 46 percent, the Atlantic Ocean for about 23 percent, the Indian
Ocean for about 20 percent, and the rest combined for about 11 percent. The
average depth of the oceans is about 4,000 meters (13,000 feet), and about 76
percent of the ocean lies between 3,000 and 6,000 meters (9,800 and 19,700
feet), with 1 percent being deeper.’

Ocean basins of primary significance to strategic antisubmarine warfare
are in the Northern Hemisphere: the North Atlantic, the North Pacific, and
the Arctic Oceans. The North Pacific Ocean is about 2,500 times as wide as it 1s
deep, so that a scale model 200 feet in diameter would be about 1 inch deep.
Similarly, an inch-deep model of the North Atlantic would be 140 feet across.
Figure A4-1 shows the main features of an ocean basin with a greatly expanded
vertical scale. The Atlantic Ocean has a pronounced midocean ridge, which
exceeds terrestrial mountain ranges in height and angularity. The midocean
ridge flattens out on both sides to regions of less dramatic topography. Areas
where the deep-sea floor is quite flat for at least several thousand square miles
are called the abyssal plains. Moving toward the continent, the sea floor begins
to rise, first gently, then more rapidly into the continental slope. In some
places, such as the North Pacific, a deep-sea trench may be encountered at the
foot of the continental slope. These trenches may have depths as great as
37,950 feet. The continental slope is broken up by canyons cutting laterally
into the continental shelf. The continental slope can rise as steeply as 45
degrees, although the average for all continental slopes is a mild 4 degrees 07
minutes.* The level continental shelf begins when the sea floor has risen to
about 600 feet (180 meters) below sea level. The average slope of the shelf is
only around a tenth of a degree, and the average width worldwide is 42 nautical
miles (nm). The variation in the extent of the shelf is large, as is indicated by
figure Ad-2, ranging from 4 nm width off the US West Coast, t0 100 nm off
the US East Coast, to over 700 nm off the Arctic coast of the USSR. Much of
the continental shelf in the high latitudes of the Northern Hemisphere was cut
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and gouged by glaciers during the ice ages and has many canyons and banks,

Maps showing the gross features of bathymetry for the Arctic and North
Pacific oceans are shown in figures A4-3 and A4-4.
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Figure A4-3, Bathymetry of the Eurasian Arctic and adjoining seas.

Source: Oceanographic Atlas of the Polar Seas, part 2, Arctic NAVOCEANO pub. no. 705)
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Rising above the deep ocean floor are underwater mountains called sea-
mounts. These are conically shaped underwater volcanoes that extend to
within a few hundred feet of the sea surface, or actually broach it, as is the case
with the island of Bermuda. Seamounts can obscure underwater sound paths
and have a profound effect on underwater sound transmission.

Ocean circulation takes place on many scales and is driven by a variety of
physical processes. The motions in the upper layers can influence submarine
operations and submarine warfare tactics. Predictable currents may be used by
submarines for drifting silently through acoustically monitored chokepoints,
such as the Greenland-Iceland-United Kingdom (GIUK) gap.5 SSBNs on
patrol in the ocean are also subject to drift from ocean currents, though these
currents are generally less than 10 percent of the patrol speed (5 knots) of the
submarine. This drift does Dot cause any navigational error, however, since the
ship’s inertial navigation system accounts for all movements of the vessel.

The main forces that drive large-scale ocean circulation are ( 1) winds and

less interest here. The large-scale upper water circulation is thought to be
driven by the persistent c€ast-to-west equatorial trade winds. Figures A4-5 and
A4-6 are maps of surface water circulation in the Arctic and Pacific. The

cent ocean; rather, they may be visualized as meandering filaments moving
more or less coherently in a general direction. The northward flowing currents
at the western boundaries of the ocean gyres are the fastest and most well
defined of the major ocean currents. These western boundary currents are
driven by a dynamical force, which is driven by the earth’s rotation. The
Florida Current and Gulf Stream in the Atlantic, and the Kuroshio Current
and Kuroshio Extension in the Pacific are examples of intensified western
boundary currents.

which in turn arise from temperature, pressure, and salinity fluctuations. Of
these, temperature variability in time and $pace accounts for most of the sound
velocity fluctuation.

The major internal movements of the ocean that are not categorized as
currents are grouped into waves and eddies. Eddies are large (on the order of
50-100 nm) moving parcels of water that are usually spawned from a major
current. The Gulf Stream, for instance, is the origin of a complex group of
eddies and “rings” in the North Atlantic. Rings are identifiable by their core of
water at one temperature, which is surrounded by a ring of water at a different
temperature.



The Oceans and Submarine Detection *+ 225

CANADIAN

4 .‘: 7
‘\ : SN N masi v

1 N 2 N l .\)z‘_{q,“

<< SN “
ya
N

ﬂ\\ NPT
/ 4,8 4 s 2 ,’.>~\.\ ) - J 7"\: ]
o gnd K7 :"‘.\ \ . g o) ¥

il 1
GREENLAMD !
" N\

P
AN

N

\
\§

/-\"\ xS
2NN g
~A.-:{:\\.‘II."1\ISL‘.
ERET)

=

2

/
‘~‘.\—’;\

P S

Aoo-n--ozu--/
N2000 m —— 2==7
/4000/«‘ ——_a_

&

N [SSEEN

: N A
I : R 4 N
il VTN ATLANTE CURR

Figure A4-5. Average surface currents and bathymetry in the Arctic and
adjoining seas.

Source: George L. Pickard and William J. Emery, Descriptive Physical Oceanography, 4th enl. ed.
(New York: Pergamon, 1984), fig. 7.19, p. 169.



226 + Appendix 4

‘(861

981 'd ‘bz, "8y

uowreS1a 10X MIN) 'P3 Tus Y1 ‘AYdpiSouvasy 100158 g 2a11dussaq ‘Adwg f WEIMIA\ pue pieydig 1 381030 :a24n0g

"UEDQ dydrg ay1 ur AnswAyieq pue syusimo BJINS 33eIoAY 9~y 2inSig

0¥

.00

i

Tt - w000y

..... ‘o=~ woo0t

H'XOdddv) SHivgOs)
{245-9ns) 3Ny > -

&

cer meon,s T o _’ ~ 0 S0
‘s ../Llouzmzzau\\ o o

N e Tl 0 e

4 K\CJOQXDUZ_UM.VFZC

! / -« « Ir'd

(19004 injeg Juy

A

- -— — -
‘H¥Nd
— 1vno3

— —
wUNd ¥IoNn ivnoy €—- -

L]
7/ wyxs
Z




The Oceans and Submarine Detection - 227

Waves in the interior of the ocean are classified according to the time and
length scales of their motions and (by inference) their dynamics. Slowly vary-
ing, very large scale waves that are dynamically associated with the earth’s
rotation introduce fluctuations on the scale of weeks or months. There are also
wave motions that occur on time scales of an hour to a day. These shorter-
period motions are a result of the temperature stratification of the ocean.
Heated water near the surface is less dense than cooler water beneath and
therefore rises toward the surface. If this stable stratification is perturbed in
any way, and a warm water layer is pushed down, that layer will feel an upward
restoring force from the denser water around it, and like a weight hanging from
a spring, it will begin to oscillate. These oscillations of the internal thermal
layers are called internal waves. The period of oscillation of an internal wave
depends on water density and on the rate of change of density with depth.

Internal waves exist almost everywhere and are large near the surface but
decrease rapidly with depth, and the motions have horizontal scales that are
typically 10-100 times longer than the vertical scales.” To some extent internal
waves and other random elements in the acoustic transmission characteristics
of the oceans set upper bounds on the accuracy and resolution of long-range
surveillance capabilities, in much the same way as atmospheric turbulence
limits the potential for telescope observation of the sky.

At smaller length scales and shorter time scales, surface gravity waves and
surface turbulence also have an effect on sound transmission. Sound passing
through the upper layer of the ocean encounters the wave motion, which tends
to shift some of the sound energy to a slightly different frequency. Turbulent
fluctuations contribute to fluctuations in the received sound and may cause a
wandering of the apparent bearing of a source of sound, much as atmospheric
turbulence causes the twinkling of stars.

Introduction to the Theory of
Sound Transmission through Water

A mathematical definition of sound is necessary in order to discuss some of the
acoustic properties of the sea and how these relate to antisubmarine warfare.
To begin with, assume that the ocean is completely homogeneous and that
there is no spatial variation in sound transmission characteristics. If only long
ranges from the source are considered, the spherical wave front can be locally
approximated as a plane. The equation for the pressure of a simple sound wave
is

- 2m 27
p(x,t) = Pmax €08 | L T ¥ (A4.1)
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2
I=2ms (A4.2)

where p is water density, p2, is the time-average of the squared pressure, and
C is the speed of sound in seawater.

The speed of sound in seawater is a variable quantity that governs the
bending, or refraction, of sound rays. Consider a wave front moving from a
zone where the speed of sound is C, to a zone of higher sound velocity C,.
Figure A4-7 shows the wave fronts and the associated rays moving from zone |
to a plane interface where they are transmitted into zone 2. The wave fronts
bend as they pass into zone 2 as shown. The geometric relationship between
successive wave fronts at the interface yields

G :_CZ_ (A4.3)
cosf;  cosb,

which is Snell’s Law. If the speed of sound is known at all points in an ocean
area, then ray paths can be constructed originating at a sound source anywhere

how the law works is to think of a car traveling on a smooth road with a soft
shoulder. If the right front tire drifts off the road into the dirt, that tire moves
more slowly, and therefore the car js pulled to the right.

Acoustics in the Ocean

Effects of temperature, salinity, and depth on sound transmission are only
relevant in that they influence the speed of sound in seawater. One equation
relating sound speed to temperature, salinity, and depth is

C=1448.96 + 4.951 T — 5.304 X102 T2 + 2,374 X 10~ T3
+ 1.340(S-35) + 1.630 X 102D + 1.657 X 107 D2 (A4.4)
— 1.025 X 102 T(§-35) — 7.139 X 10713 TD3

where temperature 7T is in degrees centigrade, salinity S is in parts per thou-
sand (ppt), depth D is in meters, and C is in meters per second.$ Typical values



The Oceans and Submarine Detection *» 229

x2 = WAVELENGTH IN ZONE 2

\\\\\\\\\\\\

~

20NE 2
REFRACTED
RAY C.

S

G,
\\
A = WAVELENGTH IN ZONE 1

INCIDENT RAY C, <C;
SOURCE
PERIOD = T

Figure A4-7. Refraction of a sound wave passing through the interface of two
layers with different sound speeds.

of sound speed in the sea are 4,900 feet per second (approximately 1,500 meters
per second), and although variations of more than a few percent are rare, these
have a profound effect on underwater acoustics.

Oceanic temperature and salinity gradients are typically greatest in the
upper 1,000 meters and are much larger in the vertical than in the horizontal
direction. These vertical gradients are primarily caused by solar heating. Table
A4-1 gives some values of vertical temperature and salinity gradients at middle
latitudes.® From this data it is clear that in the upper kilometer of the ocean,
temperature essentially governs the profile of sound speed with depth. The
increase of sound speed due to the depth effect is smaller, and salinity effects
are almost negligible, except under some special conditions near coasts, in the
Mediterranean Sea, and under ice. Salinity affects the sound speed profile only
if extremely large salinity gradients occur, for example, near the mouth of a
major river outflow of fresh water into the sea. At depths below 1 kilometer,
the solar heating and evaporation effects are negligible, so that temperature and
salinity are relatively constant. About 75 percent of the total volume of the
ocean has properties within the range from 0°-6° C and 34-35 ppt in salinity.'
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Table A4-1
Average vertical temperature, salinity, and sound speed gradients in the upper
1,000 meters at middle latitude

Variation
Change in in Sound Speed
Physical Average Sound Speed with Depth Due
Property Gradien: with Properry to Properry
Temperature AT _  —100 AC . +Hm/sec AC _ —0.040 m/sec
(degrees C) AD 1000 m AT degree C AD meter
Salinity AS _ *1.5ppt AC — _F12m/sec AC _. £0.002 m/sec
(ppt) AD 1000 m AS ppt AD meter
Depth AZ _ 11000 m AC _. 10.016 m/sec AC _ +0.016 m/sec
(meters from AC 1000 m iy meter AD meter

surface)

Source: George L. Pickard and William J. Emery, Descriptive Physical Oceanography, 4th ed.,
(New York: Pergamon, 1982), Chapter 4. Also equation A4.4.

In these lower depths, the speed of sound increases slowly with depth due to
the steady increase in pressure,

The vertical temperature profile in the upper ocean is governed by the
amount of solar energy absorbed by the water. A layer in which the tempera-
ture changes significantly with depth is called a thermocline, The overall
temperature profile of the ocean has three components (thermoclines), which
are distinguished by their temporal cycles: the steady-state profile, a seasonal
variation in the upper layers, and a diurnal variation. There is a diurnal (one-
day cycle) thermocline in the upper 20 meters, associated with a change of one
to several degrees centigrade, depending on the latitude and season. Wave and
wave mixing tend to smooth out the vertical temperature variations over the
top few meters.!! There are also longer-term seasonal variations that cycle over
a year. Annual variations in temperature are typically 8 degrees Centigrade at

shown in figure A4-8. In this figure the upper 20 meters are shown as the
average temperature over a day. In addition to the diurnal and seasonal ther-
moclines, there is a steady-state main thermocline that extends to a depth of
about 1,000 meters. Figure A4-9 shows examples of the main thermocline at
low, middle, and high latitudes. The observed profile is a superposition of
these three thermoclines and can be very complex in detail, though it is impor-

depth (equation A4.4) by measuring distribution of temperature and salinity
over depth (figure A4-10, part a). When this is done, a sound speed profile like
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Figure A4-8. Annual cycle of the seasonal thermocline in the North Pacific.

Source: Robert J. Urick, Sound Propation in the Sea, (Los Altos, CA: Peninsula Publishing, 1982),
p. 6-2.
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Figure A4-9. Typical mean‘temperature/depth profiles in the open ocean
showing the main thermocline.

Source: George L. Pickard and William J. Emery, Descriptive Physical Oceanography, 4th enl. ed.
(New York: Pergamon, 1984), fig. 4.5, p- 38.



232 « Appendix 4

n 3 S 35 %o SPEED CORRECTIONS L SOUND SPEED  my,
0 ¢ 0T 20 e ~—20_ 40 60 80 usp 1 120 156
ta) (b} ]

1000 +
3
I
a
a

2000 b 867 jac,  \ac, ¢

T s

3000 ¢

Figure A4-10. Derivation of the sound speed profile from temperature and
depth dependence of sound speed.

Source: George L. Pickard and William J. Emery, Descriptive Physical Oceanography, 4th enl. ed.
(New York: Pergamon Publishing, 1984), fig. 3.2, p. 23.

that in figure A4-10, part c is obtained. As figure A4-10, part b shows, the
upper part of the sound speed profile is principally governed by the rapidly
decreasing temperature with depth, while the lower part is governed by the
effect of increasing depth. The result is that the sound speed reaches a min-
imum at around 1,000 meters, below which there is an approximately linear

oceans. There may be local variations of this basic profile due to the intrusion
by cold or warm currents, but these variations are limited in extent.

The layer of minimum sound speed becomes shallower with higher lati-
tudes due to the fact that with less incoming solar radiation, the main thermo-
cline does not penetrate to as great a depth. In the arctic regions where the

The Deep Sound Channel

The depth plane of minimum sound velocity is called the axis of the sound
velocity profile. The axis is associated with a very important acoustical effect:
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as sound passes through the layers of changing speed above and below the axis,
it is refracted according to Snell’s Law, and since the axis is by definition the
layer with the lowest speed, sound on either side of the axis is always refracted
toward the axis. Sound ray paths from a nondirectional source can be plotted
using equation A4.3. In figure A4-11, the source (S) is fixed at a depth of 600
meters, and four outgoing rays are shown marked 4, B, C, and D. The rays in
the figure appear to be much steeper in shape than they actually are due to the
difference in the horizontal and vertical scales. These plots are called ray
diagrams, and they are crucial pieces of information for real-time ASW tactical
decision making. Many US ASW platforms have computers that can make ray
traces from inputs of the sound speed profile and source depth.

The sound emitted from source S radiates in all directions. Each ray that
emerges from § has a specific value of the quantity

G =—to (A4.5)
cosfy

where C, is the speed of sound at the depth of the source and 6, is the initial
angle of the ray relative to horizontal. From equation A4.3, G is constant along
any one ray. It immediately follows that the initially horizontal ray marked B in
figure A4-11 must remain horizontal. Upward rays like A refract downward,
while downward rays like C and D travel downward until they are refracted or
reflected upward and, like A, pass through the axis. The ray paths oscillate
around the axis with a short loop above and a long loop below the axis. As a
result, some of this sound energy is trapped into oscillating around the axis.
The layer within which the sound is trapped is called the deep sound channel.”
Sound trapped in the sound channel propagates much greater distances than
untrapped, uniformly spreading sound because it does not hit the surface or
bottom, where sound is scattered and absorbed.

Not all the energy from the source is trapped by the sound channel.
Upward rays significantly steeper than A are reflected both at the surface and
at the bottom and may not oscillate around the axis in as well-behaved a
manner as the rays shown. Downward rays like D may similarly reflect off the
bottom if they are steep enough. Boundary reflections generally involve scatter-
ing and energy loss so that reflected rays are attenuated more rapidly than
purely refracted rays. In addition, there may be energy Joss out of the sound

channel due to scattering from nonhomogeneities in the water itself.

Convergence Zones and Shadow Zones

The refractive characteristics of the sound channel create a complex lens effect
by which sound rays are focused and defocused at regular intervals from a
point source. Consider the point source at S in figure A4-11. Near the source,
rays are emitted radially in all directions. Two rays, such as C and the one
immediately above it, separate with increasing distance from the source. Since
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a ray by definition is a path parallel to the direction of energy flow, then all the
energy between two rays must remain between those two rays. The distance
between the two rays at any point as they travel along is therefore an inverse
measure of the sound intensity at that point, where intensity 18 defined in
equation A4.2. In figure A4-11, the sound intensity in the vicinity of the path
of ray C is a minimum at 15 nm from the source. At greater distances the rays
reconverge until they actually meet at about 33 nm. The observed intensity in
the vicinity of this convergence zone is significantly higher than it is along the
path closer to the source. The ray theory breaks down at the points of ray
crossings, or caustics, since an infinite intensity is predicted, which is of course
physically impossible. Modified acoustic theories can be used to predict inten-
sity near caustics. In the North Atlantic and North Pacific oceans, convergence
zone spacing is typically about 33 pautical miles, and the zone itself is a few
miles wide.!* The convergence Zones appear at multiples of the first conver-
gence zone range—that is, at 33 nm, 66 nm, and 99 am—while the widths of
the zones themselves broaden with increasing range from the source. Beyond
the third convergence zone, the amplification of the source sound is not usually
very significant, since the energy is spread out and the zone is made diffuse by
scattering and diffraction.

Ray theory also predicts zones that receive absolutely no sound from a
point source in the sound channel. The shaded shadow zone in figure A4-11
indicates an area that is completely missed by rays emitted at point source S.
According to ray theory, an observation taken within this shadow zone would
show zero intensity. Some sound, however, does make its way into and out of
the shadow zone from scattering at the boundaries and by diffraction off
particles in the water. From a tactical point of view, the rays that are reflected
off the bottom can be quite useful for detecting nearby submarines hiding in
the shadow zone. In fact, submarines are seldom detected within shadow zones
except via bottom bounce ray paths.'* This is one of the main reasons for the
deployment of spherical sonars common to US submarines, which can form
receiving beams in the vertical as well as the horizontal. The shadow zone is
clearly an important phenomenon in defensive and offensive undersea warfare
tactics, and like the convergence zone, it can be predicted by shipboard ray-
tracing computers, given sufficient information on the sound speed profile.

Conditions for the Existence of the Deep Sound Channel,
Convergence Zones, and Shadow Zones

The deep sound channel in the ocean has an upper and lower bound that is
determined by the ray that makes the largest vertical excursion between the
crest of the upper loop and the trough of the lower loop. Equation A4.5 states
that along a given ray the sound speed must be equal at the crest and the
trough. There is generally a pair of depths where the sound speed is equal, one



236 - Appendix 4

above and one below the axis of the deep sound channel. Figure A4-12 illus-
trates the three cases that can arise in the sound channel.

Case I: Sound Channel over the Entire Depth. In figure A4-12, part a, the
sound speed at the surface just equals the sound speed at the bottom, so that the
widest ray path just crests at the surface and troughs at the bottom, and a sound
source or receiver is within the sound channel at any depth,

Case II; Bottom-limited Channel. In figure A4-12, part b, the water is not
deep enough to allow the sound speed below the axis to rise to the value at the
surface, so the bottom of the sound channel is cut off. The sound speed at the
bottom is matched at A, however, so a sound channel exists but does not extend
above the depth at 4. A receiver above 4 will not benefit from the long-range
transmission characteristics of the channel. In shallow water the relative im-
portance of reflected rays is therefore greater.

Case III: Water Depth Greater Than Sound Channel Depth. Figure
A4-12, part ¢, shows a case in which the water depth is below the turning depth

a) b) C)
A
| * ,'
l | |
, l
| | '
| l |
I l
| : |
Water Depth 8

Less Than Critical

Water Depth
Equal to Critical
Depth Water Depth
Greater Than Critical

Figure A4-12, Velocity profile and the critical depth.

Note: In a) the water depth equals the critical depth and the entire water column forms the Deep
Sound Channel. In b) and c) sound sources or receivers shallower than A in b) and deeper than B in
c) would lie beyond the deep sound channel. Condition c¢) is required for the formation of a
convergence zone,

Source: Robert J. Urick, Sound Propagation in the Seq (Los Altos, CA: Peninsula Publishing,
1982), p. 7-3.
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of the deepest refracted ray. A receiver at the bottom is therefore outside the
sound channel and is partially uncoupled from long-range acoustic transmis-
sion. The optimum placement of SOSUS and other long-range fixed acoustic
receivers depends largely on good sound channel coupling, so these arrays are
not placed in water that is too deep.

A useful concept that arises out of these cases is that with adequate water
depth there is always a depth below the sound channel axis at which the sound
speed equals the maximum value of the sound speed above the axis. The
maximum sound speed above the axis is usually found at the surface and 15
determined approximately by the surface temperature. Below the axis, the
sound speed increases linearly with depth. The depth below the axis at which
the sound speed equals the sound speed at the surface is called the critical
depth. In case I, the water depth equals the critical depth. In case 11, the water
depth is shallower than the critical depth. In case III, the water depth is
greater than the critical depth.

In order better to understand the ASW environment, it is helpful to be
able to predict whether convergence zones are present. Convergence zone
reception depends on the presence of a sound channel. A sound channel exists
when the vertical temperature distribution causes a well-defined sound speed
minimum, a condition usually met at low and middle latitudes up to about 55
degrees north. Additional conditions for the existence of convergence zones
are: (1) the sound source must lie in the sound channel, and (2) the water depth
must exceed the critical depth by 1,200-1,800 feet in order that deep refracted
rays may turn around and be brought into convergence.'®

Predicting the existence and character of convergence zones is largely a
matter of predicting the critical depth in relation to the water depth. This is
simplified by the fact that the sound speed profile below the axis is very similar
throughout the world. The surface temperature determines the surface sound
speed and therefore the depth below the axis at which sound speed is equal—
that is, the critical depth. A convergence zone prediction curve is shown in
figure A4-13, on which is plotted a curve for predicting the existence of
convergence zones (solid) and a curve for predicting convergence zone range
(dashed). These curves apply to near-surface sources in the North Atlantic and
North Pacific. The bottom scale indicates the surface water temperature. Con-
vergence zones exist in water of a given depth and surface temperature if the
point on the graph lies to the left of the solid line. The dashed line is used to
find the convergence zone range on the right-hand scale, which corresponds to
the surface temperature. Since the solid line approximates the curve of critical
depth versus surface temperature, figure A4-13 can be used to predict roughly,
given only the surface temperature, the maximum depth at which a bottom-
mounted receiver will pick up distant acoustic signals from the sound channel.
Because of seasonal changes in temperature, it follows that a given area may
have a convergence zone in one season (winter) but not in another (summer).
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zone (solid curve, left-hand scale). Dashed curve and right-hand scale give the zone range. For
near-surface sources in the North Atlantic and North Pacific Oceans.

Source: Robert J. Urick, Sound Propagation in the Sea (Los Altos, CA: Peninsula Publishing,
1982), p. 8-10.

Thus seasonal effects are in many areas important for convergence zone
propagation.

Reflection of Sound at the S urface and Bottom

Reflection and scattering of sound at the surface and bottom boundaries is a
less efficient mechanism for sound propagation than refraction, though it is
important for shallow water and for short-range detection. Water is acousti-
cally shallow if the bottom plays a large role in determining the transmission of
sound—that is, if over the transmission path of interest, many bottom interac-
tions occur. A very rough guide to when water is acoustically shallow is when
the depth is the same order of magnitude as 10 acoustic wavelengths. Thus, the
term “‘shallow water” in acoustics is a frequency-dependent phenomenon,
although since most of the discussion here relates to low frequencies on the
order of 100 Hz, shallow water is on the order of 600 feet or less. Figure A4-2
shows the areas of the world ocean that are less than 660 feet (200 meters) deep,
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and it is important to note that these include much of the Soviet Union’s SSBN
patrol areas. Sound intensity loss due to multiple reflections at the bottom is
the limiting factor in long-range shallow water transmission.

The reflection of sound at an ocean boundary is a complex process that
involves energy loss at the interface and scattering of the incident wave in all
directions. The ocean floor may be covered with mud that permits sound to
penetrate to significant depths in the mud before being reflected or refracted
back out into the water. Scattering of an incident ray is illustrated in figure
A4-14. A surface that is smooth relative to the wavelength of the incident

A = WAVELENGTH

REFLECTED
INCIDENT RAY
RAY
(A) SPECULAR REFLECTION
ROUGHNESS << A
INCIDENT
RAY SCATTERED
RAYS
B T S it

(B) FORWARD SCATTERING
ROUGHNESS ~ A

(C) FORWARD AND BACK SCATTERING
ROUGHNESS ~ A

Figure A4-14. Reflection and scattering from the rough ocean bottom.
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sound reflects with little or no scattering, and the angle of reflection 6, is equal
to the angle of incidence 0,, as shown in figure A4-14. If the boundary rough-
ness is increased, the incident sound is scattered around 6, in a continuous
distribution. Scattered sound is incoherent sound and cannot be detected by
any form of coherent (for example, replica correlation) processing.!? At the low
frequencies important for long-range surveillance, the loss at the surface is
negligible and the loss at the bottom is highly important in affecting propaga-
tion. Paths that are reflected at the surface, but do not strike the bottom—called
refracted-surface reflected paths—are very effective for long-range propagation.
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Appendix 5
Sonar and Sonar Arrays

coustic detection and localization of submarines employ both active
and passive techniques. Active sonar involves generating a sound and
then analyzing the echo reflected off the target. With passive sonar,
the various sounds generated by the target submarine are detected directly.
The following description of underwater sound emphasizes those phenomena
important to passive detection, but many of the basic ideas are applicable to
active systems. The purpose of this section is to introduce some quantitative

models that provide insight into the acoustic detection of submarines.

Sonar and the Passive Sonar Equation

Underwater sound is a pressure wave that propagates energy from its source at
the speed of sound, C. The unit of measurement of sound is its intensity, which
is the amount of energy crossing a unit area in one second. The American
National Standard for underwater sound intensity is 0.67 X 10-22 watts/cm’,
which is equivalent to the intensity of a plane pressure wave of 1 micropascal.
Using this standard reference intensity, it 18 possible to describe all measured
sound as a ratio of the measured intensity to the reference intensity. Instead of
using the ratio directly, which can vary over many orders of magnitude, it is
common practice to take ten times the logarithm of this ratio to be the sound
level in “decibels,” or dB. That is

sound level (dB) = 10 log [6—6—7——%—1—6_—27} (A5.1)

This definition of the decibel is expanded to include the ratio between any two
sound intensities, I, and 1,, such that if

N =10 10ng2 (A5.2)

I, and I, are said to differ by N dB.
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digitizing this data, very low levels of electronic noise are introduced. The
signal processor is where this amplified raw signal is analyzed to detect the
submarine signature within the other noises. Finally, the analyzed signal is

manding officer.

The factors that influence passive sonar detection at a given frequency can
be associated with the equipment, the medium, and the target. These passive
sonar parameters, which are defined as follows, generally depend on frequency.

1. Equipmen: factors

a) NL: Self-noise level: The noise that is caused by the ship’s own noise
and electronics noise. Noise leve] is referred to a 1 micropascal plane
wave and is usually given as the level in a 1 Hz band.

b) AG: Receiving array gain: A measure of the angular resolution and
improvement in signal-to-noise ratio of the sonar array. AG generally
depends on the number of hydrophones in the sonar array, the array
size and shape, and the frequency of the received sound.

exceed noise in order to permit detection 50 percent (or any other
percentage) of the time for a given probability of false alarms,

2. Medium factors

@) TL: Transmission loss: The loss of sound intensity between the target
submarine (at one yard) and the receiver.

b) NL: Ambient noise level: Oceanic and man-made noise. Note that
ambient and self-noise are lumped into the NI, term.
3. Target factors

a) SL: Source level: The intensity of the target submarine-generated
sound, referred to a distance of 1 yard in the direction of the receiver,
and referred to a 1 microPa plane wave in a 1 Hz band.

The equation that relates these quantities is called the passive sonar equa-
tion. It can be written as

SL+AG~TL— NL =pT (A5.3)

This states that for a sonar system to make a detection, the source level (SL)
and the noise-rejecting capacity of the directional array (AG) must be high
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enough to overcome the detrimental effects of transmission loss (TL) and noise
(NL) so that the presence of the the signature is detectable. Figure A5-1
represents the various terms of the passive sonar equation. The following list
gives the exact definitions of the terms. Each term will be discussed more
thoroughly in the following sections.

Source level:

SL=101lo signature intensity 1 yard from source
& reference intensity

Transmission loss:
signature intensity 1 yard from source
TL =101o ’g____’___y__y_,/ - - -
signature intensity at receiver
Detection threshold:

DT = 10 log [SNR for stated probabilities of detection and false alarm]

Array gain:

_ SNR for array
AG =101og [SNR for single hydrophone]

Transmission Loss

Sound intensity decreases with distance from the source due to three inde-
pendent phenomena: the geometric spreading of energy, scattering, and the
loss of energy through absorption.! In an unbounded ocean, the intensity of
sound energy decreases proportionally to the square of the distance from the
source. This spherical spreading model is accurate near the source, before the
bottom and surface boundaries exert an influence. At distances of many times
the water depth, waves begin to spread in a two-dimensional way because the
spreading is confined, and the intensity drops off only as the first power of
distance. This phenomenon is called cylindrical spreading.

The mechanisms for sound absorption by seawater are molecular in nature
and occur as the water and its dissolved components are compressed and
expanded due to the passage of the pressure wave. Viscous effects dissipate
energy at very high frequencies, while the jonic relaxation of the magnesium
sulfate and boric acid molecules in solution are primary mechanisms of energy
dissipation at medium frequencies.? At very low frequencies energy is also lost
as sound is scattered out of the deep sound channel.? Transmission loss due to
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absorption is an exponential function of range, so in logarithmic decibel equa-
tions it appears as simply proportional to range. The transmission loss equation
including spherical spreading and absorption is

TL = 10 log R* + a R X 107 (A5.4)

where R is in yards, o is the absorption coefficient (in dB per kiloyards) found
from figure A5-2, and 7 is the geometric spreading factor, equal to 2 for
spherical spreading and 1 for cylindrical spreading. The transition from spher-
ical to cylindrical spreading depends upon propagation conditions but is of the
order of a few miles in the deep ocean. Figure A5-3 shows attenuation versus

frequency in the Pacific Ocean for very low frequencies.
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Figure A5-2. Sound attenuation coefficient as a function of frequency, show-
ing the regions of different dominant processes.

Source: Robert J. Urick, Sound Propagation in the Sea (Los Altos, CA: Peninsula Publishing, 1982),
p.- 5-3.
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Figure A5-3, Low-frequency attenuation in the northeast Pacific Ocean, show-
ing regional dependence.,

Source: A. C. Kibblewhite et al., “Regional Dependence of Low Frequency Attenuation in the
North Pacific Ocean,” Fournal of the Acoustical Society of America 61, May 1977, pp. 1169-1177.

face waves that are much longer than the acoustic wavelength will reflect sound
with little scattering. As the surface and acoustic wavelengths converge, the
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incident energy scatters over a wider angle. Both bottom roughness and mate-
rial influence scattering and loss from that boundary. In addition, the thickness
of the surface mixed layer and the sound speed profile are important since the
profile determines how the sound is refracted and therefore influences the
channeling of sound and the angle at which sound strikes the bottom. Predic-
tions of transmission loss in shallow water are very approximate at best. Table
A5-1 gives equations and coefficients for determining shallow water transmis-
sion loss based on a compilation of measurements. Figure A5-4 is a compila-
tion of shallow water transmission loss measurements showing the wide range
of measured data under nearly similar conditions of refraction (sound speed
decreasing with depth) and frequency. Local bottom effects account for much
of the observed variability.

Array Gain

The gain of an array of hydrophones is a measure of its ability to increase the
ratio of submarine signature to background noise, and depends on its geometry
and the characteristics of the signature and the noise. In this section some
models for array gain are introduced, together with data that indicate funda-
mental limitations on array performance. A single hydrophone has very poor
directional discrimination, which means that ambient noise arriving from all
directions is received and masks the submarine signature that arrives from one
direction. However, when the outputs of an array of several hydrophones are
summed, the overall sensitivity, the directional capability, and the signal-to-
noise ratio of the receiving system improve. Directionality may be illustrated
by a polar plot of sensitivity versus angle, as in figure A5-5. In this figure, the
sensitivity of the sonar array is plotted in decibels as the distance from the
center. This sensitivity in decibels is referenced to the maximum sensitivity of
the main lobe. The width of the main lobe is arbitrarily defined by the points at
which the sensitivity drops 3 dB from the maximum sensitivity.

The performance of an array depends on the statistics of both signature
and noise. If two signals are received by two hydrophones separated in space,
one can calculate the correlation coefficient

T
—;fo Sy (1) Sz (Dt
p1—2 — — 1,
T 1 T 1
{-;{) 52 (z)dz] 2 [—;{) 5,2 (t)dt] 2

where Si(¢) and Sy(¢) are the signals at the outputs of the two hydrophones.
The term in the numerator is the time-average product of the two signals,
which can be interpreted as a measure of how closely the two signals are

(A5.5)
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Table A5-1
Shallow water transmission loss equations and coefficients

Variables: f frequency (kilohertz)
H  ray skip distance (kiloyards)
D water depth (feet)
L mixed layer depth (feet)
a  absorption coefficient (dB/kiloyard)
k;  boundary loss coefficient (near-field anomaly, dB)
ar shallow water attenuation (dB/bounce)
R distance between source and receiver (kiloyards)
TL transmission loss (dB)

I)  Given sea state, bottom type, and frequency, determine ar and k; from the following tables.

Sea ar
state 0 1 2 3 4 5

f

(kHz)  Sand  Mud  Sand Mud  Sand  Mud Sand  Mud  Sand  Mud Sand  Mud
0.1 1.0 1.3 1.0 1.3 1.0 1.3 1.0 1.3 1.0 1.3 1.0 13
0.2 1.3 1.7 1.3 1.7 1.3 1.7 1.3 1.7 1.3 1.7 1.4 1.7
0.4 1.6 2.2 1.6 2.2 1.6 2.2 1.6 2.2 1.7 24 2.2 3.0
0.8 1.8 2.5 1.8 25 1.9 2.6 2.2 3.0 24 3.8 29 4.0
1.0 1.8 2.7 1.9 2.7 2.1 29 2.6 3.7 29 4.1 3.1 4.3
2.0 2.0 3.0 2.4 35 3.1 4.4 33 4.7 35 5.0 3.7 5.2
4.0 2.3 3.6 35 52 3.7 5.5 3.9 5.8 4.1 6.2 4.3 6.4
8.0 3.6 53 4.3 6.3 4.5 6.7 4.7 6.9 5.0 7.3 5.1 7.5
10.0 4.0 5.9 4.5 6.8 4.8 7.2 5.0 7.5 5.2 7.8 53 8.0

Sea ky
state 0 1 2 3 4 5

(kRHz)  Sand  Mud Sand  Mud  Sand M ud  Sand Mud  Sand Mud  Sand  Mud
0.1 7.0 6.2 7.0 6.2 7.0 6.2 7.0 6.2 7.0 6.2 7.0 6.2
0.2 6.2 6.1 6.2 6.1 6.2 6.1 6.2 6.1 6.2 6.0 6.2 6.0
0.4 6.1 5.8 6.1 5.8 6.1 58 6.1 5.8 6.1 5.8 4.7 4.6
0.8 6.0 5.7 6.0 5.6 5.9 5.6 5.3 5.0 4.3 5.9 39 3.0
1.0 6.0 5.6 5.9 5.5 5.7 5.3 4.6 4.2 4.1 3.7 3.8 3.4
2.0 5.8 5.4 5.3 4.9 4.2 3.8 38 3.4 3.5 3.1 3.1 2.8
4.0 5.7 5.1 3.9 35 3.6 3.1 3.2 2.8 2.9 2.4 2.6 22
8.0 4.3 38 33 2.8 2.9 25 2.6 2.2 2.3 1.9 2.1 1.7

10.0 3.9 34 3.1 2.6 2.7 2.2 2.4 2.0 2.2 1.7 2.0 1.6

II) Compute: H = [178(D+L)j05
ITI) Find o from figures A5-2 or A5-3.

IV) Use the appropriate transmission loss equation:
IfR<H TL=2OIogloR+aR+6O—kL
IFfH<R<S8HTL=15 log)oR + aR + ap(RZ/H—-1)+5 log;oH + 60 — k.
IfR>8H TL =10 log,R + oR + ap(R’ZH - 1)+ 10 log,H + 64.5 — k.

V) Compute probable error of the estimate in dB from the following table:

Frequency (Hz)
Range, kyd 112 446 1120 2820

3 2 4 4 4
9 2 4 5 6
30 4 9 11 11
60 5 9 11 12
90 6 9 11 12

Source: H.W. Marsh and M. Schulkin, “Shallow-Water Transmission,” JASA 34, 1962, pp-
863-864. Also, Robert J. Urick, Principles of Underwarer Sound for Engineers (New York: McGraw-
Hill, 1975), pp. 164-166.
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Figure A5-4. A compilation of shallow water transmission loss observations
from the literature.

Source: Robert J. Urick, Sound Propagation in the Sea (Los Altos, CA: Peninsula Publishing,
1982), p. 9-2.
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Figure A5-5. Directivity pattern of a sonar array.

Source: Randolph J. Steer, “Understanding Antisubmarine Warfare Technologies,” in Review of
U.S. Military Research and Development 1984, ed. Kosta Tsipis and Penny Janeway (New York:
Pergamon-Brassey’s, 1984), p. 165.

related, and the two terms in the denominator are normalizing factors. If the
two signals are identical, the correlation coefficient equals unity, and the sig-
nals are said to be perfectly correlated. The correlation coefficient equals zero if
the signals are random functions that have no statistical relation with each
other. The correlation of two signals that are samples of sounds taken simul-
taneously but at different locations is spatial correlation. Temporal correlation is
done with two signals taken at the same location but at slightly different times.
The ideal situation for detection in the presence of noise is a perfectly
correlated target signature in uncorrelated noise, so that when the hydrophone
outputs are summed, the signal intensity adds coherently and increases, and
the noise intensity does not. In the case of an array of N hydrophones used to
detect a perfectly correlated signal in uncorrelated noise, the array gain is

AG=10log N (A5.6)

In the ocean, however, the noise may be partially correlated and the signature
not completely correlated, so the array gain will always be less than the prediction
by equation A5.6.5 It does not appear to be possible to predict array perfor-
mance in an unfamiliar environment with much certainty, although there is a
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reasonable understanding of the factors that affect it. The following effects tend
to degrade the array gain:

Noise coherence on submarine-mounted arrays: Submarine hulls vibrate due
to mechanical and hydrodynamic forces. Coherent vibration of the hull is a
coherent noise source and may seriously interfere with hull-mounted
sonars. To the extent that this noise is correlated, it is impossible to
remove from the signal without filtering, which then attenuates target
signature.

Coherence of ambient noise: Narrowband low-frequency isotropic noise is
not well correlated for hydrophone spacings equal to or greater than a half
wavelength. To the extent that the noise at adjacent hydrophones is coher-
ent, however, the array gain is decreased.

Decorrelation of the signal: The correlation coefficient between separated
hydrophones falls off with distance at a rate that depends on the propaga-
tion multipaths and the directionality of the array. The correlation coeffi-
cient is small, generally beyond a hundred wavelengths, at low frequencies.

A simple, arbitrary measure of the correlation between separated hydro-
phones is given by the correlation distance, which is defined by the integral

ro =], p(r) dr (A5.7)

where p(r) is the correlation coefficient as a function of separation, r. This can
be applied to both signature and noise measurements. The correlation distance
is generally regarded as the most important natural parameter involved in the
design and performance of sonar arrays, but its magnitude depends greatly on
propagation conditions.

The idealized case that yields a high narrowband array gain for detecting a
signature in a noisy environment is the case of a perfectly correlated signal in
noise that arrives with equal intensity from all directions—that is, isotropic
noise. It can be shown that if a linear array contains hydrophones that are
spaced at intervals of half the acoustic wavelength of interest, then equation
A5.6 holds. The number of hydrophones, N, can be replaced by 2L/, where L
is the length of the array. It happens that this is the same result that is obtained
for a linear continuous hydrophone, which is the limit approached by adding
more and more discrete hydrophones at smaller and smaller spacings. How-
ever, an array in the idealized case of a correlated signal in isotropic noise does
not perform quite as well as equation A5.6 when the wavelength associated
with the frequency of interest is not an integer multiple of the hydrophone
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spacing. That is, in the idealized case, a particular hydrophone spacing “tunes”
the array to receive optimally a discrete set of frequencies. Other frequencies
will be received, but the array gain will be slightly lower than that given by
equation A5.66

Assume that in an idealized ocean the frequency that is to be detected is
known. The array can be tuned for that frequency by using half-wavelength
spacing, with the result that the gain of the array is proportional to the length
of the array. In terms of submarine detection this means that if anew sonar was
being designed to track a new submarine class that generated half as much
noise as an older class, then simply doubling the length of the array (and
expanding the computer to process the added inputs) would completely neu-
tralize the acoustic advantage of the new submarine. Similarly, if the new class
of submarine generates one-tenth the signature (which is plausible), the new
array must be ten times as long. At some point, the costs and logistical con-
straints of increasing the length of arrays become prohibitive,

The most obvious logistical constraint on array size and placement is the
geography of the oceans. Vertical arrays are of course limited by the depth of
the oceans. Arrays are most effective if they lie at a depth near the axis of the
deep sound channel, and since the only regions where the sea bottom intercepts
the deep sound channel are on the continental slope, horizontal arrays can only
be placed at the optimal depth where there is agreement with the adjacent
landowner.” The most cursory glance at a map shows that the United States
and its allies own most of the North Atlantic and North Pacific littoral, while
the margin of the Arctic Ocean is about half Soviet and half NATO. However,
long before geographical constraints on array length are encountered, financial
and technical considerations arise.

The relation of processing cost to array size depends on the processing
scheme. The most effective method of combining the hydrophones of an array
to pick up a small signature in noise is simply to add the outputs of hydro-
phones.® However, each hydrophone output must be delayed (for beamform-
ing), amplified, and summed (or alternatively, fast Fourier transformed), which
means that the initial computational effort grows roughly proportionally to the
number of elements in the array. In addition, beamforming requires a large
number of connections, at least equal to the number of beams multiplied by the
number of hydrophones,® and an equal number of delays or phase shifts to
form the beams. In addition to these variable costs, there are large fixed costs
for these surveillance arrays, which tend to ameliorate the average marginal
cost of added array length. Hydrographic surveys, shore facilities, computer
installations, and data transmitters are required and introduce costs that are
quite independent of the length of the array. According to Prof. Ira Dyer of
MIT, for the purpose of comparing new system designs (as opposed to expand-
ing existing ones), the System cost tends to be roughly proportional to the
number of hydrophones in the system. !0
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As an acoustic environment, the ocean is anything but ideal: low frequency
ambient noise is not isotropic, it is concentrated near the horizontal, and
signatures are not perfectly correlated over long distances. As a result, it is
impossible to obtain consistently gains as high as equation A5.6 would predict
for a given array. Spatial correlation is degraded over long propagation dis-
tances by the multiple paths along which sound can travel. In deep water with a
deep sound channel, many of these paths are a combination of refractions
through the channel, and reflections at the surface. The so-called refracted-
surface-reflected (RSR) paths pass through many nonhomogeneous layers of
water and are reflected from a time-varying ocean surface. As a result, narrow-
band signatures are slightly broadened (in frequency) and decorrelated. Bot-
tom scattering further decorrelates the sound field, and in shallow water, where
propagation involves many bottom bounces, the sound field is very complex
and dependent on local bathymetry and bottom acoustic characteristics.

The basic principle that governs the relationship between array size and
array gain is that the longer the length over which the sound field of the
signature is correlated, the greater the gain, all other things being equal. In the
ocean, correlation decays with hydrophone separation, and this decay is often
modeled as exponential or linear. In the exponential model, the representative
correlation length is taken as the distance at which the correlation coefficient
falls to 1/¢, which equals 0.37, and the linear model uses the distance at which
the correlation falls to 0.5. It has been established that arrays realize gain up to
the point that the array length equals twice the correlation length, and beyond
that there is no increase in array gain.'! If the correlation length of a particular
frequency was known in a particular area and set of circumstances, then the
limiting size of an array could be estimated, from which one could infer the
limitation on the array gain of the passive sonar performance equation. In
general, it 1s impossible to predict correlation lengths independent of local
conditions, and the estimate made here is only an approximate guide.

Table A5-2 is a summary of data on correlation length measurements from
a recently declassified survey report. There are two main groups of data—
horizontal and vertical—corresponding to the two principal means of deploy-
ing arrays: bottom cables and tethered buoys. Much of the data was generated
by two experimental systems near Bermuda, a vertical array called Trident in
14,000 feet of water, and an array that apparently had both horizontal and
vertical components called Artemis, which lay on a slope at depths extending
between 2,000 and 4,000 feet, that is, near the deep sound channel axis. The
experiments were mostly performed in deep water where the propagation paths
were refracted or RSR, and the signals were detected with narrowband pro-
cessing.

The results are expressed as coherence length normalized by acoustic
wavelength. Measures of coherence length in horizontal arrays appear to fall
mainly in the range of 10-110 wavelengths (six experiments, including two in
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shallow water), with two references to early experiments that yielded virtually
unlimited coherence lengths, and little in between. The earliest available exper-
imental data was published in 1958 and was based upon data from two isolated
SOSUS arrays that were “able to determine the track of a moving frequency-
stable source from the differing doppler frequencies on the widely separated
arrays.”!2 It is not clear why the data is clustered in this way, although part of

to use Doppler shift to track the target, and perhaps the description of “coher-
ence” used by those experimenters referred to comparing the two signals for
frequency shift. Also, it is not clear which data is for coherence between two
points and which is for coherence over the length of an array. It is very much
more difficult to obtain consistent, long-term coherence over the entire length
of an array,

The vertical array results show correlation lengths that vary from 7 to 163
wavelengths, though in any given situation “horizontally separated hydro-
phones are always more coherent than vertically separated hydrophones the
same distance apart.”!3 Experiments indicate that this difference is typically a
factor of between two and four. There are also two experiments from the

The foregoing review suggests that the extremely high correlation lengths
given by the two early experiments are very exceptional and probably arise
from special experimental circumstances and particular definitions of correla-
tion. The overwhelming mass of data suggests that correlation lengths lie
between 10 and 150 wavelengths. The correlation length is lower for shallow
water, higher frequencies, 4 longer averaging times, and wider frequency pro-
cessing bandwidths.!5 Another summary of sonar signal processing states that
typical measures of coherence distances (i.e., for the wavefronts of a plane
wave) are 10 to 100 wavelengths for horizontal separations and less than 10
wavelengths for vertical separations.”!¢ Therefore it seems reasonable to take a
figure of 150 wavelengths as the practical maximum correlation length for
sonar arrays in the ocean. This yields a maximum useful array length of 300
wavelengths. At 50 Hz this is about 9 kilometers, and at 400 Hz the maximum
array is about 1 kilometer long.

In order to estimate the maximum gain associated with the largest practi-
cal array, a model of array gain for partially coherent signatures is needed. Two
such models will be used, one that assumes half-wavelength spacing of hydro-
phones and exponential decay of signature coherence in an incoherent noise
field, and one modeled on a linear decay of signature coherence in a partially
coherent noise field.
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Using the exponential model, the array gain for a 300 wavelength, 600
hydrophone array is about 25 dB for both conventional (filter, square, inte-
grate) and optimal processing systems. !’

This result is unrealistically high, however, because the influence of a
partially coherent noise field is not included. The extremely limited experi-
mental data on ambient noise coherence suggest that low-frequency shipping
noise may be coherent over spacings of one-half to two wavelengths.'® To
introduce the effect of noise correlation on array gain, a model has been derived
that assumes a linear decay of coherence for both signature and noise. For
ratios of signature coherence length to noise coherence length much greater
than one, it can be shown that the array gain is proportional to that ratio.!® For
the maximum array length of 300 wavelengths, the array gain in the presence of
noise with a coherence length (coherence equal to 0.5) over one-half wave-
length is 23 dB, while the array gain in the presence of noise with a coherence
length of 1.5 wavelengths is 18 dB.

One experiment completed in the late 1970s by the Naval Research Labo-
ratory “‘observed the largest physical broadside apertures yet reported over
which the received signal was coherent.” The maximum correlation length of a
15 Hz continuous wave signal corresponded to an aperture of 14 km at a range
of 1600 km.?® The acoustic wavelength of the signal was 100 meters, the ratio of
aperture length to acoustic wavelength was 140, and the maximum possible
array gain from such an aperture was therefore 21.5 dB. “The measured array
gain for this aperture was 1.2 dB less than the maximum possible,”2! or about
20 dB.

These models, and the data on array performance, suggest that the maxi-
mum gain that can be expected at low frequencies from an array in deep water
is about 20 dB, and that partially correlated noise arriving from the direction of
the target can drastically reduce this figure. In shallow water, where signature
correlation lengths are smaller, maximum array gain should also be smaller.
From the data in table A5-2, the correlation lengths are about one-tenth of
what they are in deep water, SO the gains that would be expected are on the
order of 10 dB. An important tactical implication of this is that in areas where
Soviet SSBN’s patrol, such as relatively shallow waters and under ice (where
repeated reflections off the ice ridges create many multipaths), sonar systems
suffer an inevitable degradation of array gain and therefore of detection capa-
bility. These estimates of array gain are not intended to be generally applicable
and are used only to provide an upper limit for assessing sonar system capabil-
ity at low frequencies.

Beam Steering

Array gain is closely related to the directionality of arrays. One of the chief
advantages of an array over an individual omnidirectional hydrophone is that
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the array can listen preferentially in a particular direction. In fact, ‘“‘array gain”
can be interpreted as the ability of an array to be insensitive to sound arriving
from all directions other than a single selected direction. Sound arriving from
this direction is received with the normal sensitivity of the individual hydro-
phones. The hydrophones of an array are usually attenuated in some pattern
across the array to modify the directional characteristics, that is, the sensitivity
pattern of the array. This process is called shading. The entire sensitivity
pattern can be steered to any angle by introducing electronic time delays in the
individual hydrophone outputs. Consider the wavefronts arriving at an angle to
the two-element linear array shown in figure A5-6. If the outputs of the two

Wavefront arrives dcos ¢
att = t,

o
Wavefront arrives
1
At delay at <— separation = d — 5 30 =1+ at 1: no delay
1
Hydrophone A Hydrophone B
+
I
At d cos
C

Figure A5-6. Using time delays to steer the sensitivity beam of a passive sonar
array.
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hydrophones are compared without any delay, the output from A is a time-
shifted version of the output from B, with the signal at 4 leading (in time) the
signal at B by (d cos 6)/C. If the signal from A were delayed by this amount of
time, then the two signals would be in phase. The sum of two correlated signals
is a maximum when the two signals are in phase, so that introducing a specific
time delay is equivalent to selecting a particular direction to which the array
will have the greatest sensitivity. The variation of array sensitivity with angle is
called the beam pattern. Thus, without physically moving the array, the beam
pattern shown in figure A5-5 can be rotated to any angle. An unsteered linear
array yields the broadside beam pattern, SO called because the main lobe is
perpendicular to the array itself. Steering the array basically rotates the broad-
side beam pattern.

The shape of the main lobe of a linear array varies with steering angle as is
shown in figure A5-7. The half-power angular width of the beam given is also
in that figure, which is based upon a linear point array with half-wavelength
hydrophone spacing. In addition, the noise is assumed to be isotropic, and the
signal is assumed to be perfectly correlated. Since neither of these assumptions
holds for long-range passive detection, figure A5-7 always underpredicts the
beamwidth in the real ocean, though it can be used to make preliminary
estimates of beamwidth for sonar arrays. The beamwidth broadside to the
longest practical array (about 300 wavelengths) is about 0.2 degree and the
beamwidth at 30 degrees (60 degrees away from broadside) is 0.3 degres,

according to figure A5-7.

Localization Errors of Passive Arrays

In order to determine the Jlocation of a sound source, at least two lines of
bearing to the target must be obtained from two known points. If the array is
mobile, this involves some complications, since in the time it takes to move the
array, the target may also move.

A simple model for localization from two arrays is shown in figure A5-8.
Two arrays are fixed on a baseline, which is the vertical axis of a grid. The
arrays are both a distance H from the horizontal axis or centerline between the
two arrays. Since the target can be anywhere within the main beam of the
passive arrays, there is an area of uncertainty within which the target is likely to
be located. This area of uncertainty depends on the precision with which the
beam can be steered, the beamwidth, and the location of the target.

Figures A5-9 and A5-10 show the areas of localization uncertainty assum-
ing arrays that can be steered continuously through any angle, and which have a
broadside beamwidth of about 2-3 degrees, which is on the order of the main
beamwidth of a practical array at Jlow frequency.?? The figures have been
drawn so that the length scale is arbitrarily normalized to the distance from the
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Note: Hydrophones are separated by half the acoustic wavelength.

Source: R. S. Elliot, “Beamwidth and Directivity of Large Scanning Arrays,” Microwave Fournal
(Dec. 1963). Reproduced from Robert J. Urick, Principles of Underwater Sound, rev. ed. (New
York: McGraw-Hill, 1975), fig. 3.11, p. 53.

centerline to the array. The diamond-shaped figures are the areas of uncer-
tainty surrounding a target detected in the center. Figure A5-9 is for targets
near the arrays, and figure A5-10 is for targets far from the arrays.

The geometry of the arrays is intended to approximate two fixed surveil-
lance arrays along a coastline or along a chokepoint. For example, if an array off
Iceland and an array off the Faeroe Islands are used to localize targets in the
Norwegian Sea, then the appropriate scaling for figures A5-9 and A5-10 is to
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Figure A5-8. Schematic diagram of localization error from sensors with finite
beamwidth.

set the distance between the arrays as the distance between Iceland and the
Faeroes, 240 nautical miles, so that H is 120 nautical miles. The centerline runs
midway between the two islands and northeast toward the Barents Sea. According
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to figure A5-9, a target at 120 miles northeast of the Iceland-Faeroes gap (that
is, on the centerline) can be localized to within a 14-mile diameter circle. A
target in the northern part of the Norwegian Sea, 600 miles northeast of the
arrays (still on the centerline), can be localized to within an ellipse 120 miles by
50 miles. Targets off the centerline are difficult to localize at long ranges, as
figure A5-10 suggests, and the triangulation yields a very long area of un-
certainty.

Array

06—

Area = 0.01 H2
0.4}

02

Area = 0.015 H2 —
/\ Area = 0.007 H? Centerline
1 1 | 1 /1\ 1 1 1
02 0.4 06 08 \1\.9/ 1.2 14 16
Distance (Arbitrary Unit H)

Figure A5-9. Localization error for two sonar arrays with 2-3 degree beamwidth: Nearfield

Note: Target distance on the order of array separation.
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Figure A5-10. Localization error for two sonar arrays with 2-3 degree beam-
width: Farfield.

Note: Target distance much greater than array separation.

Notes

1. Scattering will be ignored in this discussion but can be an extremely important
factor in active sonar performance.

2. Robert J. Urick, Sound Propagation in the Sea (Los Altos, Calif.: Peninsula
Publishing, 1982), p. 5-3.
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3. A. C. Kibblewhite et al., “Regional Dependence of Low Frequency Attenua-
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signature coherence length and the noise coherence length.
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the half-wavelength. Thus, an array of just two widely spaced hydrophones has the
widest frequency response, although its gain is at best a factor of 2 or 3 dB.

7. Arrays can also in principle be placed on seamounts, although the shore link
becomes a major cable-laying project.

8. ]J. L. Brown and R. O. Rowlands, “Design and Directional Arrays,” FASA 31,
1959, p. 1638.

9. Arthur Baggeroer, “Sonar Signal Processing,” in Applications of Digital Signal
Processing, ed. A. V. Oppenheim (New York: Prentice-Hall, 1978), pp. 331-437.

10. Prof. Ira Dyer, Dept. of Ocean Engineering, MIT, Principles and A pplications
of Underwater Sound, Lecture notes for course 13.851.

11. Robert Urick, Signal Coherence in the Sea and the Gain of a Receiving Array: An
Overview of Theory and Measurements (White Oak, Md: Naval Ordnance Laboratory),
NOLTR 74-195, 4 November 1974, Declassified December 1980,

12. Ibid.

13. Ibid., p. 8.

14. The frequency dependence is not completely normalized by expressing corre-
lation as a multiple of wavelength.

15. Urick, Signal Coherence.

16. Baggeroer, “Sonar Signal Processing,” p. 350.

17. Henry Cox, “Line Array Performance When Signal Coherence Is Spatially
Dependent,” ¥4SA4 54:6, 1973, p. 1743.

18. E. M. Arase and T. Arase, “Correlation of Ambient Sea Noise,” JASA 40:1,
1966, p. 205; Robert J. Urick, Ambient Noise in the Ocean, NAVSEA, 1984, pp. 6-11;
and Urick, Sound Propagation, p. 13-9.

19. The constant of proportionality is 0.67, or -2 dB.

20. R. M. Fitzgerald, A. N. Guthrie, and J. D. Shaffer, “Transverse Coherence of
Low-Frequency Acoustic Signals,” Report of Naval Research Lab Progress (Washington,
DC: Naval Research Laboratory), May 1978, p. 1. The aperture was synthesized by
towing a shallow sound source past a stationary receiver suspended in the axis of the
deep sound channel.

21. Ibid.

22. The much narrower beamwidths associated with the ideal arrays discussed
above would yield much smaller areas of uncertainty.
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Radiated Sound from Submarines
and Ambient Noise in the Ocean

sound energy emitted by the submarine to the water. The spectrum of

this sound depends both on the design of the submarine and on its
mode of operation. Although sound data from modern submarines is highly
classified, it is necessary to make some estimates in order to solve for the
detection ranges of modern sonars.

The sea is filled with sound sources that are detected in passive sonar
systems. The frequency spectrum and directionality of ambient noise are
important parameters in determining the detection capability of a passive sonar
system. The sources of ambient noise are shipping, wind, waves, undersea
organisms, rain, and ice. In order to predict the total ambient noise in a
particular region, the component spectra are estimated and then summed.

P assive methods of detecting and identifying submarines rely on the

Characteristics and Origins of
Submarine-generated Sound

No useful mechanical process can take place without generating some vibration
and therefore some noise. A machine that produces usable mechanical energy
also produces uncontrollable vibration due to imbalance and imperfect parts.
In addition, electrical and fluid machinery can vibrate and generate sound.

Noise from submarines can be grouped into four categories according to
its origin:

Machinery noise generated by machine vibration within the hull

2. Propeller noise generated by cavitation on the moving propeller blades

3. Propeller noise generated by the fluctuating thrust force as the propeller
blades rotate through the asymmetric wake

4. Hydrodynamic noise generated by turbulent flow past the surface of the
submarine
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Machinery Noise

Machinery noise originates as the vibration of parts within the submarine. This
vibration is coupled to the sea via the mountings of the machinery to the hull
and the hull itself. Machine vibration is generated by the following processes:
(1) rotating masses, such as shafts, motor armatures, turbines that are unbal-
anced, or reciprocating machinery, such as pistons; (2) repetitive discontinui-
ties, such as gear teeth, armature slots, and turbine blades, and (3) cavitation
and turbulence in pumps, pipes, valves, and condenser discharges.

Machinery noise is the dominant source of noise at low speeds, that is,
before propeller cavitation sets in. The spectrum of machinery noise is gener-
ally in the form of a line spectrum at frequencies below 1,000 Hz. For instance,
figure A6-1 shows the noise spectrum of a typical turbine generator. This
machine emits a very strong discrete frequency, or tone, at the frequency of the
turbine rotor, in this case 160 Hz. Other strong tones are emitted at 320 Hz and
360 Hz. Also shown is a sound spectrum from a World War II submarine.

The strongest potential sources of machinery noise are the gear-turbine
unit and the main circulation pumps in the primary loop of the reactor cooling
system. Vibration mounts are used to isolate acoustically machinery from the
hull.! Vibration mounts can be as simple as rubber feet under a small machine
or as complex as entire racks for large machines. The turbines, reduction gears,
and other main propulsion and generating machines are mounted on such a
suspended rack in British and US nuclear submarines. Flexible connectors are
used to isolate propeller shafts and pipes that connect shock-mounted machin-
ery to the hull and are therefore possible paths for machinery vibration to reach
the hull.?2 Noise in the air within a submarine is damped by absorbing foam
around the inside of the hull. Noise-reducing measures generally increase the
amount of space required for shock-mounted machinery and absorbing mate-
rial, and this in turn increases the size of the submarine.

Special methods of reducing the noise of reduction gears and of the circu-
lating pumps have been explored by the US Navy. Turbine-electric drive
(which is described in appendix 1) is quieter than gear-turbine drive because
there are no high-speed reduction gears between the turbine and the propeller
shaft. The turbine drives a quiet electric generator, which produces electricity.
This electricity is used to drive a low-speed, high-torque motor, which can in
turn drive the propeller with a minimum of gear reduction. The Tullibee
(SSN-597) and Glennard P. Lipscomb (SSN-685) are the earliest US subma-
rines to have turbine-electric drive systems.

The main circulating pumps can be eliminated by allowing the buoyant
force of the hot reactor water to drive up through a heat exchanger and displace
the cooler water there. This heat-driven or natural circulation requires no noisy
pumps. The power output of a reactor determines how fast the cooling water
must circulate in order to keep the core from overheating. The drawback to
natural circulation is that it does not respond immediately to a sudden change
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in core temperature, so the reactor power could not be increased quickly if the
submarine needed to sprint, for example. However, pumps can be installed in
the cooling loop that can be turned on to provide high flow rates in emergen-
cies. The first US natural circulating reactor, the S5G, was put on only one
submarine, the Narwhal (SSN-671).3 The next vessel designed to use this type
of system was the Ohio class missile submarine, and this fact partially explains
the extraordinarily low radiated noise levels of that class.

Fluid machinery noise is the noise generated by turbulent flow through
pipes and in the reactor core itself. This kind of noise occurs in the primary,
secondary, and seawater cooling loops of the submarine.

Some machinery noise, such as propeller shaft noise, varies with subma-
rine operations. On the other hand, essential machinery must continue to
operate under all conditions. Two such systems are the cooling systems for the
reactor core and the life support systems, including the noisy fans and blowers
of the air recirculating system. Eliminating the primary cooling pumps, which
are probably difficult to isolate,* reduces the vibrations reaching the hull, and
covering the inside of the hull with sound-absorbing materials reduces the
transmission of vibrations from the air to the hull.5

Propeller Cavitation Noise

Cavitation occurs when a decrease in local fluid pressure drops so far below the
ambient pressure that the water vaporizes and many small cavities are formed.
The bubbles then expand until they reach their maximum size.6 As soon as the
bubbles enter a region of higher pressure, they suddenly collapse creating
sharp sound pulses.

Propellers work by producing very low pressure on the forward-facing side
of the blade surface and high pressure on the back face. This creates a net force
on the propeller in the forward direction. Propeller cavitation can occur on
both faces (though usually on the forward “suction” face), the propeller hub,
and the blade tips. Blade tip cavitation can occur at relatively low rotation
rates, since the blade tips are the fastest-moving sections of the propeller. Of all
types of cavitation, blade-surface cavitation on the forward (suction) face is the
most noisy, and hub vortex cavitation the least.

Submarine propeller cavitation noise covers a very wide spectrum from
around 20 Hz to 50,000 Hz. A theoretical cavitation spectrum model is shown
in figure A6-2. The wideband character of this noise is due to the superposi-
tion of many short pulses generated by collapsing bubbles. Cavitation noise is
modulated each time a blade moves through a disturbance in the wake. Subma-
rines generally have two vertical and two horizontal stabilizers just forward of
the propeller which introduce asymmetries in the wake. Each time a blade
moves past a stabilizer, the cavitation fluctuates. This gives rise to cavitation
noise peaks at frequencies equal to the rotation frequency of the shaft multiplied
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Figure A6-2. Typical propeller cavitation spectrum.

Source: Neal A. Brown, “Cavitation Noise Problems and Solutions,” in International Symposium on
Shipboard Acoustics, J.H. Janssen, ed. (New York: Elsevier, 1977), pp. 21-38.

by the number of propeller blades, and at integral multiples of that frequency,
as shown in figure A6-2. Typical frequencies are very low, between 5 Hz and
40 Hz. These propeller cavitation tonals are most pronounced at speeds just
high enough to start cavitation but not so high that cavitation becomes a steady,
general roar,” and may be the most detectable component of modern quiet
submarines operating at moderately high speeds at relatively shallow depths.

Figure A6-3 gives data on cavitation noise levels for World War 11 subma-
rines. The high-frequency broadband propeller noise level is plotted as a func-
tion of the ratio of speed to hydrostatic pressure. There is a 10,000-fold
increase (40 dB) in high-frequency noise with a speed increase of only 50
percent near the onset of cavitation. The influence of depth and propeller
speed on propeller noise is illustrated in figure A6-4, again only for World War
II submarines. It is clear that cavitation noise is strongly damped by increasing
depth at speeds nearer the inception of cavitation. At higher speeds, cavitation
noise cannot be completely suppressed, although modern submarines with
larger, more slowly turning propellers are much less likely to cavitate than
World War IT submarines under the same speed and depth conditions.
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Noncavitating Propeller Blade Tonals

The wake in the vicinity of a submarine propeller is disturbed by the append-
ages on the hull such as the sail, the stabilizers, rudders, and other fixtures.
These disturbances cause fluctuations in the thrust developed by the propeller
as it revolves. The fluctuating forces are periodic and occur at blade rate
frequencies—that is, in integer multiples of the product of the rotation rate and
the number of blades. US and Soviet submarines generally have five or seven
blades, and the rotation rate of the propeller is on the order of one revolution
per second at moderate speeds, so the blade rate is about 5-40 Hz.

It is important to distinguish between the cavitating and noncavitating
blade tonals in two respects. Although the associated frequencies are the same,
the propeller must at least be cavitating at the blade tips in order to produce the
louder cavitating tonals. The noncavitating tonals, although much quieter, are
always generated by a conventional propeller. This has led to consideration of
placing propellers in tunnels from which this source of sound could not escape.
Such designs would result in a jet-propelled submarine, and although turbu-
lent jets produce sound, the turbulence is a much less efficient radiator of
acoustic energy than is the fluctuating propeller thrust.®

The fraction of the propeller’s mechanical energy that is converted into
acoustic energy in the noncavitating blade tonals has been estimated to be
between 10~ and 108 for typical marine propellers.® For submarines the
fraction may be lower since the wake of a submarine is more nearly symmetric
than is the wake of a surface ship. Taking a range of 107'2-10"'° for subma-
rines, and using a figure of about 107 watts (about 13,000 horsepower) for the
mechanical power of a submarine propeller (20,000 hp is typical), the estimated
acoustic radiated power is about 120-140 dB relative to one micropascal at one
yard.

The chief of naval operations has suggested that the Soviet Victor IIT has
sufficiently quiet machinery to force the US Navy to use instead the “blade
rate” frequencies to detect it.'® This suggests that at source levels between 120
dB and 140 dB, the blade rate tonals of noncavitating propellers begin to
approach machinery noise in intensity. As submarines become quieter, there
may be more design emphasis on ducted propellers for this reason.

Hydrodynamic noise is generated by fluid turbulence in the wake of the
submarine and in the turbulent boundary layer. There are two mechanisms of
sound generation by turbulence: (1) direct radiation of turbulent pressure
fluctuations, and (2) radiation of sound from structures set in motion by the
turbulence. The first of these is a weak sound source, and the second can be
reduced in the structural design. Overall, hydrodynamic or turbulence noise is
not considered to be nearly as important as machinery and propeller noise.'!
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Estimates of Submarine Source Levels

Information regarding the radiated noise spectra of submarines is highly classi-
fied, and estimates of submarine radiated noise levels can be made only within
wide margins of uncertainty. The numbers presented here should be used only
as indications of the order of magnitude of sound levels, and as indications of
the change of relative sound levels over time and between classes. These esti-
mates are assumed to refer to quiet patrol conditions, at speeds of 5 to 12 knots.

As figure A6-4 suggests, the noise generated by propeller cavitation varies
enormously with depth and speed. It is possible that the next generation of US
attack submarines will not fully cavitate at any speed, thanks to their large
propellers and slow turning rates. It is certainly safe to assume that SSBN's do
not cavitate when at patrol speed and depth. On the other hand, very fast attack
submarines, such as the Soviet Alfa class, cavitate at speeds below their top
speed (over 40 knots for the Alfa), probably at around 18 knots. The speed at
which a submarine begins to cavitate is called the tactical speed. The propen-
sity to cavitate may be decreased by increasing the blade area, increasing the
number of blades, and decreasing the turning rate. It is difficult, however, to
put low rpm/high torque reduction gears in the narrow stern end of small, fast
submarines, since as rpm decreases, the size of the reduction gear increases. !2
In addition to propeller cavitation, it is possible that the hull itself may cavitate
over 40 knots. '3

In the theoretical spectrum for fully cavitating propellers shown in figure
A6-2, the characteristic cavitating blade rate tones are indicated in terms of
their relative magnitude. The spectrum can be described as having a maximum
level at a frequency between 40 Hz and 300 Hz, and a decrease of 6 dB per
octave (frequency doubling) at higher frequencies.!* The peak frequency of
measured submarine cavitation spectra is around 75 Hz. !5 According to data on
World War II submarines, the total acoustic output of a fully cavitating spec-
trum is 175 dB. This corresponds to a peak spectrum level (1 Hz band) of 156
dB. The curve in figure A6-2 is probably a reasonable estimate of the noise
spectrum of a modern, fully cavitating submarine near the surface, with the
peak spectrum level around 154 dB re 1 micropascal at 1 yard.

While running on diesel at a transit speed of 15 knots, diesel-electric
submarines generate spectrum levels around 160 dB at low frequencies, about
the same as a small frigate.!6

The estimates of total acoustic output or broadband source level of a
variety of modern submarines are presented in figure A6-5, based upon many
sources, which are given in the accompanying notes. Since data on total acous-
tic radiated power is very highly classified information, any estimates must be
inferred and therefore must include a large degree of uncertainty. However,
with the information available from unclassified sources, as well as some theo-
retical calculations, a reasonably clear picture of the trends in submarine source
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levels emerges. In general, the error on the estimates is plus or minus an order
of magnitude.

Total acoustic output of a submarine is the integration of the radiated
sound spectrum over all frequencies, so all spectral characteristics are lost in
the estimates in figure A6-5. This simplification facilitates comparison between
quiet submarines producing narrowband machinery noise and high-speed cavi-
tating submarines, which produce broadband cavitation noise. Care must be
taken when using these figures to estimate detection range in the passive sonar
equation that all of the parameter estimates (such as ambient noise level and
detection threshold) are consistently based upon the assumption of narrow-
band processing or broadband processing. Submarines operating below their
tactical (that is, cavitating) speed produce most of their energy in a few narrow
bands below 500 Hz, and narrowband processing is used to detect these signa-
tures, whereas high-speed cavitating submarines generate broadband noise,
which can be detected using broadband processing.

The estimates in figure A6-5 are associated with noise-minimizing operat-
ing practice at low speed, and it is assumed that when statements are given by
reliable sources, they refer to total radiated sound levels at low speed. The
so-called quiet speed of a submarine is the speed at which sensors can function
with nearly maximum effectiveness. For most submarines the quiet speed is
around 6-8 knots, perhaps as much as 10 for current US submarines.!” “At
high speeds US submarines have a major acoustic advantage” over Soviet
ones,!® probably due to a lower likelihood that US submarines will cavitate.
The small Soviet Alfa class submarines “‘sound like big trucks going by at
anything over 18 knots,”"® although at lower speeds they might be significantly
quieter.2’ Conversely, even the quietest of submarines, the Ohio class, can
produce very high levels of sound if operated poorly.

There are two guidelines that can be used as upper and lower bounds when
estimating submarine-radiated sound levels. The reasonable upper bound is
the cavitation sound level that lies between 171 dB (1 watt) and 180 dB. Above
180 dB, broadband sound levels approach those associated with large surface
ships. The lower limit is suggested by the size of the submarine. When source
level is reduced to a sufficiently low value, the maximum detection range
approaches the length scale of the submarine itself, and the very idea of acous-
tic detection loses its meaning. The practical lower limit of submarine noise
level is 75-85 dB. It may be possible to achieve lower radiated sound levels in
functional military submarines, but it is not worth the money, since there is no
gain in military effectiveness.!

The historical trend in submarine quieting may be expected to follow the
asymptotic “learning curve” that is so common in the long-term development
of systems. These trends are shown in figure A6-6. Beginning with World War
11 vintage submarines, for which there are quantitative data on radiated sound,
one can observe a very wide range of radiated sound levels, from about 135 dB



274 + Appendix 6

"SOULIBLIQNS 131A0S PUE () JO [2A3] PUNOS SHSNOJE PUBqpeOIq parewinsy ‘¢-9y 2Ingny

lesi
0661 G861 0861 S/6L 0261 5961 0961 G661
T T T T T T T T T T T T T T—T T T 7T T T T T AL T | T 08
L \.\.\.\u\uk.\.hm\.h\_l\nkm\k.\lwkk..ﬁ\.hmm\\.\.\.\\.\uxkkkk.\uh.\lm.\|||||
9zis )jny se swes |
abues uono3alap yaym J 06
1€ |8A87] Ellilels
(qz ez ‘1)
. 922-N8SSs 001
(€2 's1)
12-NSS
FoLL
||||||| | , 2t)
. | vz ‘G "avL eyl e 213093 ozl
(62 ‘82) i 889-NSS (89 °Pg ‘®9 'ee)  15n0n
B[NYY NSS H 809-NESS
]
T = = 919 w FogL
(62 ‘v ‘1) B1IBIS NSS!I _ﬂ NgSS /7 21139913
——— e T P 11 MM
1 (age ‘2z ‘61 ‘9L ‘ap) (12 *9L ‘qel 'p)
| 111 101017 LE9NSS (e9) LovL
I NSS TEUABD-UON Il MM
T ¥ 3 ¥ L] (e€L ‘L1 ‘09 *q9) ] (6)
" ! v65-NSS 29 I og1
_” ! 9 09) LI* Wb
) -NESS-
_“ ! |||..A|||mwwm~um_|M|| (02) (e€) {og,
" NSS ] 90€ ‘9L) (p9) sansg
|||||||| e .EnEw\az 02) |{szs JJ8Inp,,
——————— e ———— S N —589. 4INSY — > — +0LL
e ~(ag)
\wczﬂ_éo
T T Tt e e e e A e C e L Sl ‘qns ‘Il MM 081
buneyaed Ajng Jwnm,, saddn (qg) saupewang pesds ybiH A«.
(0¢) sdiys 1ueyoien L 061

002

‘PAL e g 7| 21Gp 19487 punog puegpeoig



Radiated Sound and Ambient Noise + 275

a1nssaxd Jusrquie y3ry 1e uonel
-1aB2 131 193] 00 18 A19118Q U0 3 1SNy SUONIPUOD SuneradQ
I9wWeIp 199 g :19fadoig
193] 00¢ ‘pdaQg
siouy ¢'g ‘wdi oL :paadg
pA 1 1e [eosedoromu 1 21 gp 6% ndino feao],
ZH 000°02-0T ‘pued
20H SSN
:9°01 "8 ‘90¢ “d sodourd PUN 6
-sjouy , ueyl 1otea1d paads ‘gp 9 F GL1 Sunensed °q
-sj0uy ¢’z UeYl ss3f paads ‘gp 9 F g1 :BulielABdUON B
, SuLIewW
-qng 11 e PHOA AuBW,, ‘L'0T "8y ‘90¢ "d Sapdura UL 8
sa11a118q
uo Ajqissod ‘SunensesuoyN :suonipuod SuneradQ
1919wWelp 139 § :Ia[adoig
1997 g6 ‘yidaQ@
s1ouy ¢'p ‘wdi g6 :paadg
(zH 000°0Z-00S Surpnpul gp
$¢1) PA T 18 Teosedosor [ a1gp 1¢1 ndino [ewo],
ZH 005-0C ‘pued
2yvH SSM1
:9°01 "84 ‘90¢ "d “(SL61 “MIH-MEIOIW 10X
MIN]) S420u18ug 10§ punos 4210mspu] fo sapd1outi g YOLI) 11390y L
. sautrew
-qns sse peg-21d 2yl [[e Uyl 19113aq e $gO9 IAY YL,
.swaoperd 19mb 21, 40y - - - mou
1ySu uonerado ur INOJ 218 I3 YOIYM JO ‘SSBID 8LG Y1 ueyl
<apdwexa 10§ <19112q Iy 18 SNGSS SSE[? 809 PUB 865 2UL,, P
. ‘sauLrewiqns Astou pue [¢g¢-NSS] yoeldrig
211 se yons ‘sauLIewIqns ssepd 65-21d 01 srqeredwod 31,49y 1,
‘stuerd uorsindozd pajunow piey dAeY ISINOD JO $86S YL,
«-sdys 191208
213 01 uostredwod ut 13inb K194 ‘sdiys 321nb 1€ [sSBP 809 ]
Arenudssy © © * SSBID p6S 3 01 d[qeredwod 1k $§09 UL, ‘9

(JsouLreWIqns
aury 194 2xe K3y g, “sare[d paq uo e syuerd Surreauidud 119y J,
-sounrewqns 19nb ‘Guratp dosp axe Loyy os * - - dn punoid

5yl woly NgSS U S8 I[Ing 1s11j 9yl Sem * * * SSB[D 09 YL, B
:aIejIR N\ SULIBWINS ‘suolierad() [BABN JO JAIUD findaQg

‘S “H SAIBYD 'WPY A ‘g6z “d ‘¢ 1red ‘1861 A4 OSVH 9

< K3IqQIpa1 3O 10[ € 150
38 PUE 21 Op 10U PIP A3Y1 PUE P[10A 312 JO 1531 2y} 01 JEY] Ples pey M pue
cwesgoid Gunanb [eludwEpUN] B 31BISUOWSP OF uiof arom A3yl 9261
ur B35 01 UM SULIBWIGNS SSE[-EI[3(] Y2 UYA 1Y} 158 91 U0 suoneindar
1IN0 payels pey LIUNWIWIOD [EITUYIIN Y1 U 218 OYM SN JO ISOYL,, -F0T -d
‘¢ 1red ‘cge1 Ad DVH “(swaishg pue ‘Guursowduy ‘Yo1easay) AaBN
oy1 Jo KIeioroag uelstssy Andaq [edpuiag ‘uue) 'y pend ¢
.- Kupqedes paroadxa
pue ssauainb ur sjqeseduwiod ‘soulrewqns srqeredwod a1e ‘111
101917 P3[[BI-0S Y3 ‘SB[ JOIIIA 1831B] Y} PUE SSE L£9 1IN0, 'q
(‘8unamb jreioadsa ‘A3oj0u
-031 JULTRWINS 01 30UII3I U]) 'KABN 191A0G 23 JO pESYE
s1eak o7 01§ - - Aels * ° ' Inoqe 1sn{ 01 3[QE U3 ALY I, ‘€
1969 -d p 11ed “p861 Ad DSVH ‘Sunjies "( sowe[ ‘wpy y
“(gp 981) sea ¢ erper sdiys WWBYORW D
‘spem
M3} B PI3IXD 10U SIOP 2SI0U SULIBWQNS paads ydiy 18 wasy q
‘09 d
‘cQeT 1B ‘A14moag (puouvuIdIU] ( (FIQRISUINA 2 SIULIEW
-qng d1821eng 1A, Ul Ulmien pIeyory 1q £q uaaid 21n3y
sures 2yl S1 SIYY 'SHEAI[IW o ueyl ss3[ Jo ndino dusnode
[e101 & sey 3amb 2q o1 Sundurane paads mofs 1 JuLBWIQNS ¥ "B
:¢ ~d ‘(0861 “1PP1Y
- :uoisog) "pd ‘guiglg J1a] Fuissar04d jpustS puv sousnoIy L21DMAIPUS]
ur fuoneduliy pue uoneipey €§301n0¢G 3SION],, ‘SsOY Preuo "¢
*3A0QE | 210U Ul UoliEuLIOJUl
51 $91B10QOII0D SIYJ, "3ST 01 Jiun [BIMIEU 2yl 99 P[nom
SI[IUI pUB ‘SI[IW [ED1INEU G INOQE S 1B} Jours ‘spaek 00001
ueyl §9] seam 2SI PIIOP Yl eyl UONEDIPUL 1Ed A1qe
-uoseal e st sy, . 'SpIek [pai9[ap] 1e soulrewiqns [olyQ] 1no
JO 2U0 30919p ATUO UED Im ‘AF0[OUYDI} JEUOS INO YIIM UIAY,, q
..’PlIOM 31 Ul SuLIeWqNs 1sa1otnb ay1 A1qeqoid,, stolyQ YL ®
:gegr d ‘g 1ed 86T Ad OSVS 0S| YuBl] WPY T
“gpP 011-06 S! AIBWINSI [2A3] 30INOS YL
10} 28UE1 J[QBUOSEAI Y/ "SISEIOUL [A3] IDINOS JO JJBUINSS Y} ‘S[2AI] 3sI0U
1uarqure 19y31Y 1y "gP 06 S! [243] 22100s Y1 ‘GP 99 101nb e osiou 1uRIqUIE
puE ‘gp 91~ JO P[OYsAIYl UONIA3P ‘gP 0T JO ureg Aeixe ‘gp (9 Jo sso Jut
-peaxds [eourayds Surunssy AABN 343 103 1dwdinba 51snooe sugisap 18yl
2ATINOAXA UE,, £Q JUSWIAIEIS B ST SIYL ' FIYI0 YOED Jesy J0U pue spIek 0001
uryim ssed pinood SIUIPLLL, 353Y] JO 0Mm] 1aym jutod a1 01 8un198 21,9/,
:g.-g9 "dd ‘gg, auowg 9010 IAQISIAUL YL, ‘Kaurary, uyof ‘|

¢-9V danSL,] U0 SII0N



276 « Appendix 6

B JO Jomod [edIUEYOIW Y1 “ISAIMOY “,-0[ A[uo jo $I01OB] UOISIZAUOD
s 1913i0b U343 3q pmoed smofy wojrun Aprey ur sxaqadosd suliewqns
sdeqrag -ssofjadoxd [esrd£y 1oy 01-01-5-Q[ JO I0108] UOISIdAUOD B sdA1d
$SOY P[eUO(] 4q 21BWNISI UY JUADIFIUI ST 1amod SHISnode o} 1o173doad g1
u1 13mod [ESTUBYISW JO UOISIIAUOD Y] *A103Y] DHISTIOIE 0] Suip1odoy
"ZH (S PUB GZ U33m13q 3q 1ySrur sruowrey
Yy 2q1 os ‘feaudwepuny ays jo saydnnu sa81ul 1 M0 353y |, “Suons
3q OS[e UBD SSIUOULIRY 93BT 3pelg “ZH (]-S INOGe—s3pe[q Jo JIqunu Y1
$9Wn 9181 UONEIL 13 01 [enba st £ouanbazy ares apeq reauswepuny oy,
"21e1 9pe[q 18 J13[fadoxd Sunelor Junenaesuou sy £q paniwa punos ay3
UBY1 J9MO] 10 SB MO] SE SI 18y} Funamb A1suryoew jo [343] € payoeas sey
IIT 10I0IA 33 18y S1UIy SIY | . dulrewiqns 319mb e uo 198 01 346y am sfurgs
13430 o1 pue s3lex Ipe[q 13[(adoid Y3 13158 0F ued om 0s pus £ousnbaiy
MO[ 9t owut sIefop enx3 Ind JABY A, ([[] J0INA Y3 01 0UIIIYI
U1 -688¢ “d ‘g 1xed ‘c@61 X DSVS ‘suppien ‘q saure[ ‘wpy ze
"pIe4 | 1e [eosedolonu | 21 gp [ UeY sSI] st e (Ssnem
¢-01 UBY3 SSI],, 1UI3 01 ples dxe souLtewiqns JedPNN L2 'd {(gL61 ‘ssaiq
LIW :8puqued) ‘e 32 sidis] e1soy 'pa Tuawsnag pasvg-vas ay1 fo
d4ning Y | U1 UONIANI( dNSN0dY 131emIapup),, ‘sidis] e1soy {7
(" SI3[[MI0US 1|
{onw ‘saouelsip 9[qerapisucd e A[aatssed pazoalap aq pnod sauLIBWIqNS
Tedponu A1e3 1613 os “Asiou b sem K1auryoew sespnu ‘3stadans auo sem
S19YL,, H(SNSS J31[IBS PUE ‘S3SSBID G8G-NSS PUE 8/S-NSS) sauLIRIIqNS
Teapnu §1) saIes 3y uQ (18 'd (H861 “ssard aarunsuy feseN :sijod
-BUUY) uowdojpas(q puv uSisaq sutiugng ‘UBWIPI UBWLION 07
"T961 W $6S-NSS PUE 809-NESS 43 Jo 1uawasoxd
-wi Junamb sofew oY1 ur paymsar 1594 ay3 ur uondope Jsoym syoex
A13uryoewr papuadsns dy1 Sundope S,UoIu[) 131A0S Y1 JO NS Y} Iq
Aew sy, 19pnoj A[qeISPISUOD SI [ 101317 3 eyl sardwt yorgm  ‘pury
01 pIey A19A,, P213pISU0D U23q SBY 1Byl N'SS 191A0§ ISHJ Y1 ST []] I0IdIA
UL . 'PUy 01 pIey A15A a1e £3Y3 1ey) Pautes] 3\ © * - 1yInoys am ueyl
1933mb a19m Lot 1ey3 punoy pue o115 Sunewnss ue opew pey 3\ ‘III
10101A 13140 341 JO S[2A3] 3rnssaid pue punos ainjosqe ay1 padpnisiwu pey
240, :688¢ 'd ‘g 11ed ‘G861 X4 DSVS ‘Subpey " sawef ‘wpy ‘6]
«'889
pasoxdun a3 1o ggg s Aepo1 ueyy 13391b sswn [BI9A38,, 3q [[1M [Z-NSS

4L :£91% “d g wed ‘G861 Xd “OSVS ‘uewunyy SN ‘wpy ‘81
"13mb se 1se3] 38 3q pInoys L3y Iy
I011A 243 JO SIUPUIDSIP 218 SUSSIP MAU Y} DU ,,"SIULBWQNS I13inb
APwa11Xd 3q 01 [NSS 99yUR X palIsauod Pue ‘oI ‘e11a1§ ay1} 19foxd
M, 19917 *d g 1red ‘g1 X DSVS ‘Uewunyy, spN ‘wpy L1
"SISSE[D 8/,C PUB G8G-NS'S Y3 IPNOXd
01 SWI3S UIA3T SIYY, ([[1] JOWIA] SpL-prw 3y dws paonposnur
souelIqns yoeNE 33108 Fuisoddo jo dqedes AqeurSiewr Ajuo g mm
Aoy ‘sounrewiqns [SNESS [ B2 pue anjuey sdeysad I pue J 101017
‘I a1eyD] 33euna spLe7 Aj1es pue [13quisaoN ‘oysg 10H] sp961 Blis)
Sursoddo jo arqedes £yny aq im [ssutrewqns sse[d> ggg-a1d aya] spypm,,
‘68¢ "d ‘g 1red ‘G861 XA DSVS ‘subpes " sowe[ ‘wpy o
« AIMu3d 371 J0 1521 Y1 10§ 19140 Y1 1sutede 3an09535 AySry aq
PInOYSs pue ‘s1834 u211xau 5y UT 5131408 2y £q paonpoiut 183141 20BJINS
10 Julrewiqns £ue 1310 38eIUBADE IBI[D B JARY [[IM $889-NSS pasoxduir
UL, :268¢ 'd ‘g 11ed ‘Gg6T X DSV “Sumie “( sowef ‘wpy 61
"(66¢¥ "d) ([NSS Sse> 889 s .Aepo1 uey: 91qe1d319p
Aresnsnode s1ow a1e spsaIp s 4epo1 K1aneq Y3 Uo uaAy,, °q
«'Spa3ds 3[qeredwios 1e suLEWIqnS yoENE JEIONU wIspow
se 1amb se jou Inq 9mb a1k ssuLrewgns JOJ[I-[3sA(],, B
‘L6¢¥ “d ‘g 1ed ‘G861 A1 “DSV'S “wewuny L, s|IN ‘wpy v1
«'¥6S Y1 ueyy Sunanb
Ut 1913q 1q I € sem,, ssep (L£9-NSS) uoagimig ayy 'q
«"1919mb Apuesyrudis ‘ugisop surrewiqns
ut premioy dais Jofews e sem,, ssepo (P6S-NSS) MwIsg 2y e
“091% “d ‘g 11ed ‘G861 X “OSVS ‘Uewuny [, spN ‘wpy el
'$1088303pad 1] Ie\ PO 119yl uey: 1339mb gp o1 1noqe aIe sauL
-BuwIqns [2UONUDSAUOD Paamod-A1o11q UIIPOUI 1Y) PIWNSSE ST 1] ‘7|
« Sunamb L1suryoeur jo 32189p ygiy
B qim uBisap sunrewiqns ur 3uswdo[aAap [edIpel e pajussaxdor sautl
-BUIqNS [$SBID p6G] 95y 1, 169 *d (g861T ‘ssa1g amnsu] [eaeN :siodeuuy)
P2 WET 514 SN Y1 fo ifppony puv sdiys ‘rewpog UBWION “[]
4P 91- = ploysaq1 uonoanaq
qp 0z = uted fenry
dP 69 = [9A3] 3siou JudIquY
[wnssy "gf

panuiuos G-9 24nSiJ uo sa10N



Radiated Sound and Ambient Noise + 277

"3a0qe
uaaid sanpea 3yl 01 gp 00! Ppe ‘[Edsedondiwn | jo piepuels
M3U Y1 01 1I9AUOD O], "PISn sem WO /UAP [ JO DU
Uowwod 3y3 18yl 15933ns sanfea [eduIWINU Y] Inq ‘uaa1g 10u
st KJISUSIUT 0USIPAI YL, 'S[2AJ[ pUNOsS Kouanbaiy mo[ pueq
-prOIq 2JB PUE ‘gp UT UAATS J1€ S]2A3] 331 JBYI POUWINSSE ST 1]

57 (A12118Q) 9
09 (1ox10U8) 9 Kaysiym Jonxog
$9/09-5$ v1/¢ I01IA
TL/09 Sl/L IIGUIDAON
$9/09-55 ¥1/6 aney)
TL/09 z1/9 II oydxq
TL/09 €1/9 10y2q

(pupg Y401 (y3uy ymop) sspjD /244 L
sjana Y SN (s10uzy) paads 1

(L1-4 ‘91-g "dd) ,20uBwiIo}1dg pue sONISLIAIOE
-1eyD) parewnsy sduliewiqng asoding [e32UdD) 16— 3IQEL,, 4
« " (SNSS
SSBD ¢86-NS'S YoBldING S 01 Zunenba Aqissod) s[243] asiou
paleIpel 19MO],, 3ABY 03 PIAdIAQ Iam ‘(Areoryioads paid
SI SSE|D J0ID1A ) SIULIBWIGNS 18I[ONU M3, s AABN 19140 Y[, ‘B
"G-g 219e1 ‘L1-9 91-9 ‘T4
-dd ‘¢;-zL61 punoie paysiqnd ‘Apmig 1daou0) AD ‘AABN SN 0¢
*1218213 SUOl
000°1 Inoqe st 1udwade[dsip 208JINS J12Y) 0UIS [T JOIIA 341 UEY} 19191nb
€pP 01 01 § 2q P[NOYS B[y PUE B1IAG Y L9V a3y wol] ‘67
(16% ‘d) . 28e1UBADE INO
Ul 5B2I09P [BLIURISQNS B S1udsa1dal IS 03 guro8 ey 3y L,, 9
(gp¥ “d) Qoueunioiad ur y3noryp
-yea1q jueoyiudis € - - sjudsaxdar sulrewqns BNy YL, B
i 1ed <2861 Ad OVH “@MOW 'Y PIlEuun] ‘Wpy 8T
. ued 1010831 BJ[Y 2Y3 Jo 1omod 1aySy ay) jo

M314 ul Juaw2A01dwi 13U & JUNBdIPUI ‘SNS'S 131408 19410 JO 1By} 01 IB[IWs
%Zakmﬂow Alam w—uuuam I3SSI| 1B S{9AI] 3stou paieipel Yyl eyl paiediput
SNISS BJIVY 1813 JYy1 uo eiep onsnody,, 601 d nAwwu.NnH ININISUT [BABN
“m:OQNEGA‘Q P° PL .5&32 121008 Y1 01 apmey n.—wﬁ.:OnH UBWION ‘LT
JYoen 01 £sea sI
gomgm A—m!rp: 13Qq133p 061 2yl inoqe e aOC:&EQDw J3p[o ue st eyl.,, o1yned
ul1disey 2yl ul Nue X © U0 }oelne paiignuis e jo uoissnasip e Jo 1X21Uu00
a1 uf :¢16 “d ‘gz 3ed ‘9861 A OVH ‘subpes ( sdwe[ wpy ‘9z
‘(11
101017 3y ueyy] J312tnb A[qerspisuod st [ I01JIA YL, 9
‘s[aa3] 3stou dqeredwod 2aey A3 1Byl $15983ns Iy ],
..astou [pal1a[ap] 218310 [ JOWIA PUB | IOIIA 131A0G 3Y4[,, ‘B
8L ‘c8L "d ‘p 11ed ‘9861 Ad DSVH ‘UUBD 'Y PIBIRD 'GT
‘11 301017 9y eyl 1213nb s1 11 Ing "g8Y9-NSS IU1IMd
3Y1 uByl 13PNO] [JIIS ST BLIAIS Y1 1Yl sIsa88ns sy, 131 Wiy 1edy o1
£1111qE In0 $35E2109p pue 1219inb $328 3y * * - [pasaap] st 28erueape U1 0§
‘[paorap] 2q pinom s8uel UOIIANIP 13140S Y1 PUE JUIUIUOIIAUS 18Y1 Ul
‘gag uBIZaMION Y3 Ui [Pa13[ap] 18 BIIIIS Y1 19319p 01 J[QE ¢ PINom 1333
a1 U1 NSS 2USLIND 3y SSB[D 889-NSS UL, ‘¢Le¥ 'd ‘g 1ed 9861 A
“IQYS QIejIep [eaBN Jo 1030211 “1f Nad8eq 297 'wWpy DIA ¥T
‘ssep oty 9L
-NgSS 2ys se 1omb se 1noqe 3q [ 1Z-NSS 242 181 UgdW 01 palaadiaiut
3q OS[B UBD JUSWIARIS Y2 ‘[Z-NSS Yl o1ut 03 [[im £3ojouyoal I[qeAalad
-u0d 1s3q a1 1eyl JuswnSIe Ue se 1x21u0d [edonrjed Sy ur us aq YW
1usWwalels Syl y3noyay 1919mb 11 ew ued am yulyl juop [ °3q
o1 Surod st 1Z-NSS 2Yy? ueyl 1319Inb Surrewgns e axyeW 01 MOy JO BIPT
1en1daouod Kue aaey sn Jo Aue Swin 1udsd1d Y1 1€ 1By YUIYI 1L UOP T, 1¢€T
“d ¢ 11ed ‘9861 Ad “DSVH (swaskg pue Surroaurduy ‘yYoreasay) AaeN
oyl jo Arearag ueisissy Ainda(q {edoung ‘uue) 'y pPledd ¢z
('s6z “d “[9L61 ‘uowed
-19J i A°N ‘PIOJSWI[H] as20N 4a10miapuf) fo sowuvyody oYy I ‘ssoy preuo
:25100§) "GP O%1-0TT 10 “S3lem 0] 01 ;.01 2 1T [eu0l el 3pEIq Y

10 [2A3] wn102ds PAIBIPEI Y1 08 ‘suem 0] Inoqe st safRdoxd sulrewiqns



278 « Appendix 6

"sutrewIqns a1 Jo YIZud| 3y sayoeordde SFuex UONIANIP ‘GpP 06 MO[2q S]IAJ] IDINOS 1Y STONIPUOD
[EIUSWUOIIAUD Jo 3FUEI B 10 UaAIZ Jx J9JEMm (193] (Q0] UYL $S3]) MO[[eys PUE (199) 00Op Uey) 1318218) daop yum paterdosse saguel uonoAR(q 220N

"8G61 S0UIS S[2AJ] PUNOS PAIBIPEI (101 SULIBUIQNS 131A0S PUE S() JO eWNSy ‘g-gy 2InSL]

JeBA
0661 G861 0861 Si6t 0461 G961 0961 g661
S SN S Y I T s Ty St A T T U Sy R S T S Y N ST SN SN N AN S SO T SN
(922) o8
OlyQ NESS
aulewWAnNg 9ISSIA J1lS]| (e n
0v-10 =20 s 8s 10413 palewiys3 —00t
(889) oLt
sa|abuy so
GL-1 sz-1 UV SOINSS (919)
shekejey NESS ozt
SBULBWANG YOBUY SN
BINYY NSS Ala)eg uo aunewqng
—0ck
T~ e9) ually cvwmw NESS
4IN NSS ‘BudIS NSS I/I/ uoabinig NSS
0/-0t 00S-02 1il 10121A NSS (v65) —0vi
// julied NSS
N (865)
// uojbuiysepn abios NESS Lost
/// SAUIBWQNS %OBIY 131A0S
T ———— 09k
11 I010IA NSS II/I
| 1012IA NSS II'/I
19QWAAON NSS T 0.1
0yo3 NOSS ‘I810H NESS sulewqng paadg-ybiy
o8t
diys weyosay
061
19]1BM MO||BYS 181Bp0 dBBg
1

(soiw [esnneu)
SUOIIIPUOD 1S8G—ISIOM
sfuey u0N0B}dQ WNWIXEW

(PA 1 1B |eOoSE4OIDIW | 8J gp)

|8A87 punog pueqgpeo.g



Radiated Sound and Ambient Noise + 279

for a submarine running on batteries, to 175 dB for a fully cavitating submarine
probably running on diesel engines, a factor of 30,000 difference. Some inter-
mediate sound levels have been observed, but these fall into a range that has
been characterized by one knowledgeable author as “quiet” submarines and
were associated with submarines either running on batteries or running at
speeds below 2.5 knots. One can assume that the earliest nuclear submarine
classes (SSN-575, 578, and 585) had sound levels between the upper bound
and these moderately quiet World War II submarines. The most recent class of
US missile submarine, the Ohio, has been attributed with sound levels so low
that it cannot be heard beyond a few thousand yards. One reference claimed
the maximum detection range was 1,000 yards, using the latest US sonar
equipment. Assuming reasonable bounds on the sonar parameters, this implies
total radiated sound levels between 90 dB and 115 dB, that is, on the order of
one millionth of a watt. It is also noteworthy that the Ohio class submarine has
approached sound levels so low that passive sonar is about as efficient a means
of search as magnetic anomaly detection, in terms of detection range.

The remaining information on sound levels of current US and Soviet
submarines is mostly relative information, and the estimates shown are consist-
ent with this relative information. A few assumptions are implicit in the esti-
mates: SSBNs are generally a bit quieter than SSNs of the same vintage; unless
other data are available, successive classes introduce quieting of about 7 dB (a
factor of five); submarine classes with long production runs get a bit quieter
from submarine to submarine as better technologies become available. Some
individual Soviet submarines are said to have become noticeably quieter just in
the course of overhauls, so the assumption that production techniques can
lower noise output seems reasonable.

There are a few notable features about figure A6-6. In 1961 the US built a
propulsion system in which the noisiest parts rested on a ‘‘bed plate,” which is
a sound isolated platform inside the submarine. This system went into the
SSBN-608 class and resulted in the first major reduction in radiated sound
from nuclear submarines. British submarine designers introduced a similar
system and probably had similar radiated noise levels. The general pattern of
US submarine quieting appears to be an initial series of major improvements,
followed by major improvements spaced more widely in time. Overall, the
progression looks like what would be expected of a technological learning
curve.

There is less data on Soviet submarines, though the pattern of their devel-
opments in quieting is apparent. The HEN (Hotel, Echo, November) classes
are probably so loud that they would be very vulnerable in deep water while
traveling at even moderate speeds. It is interesting to note the difference
between the patterns of Soviet and US quieting. Improvements took place
slowly and at a relatively constant rate between 1960 and 1978, when the HEN
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classes, the Victor I and II, the Yankee, and the early Delta classes were being
constructed. The average rate of decrease was about 5-10 dB per decade. The
lack of improvement was surprising at the time. Delta class SSBN's produced
in the mid-1970s were projected by US officials to be considerably quieter than
they actually turned out to be. Since one of the principal selling points of the
SSN-688 program just a few years before was its capability against the pro-
jected “quiet” Soviet Delta SSBN, the news of the actual sound level of those
vessels proved quite embarrassing to some officials.2?

The first major improvement in submarine quieting (that is apparent)
came with the introduction of the Victor III. The available evidence suggests
that the Navy had predicted the Victor III would be noisier than it turned out
to be. Given the magnitude of the improvement, the absence of previous
improvements of that magnitude, and the US design experience, it can be
hypothesized that the Victor III contains the first successful Soviet attempt at
mounting main machinery on sound isolating rafts.

Projections of future submarine radiated sound levels are extremely uncer-
tain, and virtually impossible with the limited data available in the unclassified
realm. Some trends can be noted, however, that are likely to have important
implications for naval operations and for the net assessment of Soviet and US
naval capabilities. Submarines are likely to become quieter in the future, and
the trend for the United States and the Soviet Union seems to be that radiated
sound level is decreasing at a rate of about 10-15 dB per decade. By the late
1990s, the United States will have deployed the SSN-21 and the Ohio class
SSBN, both of which probably approach the lower “limit”’ of quieting. This
limit is not a physical limit but a cost-effectiveness limit. Since it is likely to be
expensive to improve the acoustic design of these vessels, the US quieting
curve may be flattening out. Soviet submarines are still much louder than the
presumed lower limit, but it is important to remember that the Soviets tradi-
tionally have thought about quieting differently from the way the United
States has, and that they have different cost-effectiveness criteria. At the cur-
rent rate of quieting, by the mid-1990s the Soviet Union could be producing
submarines with radiated sound levels about equal to those of the proposed
SSN-21, though somewhat louder than the Ohio class submarines. Although
for the next 10 years the United States is likely to maintain a substantial
acoustic advantage over Soviet submarines on a fleetwide average basis, the
newest Soviet submarines will become much more difficult to find.

As submarines become quieter, they tend to grow in size to accommodate
the sound-isolating mounts, so that, along with the quieting trend, a trend
toward larger submarines is expected. Figure A6-7 is a plot of estimated
submarine-radiated sound levels versus surfaced displacement.

Surfaced displacement of a submarine is probably a reasonable estimate of
the volume and weight allocated to achieving depth, speed, and signature
reduction, whereas submerged displacement includes the displacement allo-
cated to reserve buoyancy. Since Soviet submarines typically have a greater
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reserve buoyancy than US submarines, using surfaced displacement eliminates
the bias which would make Soviet vessels appear to have larger internal spaces.?3
Plotting the data in this way reveals some trends which are associated with the
internal design. Older US and Soviet submarines do not show a strong trend of
decreasing noise level with displacement. This is probably indicative of the fact
that if little sound isolation is used in machinery mounting, the radiated sound
level is relatively independent of size. US submarines built since 1962, and
Soviet attack submarines built since 1979, show a strong trend of decreasing
sound level for larger displacements.

US attack submarines of the SSN-594, SSN-637, and SSN-688 classes
describe a trend line of relatively large decreases in radiated sound as displace-
ment increases. The slope of this line is about 8 dB sound level reduction per
1,000 ton increase in displacement. Note that the two major classes of SSBNs
built in the early and mid-1960s, the SSBN-608 and SSBM-616 classes, are
relatively loud given their displacement, although in absolute terms the SSBN-
616 class is relatively quiet. This probably reflects the fact that the size of an
SSBN is primarily governed by the size of the missile, and that these designs
are as large as they are not for quieting, but to fit the missile into a cylindrical
pressure hull. One might think of the curve for US SSBNs as being the same as
that of the SSN, but shifted to the right by 2,000 tons.

US ballistic missile submarines of the SSBN-608, SSBN-616, and SSBN-
726 classes describe another trend line that begins with a decrease in sound
level of 8 dB per 1,000 tons, after which the trend seems to become less steep.
This change may reflect the expected decreasing marginal returns to quieting
effort, though it is difficult to interpret, since the displacement of the Ohio
(SSBN-726) class submarine may have been driven by the size of the D-5
missile rather than by quieting requirements. The reader should also bear in
mind that this data is very approximate.

Modern Soviet attack submarines of the Alfa, Victor III, and Sierra
classes describe a trend line that is close to the line for US attack submarines,
and perhaps higher. The Akula has the same displacement as Sierra, but a
special note of concern in Navy testimony suggests that it is probably quieter.
It is possible that the Akula is as quiet as the SSBN-616 class, or perhaps even
as quiet as the early units of the SSN-688 class.

There are not many pieces of information regarding the noise levels of
Soviet SSBNs, but the data released about the Yankee is some of the only
absolute sound level data available. The trend shows the least decrease in noise
level with displacement of any of the submarine types shown. The slope of the
trend line is about 4 dB decrease per 1,000-ton increase in displacement.

Some general observations that can be drawn from this analysis follow:

1. Inthe early to mid-1970s, Soviet emphasis on quieting lagged behind that
of the United States by 10-15 years. With the introduction of the Victor
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I1I as the backbone of the Soviet attack submarine flect, the lag in quieting
has been reduced to about 8-10 years. Akula may eliminate the lag.

2. In terms of acoustic stealth, it is unlikely that the United States could
improve upon the current Ohio class SSBN.

3. US attack submarines are generally about as quiet as Soviet attack subma-
rines with about 750 tons’ greater displacement. Given the uncertainty in
the data, it is entirely possible that the trend lines are farther apart, or that
they overlap.

4. At a given displacement, early US SSBNs are about 25 dB quieter than
early Soviet SSBNs. There appears to be a great deal of potential for
quieting Soviet SSBNs produced after the early Delta classes.

Ambient Noise

The noise level at a hydrophone array is the sum of all the noises in the water
from distant sources, the noise generated by the platform carrying the hydro-
phone, and the electronic noise within the signal-processing devices. The plat-
form noise is also called self-noise. If the hydrophone is mounted on the hull of
a surface ship, the levels of self-noise are so high that the sonar range is limited
by it. If the array is mounted on the ocean floor or towed far behind a subma-
rine, the self-noise is negligible. Since the emphasis of this report is on long-
range detection, I will not consider the short-range hull-mounted sonar and
will assume that the only sources of noise are distant from the receiver. Electri-
cal circuit noise is not significant for sonar except under extremely quiet
ambient noise conditions.?*

Sources of Ambient Noise

Of the many sources of underwater noise, some of the most significant are:

Distant surface shipping

Explosions from seismic testing

Oil rig drilling

Wind generated waves and whitecaps
Rain splashes on the ocean surface
Biological noises

Cracking in solid Arctic ice

Wind-driven collisions in broken ice
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Shipping and drilling noise typically dominates in the sea at frequencies
below 200 Hz, although in the deep sound channel, noise from high latitude
winds may be significant. Wind/wave-generated noise dominates at frequen-
cies above 200 Hz. Noise from heavy rainfall can dominate over wind noise,
but heavy rainfall is intermittent and is generally not a significant noise source
for long durations, whereas wind/wave noise can be persistent. Under the
Arctic ice cap, the wind has a relatively small influence on noise levels, and
there it can be extremely quiet if the ice is not cracking. On the other hand,
when the air temperature is falling rapidly, thermal stress cracking in the ice
can make the Arctic a relatively noisy area.2s In the next few sections the most
significant sources of underwater noise are discussed.

Shipping and Drilling Noise

Noise from surface ships and offshore drilling operations is lumped together
because the sources are both (1) low frequency and (2) usually located on the
continental shelf. For simplicity I will refer to this as simply shipping noise,
though in some areas like the North Sea, drilling and pumping operations may
well be the dominant noise source.

The noise level at any point in the ocean is the sum of all contributions
from all the noise sources in the ocean within transmission range. The ambient
noise level therefore depends not only on the number and intensity of the
sources, but also on their geographic distribution and on the sound transmis-
sion characteristics of the ocean between the various sources and the point of
interest.2® Shipping is largely concentrated near the coasts. For example, con-
sider some data on the average number of ships in 600 nm by 600 nm square
areas of the North Atlantic Ocean. Near the East Coast of the United States the
figure is about 22 ships, in the middle North Atlantic there are 6 or 7 ships
per 360,000 square nautical miles, and off the coast of West Africa and France,
the figure is about 25 ships. In the Greenland-Iceland-United Kingdom area
there may be only a single ship in a 600 nm by 600 nm area.?’” However, the
noise levels between Scotland and Iceland may well be high because of the
large number of drilling rigs in the nearby North Sea.

The structure of the ocean basins provides a mechanism for broadcasting
the coastal shipping noise into the deep ocean. The relatively steep continental
slope acts as a kind of megaphone that projects noise off the continental shelf
by reflecting it outward horizontally so that it travels to long ranges via the
deep sound channel. Measurements of individual ship noise in deep water
indicate that at great depths the received noise may increase 6-10 dB as the
ship approaches the coast.?® Because the highest shipping density is near the
coast, it is likely that coastal shipping and drilling noise is a dominant low-
frequency noise source even at long ranges from the coasts. The high noise
levels and poor propagation also make the continental shelf and slope waters
good acoustic hiding places for submarines.
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Shipping noise data is given in table A6-1. This table gives noise spectrum
levels in a 1 Hz band. The numbers are presented in decibels relative to the
intensity of sound from a 1 micropascal plane wave. The information is based
on recent estimates by Ross.?? Noise level is given for deep water as a function
of shipping concentration. “Remote” areas include those remote from shipping
or protected from long-range sound, such as the South Pacific and southern
Indian Ocean.’ In the southern oceans, the shipping density is often so low
that shipping noise is effectively absent or is dominated by wind noise. “‘Heavy”
shipping noise levels occur near large, busy harbors or near major shipping
lanes. Between these two extremes are “‘moderate” and ““light” shipping levels.
According to an expert on shipping noise, most of the North Atlantic and
North Pacific are described as “moderate” and the densest shipping areas are
described as ‘“heavy.”3! Since the total noise power increases with the loga-
rithm of the number of ships, predicted noise levels are not very sensitive to
numbers of ships.

I have used this data on shipping noise for predicting noise in ocean areas
that are relatively shallow, although the shipping noise data was intended to be
used only for deep water. Transmission loss from a source to a measurement
point is higher in shallow than in deep water. Therefore, the data presented in
table A6-1 tends to overpredict noise levels in shallow water. One way to
compensate crudely for this is simply to underestimate the shallow water ship-
ping concentrations. I have used the “light” shipping data for moderate ship-
ping in shallow water, and “moderate” for heavy.

Low-Frequency Noise Variability and Directionality

Ambient noise at low frequencies may vary by 10 dB in the course of a day.??
The variations in noise level can be correlated with changes in local shipping

Table A6-1
Ambient noise levels due to shipping and drilling
(values in dB re 1 micropascal in 1 Hz band)

Shipping Frequency (Hz)

Activity 10-40 40-100 100-200 200-3004
Remote 67 70 62 55
Light 73 75 67 60
Moderate 83 85 73 66
Heavy 90 94 80 74

Source: Donald Ross, The Mechanics of Underwater Noise (Elms-
ford, N.Y.: Pergamon, 1976), p. 281.

aSpectrum falls rapidly over 200 Hz. Most places in the Northern
Hemisphere have at least light to moderate shipping noise, while
harbors correspond to “‘heavy” traffic. Estimates from Robert
Urick, Ambient Noise in the Sea (Washington, D.C.: Naval Sea
Systems Command, 1984), average 2-4 dB lower than Ross.
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density and routing, and with local wind speed. In general, however, noise
levels are somewhat random, and the figures given in table A6-1 should be
considered accurate only to about 10 dB.

The low-frequency noise less than 200 Hz in the deep ocean is very direc-
tional. Almost all the shipping (and other low-frequency) noise arrives at a deep
receiver at an angle within 20 degrees of the horizontal. Thus, there is no way
for sonar systems to shut out noise by listening at an optimum elevation angle,
since the signature and the noise arrive in approximately the same elevation
angle.** At frequencies between 200 Hz and 500 Hz, the noise arrives equally
from all directions in the vertical. Above 800 Hz the ambient noise arrives
mainly from angles within about 45 degrees of vertical. This shift in the direc-
tionality for high frequencies is due to the fact that high-frequency wind-
generated noise at the nearby sea surface dominates high-frequency noise from
distant shipping. When the winds are heavy, vertically arriving noise dominates
distant, horizontally arriving noise for frequencies above 200 Hz. When winds
are weak, vertically arriving noise does not dominate over horizontally arriving
noise until frequencies over 600 Hz are reached.’ Some benefit can be obtained
from vertical array directionality when frequencies over 200 Hz are of interest.
Even a 30 degree beamwidth in a vertical array, if steered horizontally, may
eradicate two-thirds of the ambient noise from higher angles, yielding a 5 dB
decrease in the ambient noise level (NL).

Wind-generated Noise

The generation of noise at the sea surface is a complex phenomenon that
depends on the local wind speed, the local waves, and the angle between the
wind and waves.* The best single parameter to correlate with high-frequency
noise is wind speed.3¢ Table A6-2 shows the wind-generated noise levels as a

Table A6-2
Ambient noise levels due to wind/waves
(values in dB re 1 micropascal in 1 Hz band )

Wind

Speed Frequency (Hz)

(knots)  40-60  60-100  100-200  200-500  500- 5,000 1,000-2,000  2,000-5,000
1-3 42 45 48 48 45 42 35
4-10 53 56 63 63 60 55 50
11-16 60 64 69 68 64 60 55
17-27 65 72 73 74 70 63 58
28-332 73 77 77 76 73 65 60
34-40 74 78 78 77 74 68 61

Source: Gordon M. Wenz, “Acoustic Ambient Noise in the Ocean: Spectra and Sources,” 454
34:12, December 1962, pp. 1936-56; and Robert I. Urick, Ambient Noise in the Sea (Washington,
D.C.: Naval Sea Systems Command, 1984), appendix.

2Above 28 knots, noise level is virtually independent of wind speed. at 40-100 Hz, Urick is 10 dB
higher than Wenz; between 100 and 1,000 Hz, 4-5 dB higher; above 1,000 Hz, the same. Where
there is disagreement, Urick is used.
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function of wind speed and frequency, revealing that wind noise dominates at
high frequencies. The variability of wind generated noise tends to decrease with
high wind speed. At 5 knots, the standard deviation of the noise is 12 dB, while
at 20 knots the standard deviation is only about 2 dB. The wind itself, however,
may vary widely over the course of a day.”’

High-frequency wind noise decreases with depth from the surface to about
2,000 feet.’® The decrease in noise level is generally about 5 dB altogether. Most
of the decrease occurs in moving below the seasonal thermocline (200-400 feet
at midlatitudes). Low-frequency noise does not change significantly with depth.
Sonar detection capability of submarine against submarine probably increases
somewhat below the seasonal thermocline (around 400 feet) due to the lower
noise levels, other factors being equal.

Analysis of ambient noise in the South Pacific, where there are relatively
few ships, suggests that the persistent winds at high latitudes near Antarctica
generate noise similar to that usually observed in the northern hemisphere.?” At
those high latitudes, the sound channel approaches the surface. Consequently,
the noise is efficiently transmitted through the sound channel and arrives at
middle latitudes at nearly horizontal angles, at intensities similar to those asso-
ciated with light to moderate shipping.*’ If this analysis is accurate, the world-
wide ambient noise level may be less dependent on shipping than previously
thought.

Rain Noise

When raindrops strike the surface of the sea, they generate a sharp impulsive
sound. Heavy rain can be so loud that it dominates the wind noise. In some
areas of the oceans during particular seasons, rain is quite frequent. In circum-
stances where this may affect submarine detection, I have tried to estimate the
contribution of rain-generated noise to the overall ambient noise level. Since
heavy rainfall is something of an extreme event, rain noise is included only in
the extreme case of the noisiest conditions. The estimates of rain noise are
shown in table A6-3. Data is presented for moderate and heavy rainfall rates,

Table A6-3
Ambient noise due to rain
(values in dB re 1 micropascal in 1 Hz band)

Rain Frequency (Hz)

Intensity 40-100 100-200  200-500  500-1,000 1,000-2,000 2,000-5,000
Maoderate 602 65 65 65 70 65
Heavyb 70 75 75 75 75 70

Source: Robert J. Urick, Principles of Underwater Sound for Engineers (New York: McGraw-Hill,
1975), pp. 196, 197.

aScatter in the data is about 10 dB.

bHeavy rain is used in calculating worst detection conditions.
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heavy rainfall being used in estimating the worst conditions for acoustic
detection.

Ambient Noise under the Arctic Ice

Noise under the Arctic ice is extremely variable. It depends on the following
factors:*!

Rising air temperature—low noise
Rapidly falling air temperature—high noise
Continuous ice cover to shore—Ilow noise

WD~

Broken ice at the edge of the ice pack with wind blowing onto the ice—
high noise

b

Wind over non-continuous ice cover—high noise
6. Wind over continuous ice cover—low noise

It seems nearly impossible to predict the noise levels under the ice.
Instead, I have taken a compilation of Arctic noise spectra measured over a
long period under many different conditions and have used estimates of the 10
percent highest noise levels, the 10 percent lowest noise levels, and the “aver-
age” noise levels from all sources. This is consistent with the approach adopted
later of trying to predict the worst, best, and average detection conditions.
Table A6-4 gives the high, low, and average noise levels as a function of
frequency. These figures should be used only in regions that are covered by ice
and not in the zones near the edge of the ice pack.*?

Table A6-4
Ambient noise levels under ice
(values in dB re 1 micropascal in 1 Hz band )

Percentage of

Observations Frequency (Hz)

Exceeded 10-40  40-100  100-200 200-500 5 00-1,000  1,000-2,000  2,000-5,000
High: 10% 82 75 68 68 68 62 55
Avg.: 50% 68 62 55 55 55 50 45
Low: 90% 55 47 40 40 40 35 30

Source: Robert J. Urick, Principles of Underwater Sound for Engineers (New York: McGraw-Hill,
1975), p. 201. Also, Yie-Ming Chen, ‘“Underwarer Acoustic Ambient Noise in the Arctic” (Master’s
thesis, MIT, 1982), p. 22. Data is mostly from the Beaufort Basin and the Canada Deep.

Notze: To estimate noise levels at the ice edge, add 5 dB to the sound level that is predicted under
the same wind conditions in open water. This level applies 30 nm to both sides of ice edge.
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The zone between the edge of the continuous Arctic ice pack and the
ice-free water can be many tens of miles wide, though the zone in which the
broken ice is highly concentrated may only be a mile or two wide. This concen-
trated broken ice nearest the solid pack is constantly colliding as it is driven by
wind and waves. The highest noise levels occur within 30 miles on both sides of
this dense, broken-ice zone. The noise levels in this 60-mile-wide swath are 5
dB higher than the noise levels under open water for the same wind speed.
Therefore, when an ice edge is present, the highest probable noise levels are
found by taking the highest probable wind levels, computing the noise asso-
ciated with that wind speed, and adding 5 dB. Directly beneath a sharp ice
edge, noise levels at low frequencies are often 10 dB greater than those asso-
ciated with the same wind speed over open water.*’

Underice noise and transmission loss is a significant area of underwater
research. A large part of the Soviet SSBN force patrols near or even under the
ice in the Arctic Ocean, the Sea of Okhotsk, and the Bering Sea. The only
ASW weapons that can be used effectively under ice are submarine-launched
torpedoes. Acoustic homing torpedoes use passive and active sonar to seek
targets, and so they must be capable of distinguishing submarine signatures (or
echo returns) from ambient noise.
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Appendix 7

Detection of Submarine
Signatures in Noise

passive sonar system receives fluctuating ambient noise constantly.

When a submarine is present in the beam, the input to the sonar

system is expected to be higher than it would be if the submarine
sounds or signature were not present. At the end of all the sonar processing, 2
decision must be made as to whether or not the signal contains signature plus
noise or noise alone. In order to make such a determination, one must know the
level of ambient noise in the ocean and the self-noise at the frequency and in the
direction of interest, and then set a threshold just above that noise level. An
acoustic level that exceeds the threshold is in all likelihood due to the presence of
an anomalous source—such as a submarine—superimposed on the noise. The
final detection decision usually remains with a human, although the information
displayed by the signal processor is usually in the form of many independent
threshold responses at individual frequencies over time in one direction, or
responses at a single frequency in many directions over time. The human
operator is the final phase of integration and is a crucial component in the signal
processing scheme.

Figure A7-1 shows the possible responses of a sonar/decisionmaker system
to the actual states. The erroneous states—false alarm and missed target—may
have heavy penalties associated with them. Consider an attack submarine
searching for SSBNss. A false alarm can lead to an unnecessary action that may
alert the SSBN and put the attacker in danger. Since the main offensive and
defensive strategies of submarines are based on remaining undetected, false
alarms are very costly. For this reason, the false alarm probability is kept small.
In addition, the probability of a missed target should be kept small also. These
two probabilities are dependent, however, and decreasing the false alarm prob-
ability also decreases the probability of correctly detecting a submarine that is
present. A basic trade-off is made between gaining greater sensitivity and
avoiding false alarms.

The basic signal processing scheme is shown in Figure A7-2. Assume that
a submarine is present and is making sounds in a typical set of narrow bands.
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Actual
- State Target Target
Decision Present Absent
“Target Correct False
Present” Decision Alarm
Pdet an
“Target Missed Correct
Absent” Target Decision
1- pdet 1 - P(a

Figure A7-1. Possible states of a sonar detection/decision system.

An array that is steered toward that submarine picks up the signature, s(t), and
some noise, 7(z). The total signal out of the array is given by

u(t) = s(t) + n(r) (A7.1)

This signal (signature plus noise) can be described in the frequency domain by
its spectrum.

A hypothetical spectrum is shown in figure A7-3. The signature shows up
as four narrowband spikes (for example, due to the submarine turbine) that are
imbedded in broadband ambient noise. The excess signal power in those spikes,
that is, the integral over the signature band, is small relative to the total noise
power, which is the integral over the entire noise band. The signature-to-noise
ratio can be improved significantly if the entire signal is passed through a filter
that allows only the signature frequencies to pass. Of course, some noise in
those passbands gets through, but the total noise power is greatly reduced.

Narrowband processing is particularly important in long-range ASW pas-
sive detection since the signature of a quiet submarine consists of low-
frequency narrowband sounds. Low frequencies travel the longest distances in
deep water because they are subject to the lowest levels of absorption, and the
distribution of these narrowband sounds in frequency provides clues to the
type of submarine and its speed. Equally important, however, is the fact that a
narrowband signature that is narrowband filtered stands out much better
against the noise. The narrower the filter width, the more noise is eliminated,
until the filter bandwidth is equal to the width of the signature line.

The signal given in equation A7.1 is fed into a series of narrowband filters
that divide the entire frequency range into separate bands, which are processed
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separately, as in figure A7-2." Each filtered sample of the signal is then squared
and averaged to give

¥ (foB) = B_IT_ oT w2 (1, f, B) dt (A7.2)

This is the signal power per Hz in the band of width B centered at frequency f..
Time averaging evens out the fluctuations of the random signal. In theory, the
longer the time averaging, the better is the estimate of the true signal power.
Typical averaging times for passive acoustic detection are on the order of a few
seconds to a few minutes.

If the signature and noise power levels are separated out of equation A7.2,
they are

U=+
or simply
U=S+N (A7.3)
Where S is the average signature power per Hz and N is the average noise
};?gver per Hz in a band. For a bandwidth of B hertz, the total noise power is
'The detection system must distinguish between the case when the signal

power contains only noise and when it contains noise plus signature. This is
represented in figure A7-4. In figure A7-4 the noise level is shown as a mean

Threshold for 50% probability of detection

|

Mean [N] Mean [§ + NJ

Signature

Noise Only Plus Noise

(./j Power —»
Pla
Figure A7-4. Probability distributions of noise only and signature plus noise in
a given frequency band.
Note: If the threshold is set at the mean of the signature plus noise distribution, the py is by

definition 0.5 and the py, is given by the shaded portion, which is the probability that the threshold
is exceeded by noise only.
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noise power with some random distribution. The probability distribution indi-
cates the likelihood of the processor’s estimating the noise to be at a given level.
The more spread in the probability distribution, the greater is the expected
difference between the estimate of the noise level and the true noise level as
represented by the mean. The probability distribution of the noise itself is
assumed to Gaussian, so the distribution of the noise power estimate is de-
scribed by the chi-square distribution. The spread of this distribution is meas-
ured by its variance, which is given by

o2 = Ug’;)z (A7.4)

When a submarine signature is present, the mean total signal level is given by

S+ NB (A7.5)
The variance of this level is
o o~
ol =By BN (A7.6)

where T is the averaging time. It is important to remember when using this
detection theory that under some practical conditions, particularly under Arctic
ice, the distribution of ambient noise fluctuations is not Gaussian, and this
theory does not apply.

Now consider a detector that must determine whether or not a signature is
present. The detector compares the incoming signal plus noise power to a
predetermined threshold based on P, and Pg,. If the signal plus noise exceeds
the threshold, a detection is made. If the signal is less than the threshold, there
is no detection. Suppose that the sonar must detect submarine signatures at a
given level, S, 50 percent of the time that they are present. The threshold must
be set at the mean signal level for signature plus noise as shown in figure A7-4,
since there is a 50 percent chance that the signal will exceed this level. In order
to increase the probability of detection for the same signature level, the thres-
hold must be lowered.

The threshold level also determines the probability of a false alarm. In
figure A7-4 the 50 percent detection threshold yields a false alarm probability
that is represented by the shaded portion of the noise curve. This shaded area is
the probability that the signal power will exceed the threshold when noise alone
is present, giving a false alarm. The sonar operator must always trade between
greater detection probability and a higher false alarm rate. The choice of thres-
hold is therefore based on the expected cost of a false alarm and the expected
benefit of a correct detection.
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The threshold can be defined without considering the signature level if the
maximum false alarm rate is specified. In this case the threshold is given by

K =NB + do, (A7.7)

where d is the threshold setting in the number of standard deviations above the
mean noise level, and K is the absolute value of the threshold level. In this case,
the signature that can be detected 50 percent of the time is

S = do,, (A7.8)

Using equation A7.4, the signature-to-noise ratio for 50 percent detection
is expressed in decibels.

(Sso/N) dB = 5 logio B — 5 log 10T + 10 logio d
. ~ - (A7.9)
Processor Sensitivity

This minimum detectable signal-to-noise ratio can be computed using figures
A7-5 and A7-6. Enter figure A7-5 with the averaging time and the filter
bandwidth and read the “processor sensitivity,” as shown in equation A7.9.
Also read the bandwidth-time product, BT With the BT product and the false
alarm probability, enter figure A7-6 to find the quantity D = 10 log d. In actual
sonar systems the minimum detectable SNR is a few dB greater than the result
given by this procedure.’

Estimates of Sonar Detection Threshold

One can estimate the minimum detectable signature, or detection threshold, for
sonar systems. The high level of security surrounding sonar system capabilities
precludes any kind of definitive or precise estimates of detection threshold.
However, starting with the basic model just described and identifying limita-
tions imposed by the ocean medium, one can make estimates that are compara-
ble in uncertainty to the uncertainty of the other terms in the sonar equation.
Since the probability of detection and the probability of false alarm are system
variables and can to some extent be varied at will, it is useful to examine the
sensitivity of detection threshold to those parameters.

Among the many effects of random ocean acoustic transmission, there is a
limit imposed on the minimum filter bandwidth and a limit imposed on the
maximum integration time of the processing system. A pure tone of infinites-
imally narrow bandwidth tends to be smeared over a finite band during propa-
gation, and to integrate all the energy from the source, a wider bandwidth must
be used, that introduces more of the broadband ambient noise.
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Figure A7-5. Nomograph for detecting processor sensitivity.

Source: C. Nicholas Pryor, Calculation of the Minimum Detectable Signal for Practical Spectrum
Analyzers (Naval Ordnance Lab. Tech. Rept. 71-92, 1971).

The mechanism for this frequency spreading seems to be the interaction
(through reflection or refraction) of sound with oceanic fluctuations such as
surface waves and internal waves. A narrowband signal reflected off the moving
surface will be Doppler shifted by the wave motion. There are up-Doppler and
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down-Doppler shifts that give rise to two sidebands around the center fre-
quency. In the Arctic, frequency spreading effects may not be as severe, since
the ice eliminates wave motion.

The shift from the center frequency is approximately equal to the peak in
the surface wave spectrum, typically 0.3-0.1 Hz for low and high sea states,
respectively. Direct measurements showed the spread to be always less than 1
Hz.?> This type of spreading would tend to affect refracted surface-reflected
sound. Transmissions that do not reflect off the surface are subject to smaller
frequency spreading through interactions with lower-frequency fluctuations
such as internal waves and currents. Typical bandwidths in the deep ocean are
of the order of 0.01 Hz.¢ Currents can cause frequency shifts also; for example,
a 0.5 knot current can shift 400 Hz sound by as much as 0.1 Hz when the
current is different at the source and receiver.

The sensitivity of detection threshold to filter bandwidth can be seen in
figures A7-5 and A7-6. For example, with a 60-second averaging time, if the
bandwidth is reduced from 1 Hz to 0.1 Hz, the processor sensitivity is reduced
by 5 dB. However, the concomitant decrease in the BT product from 60 to 6
drives the threshold detector level (figure A7-6) up about 1.5 dB, for a net
decrease of 3.5 dB in the detection threshold for the same detection and false
alarm probabilities.

Another limitation on narrowband processing is the degradation of array
gain with increasing integration time. For example, an experiment with the
Artemis horizontal receiving array in which a 550 Hz signal was detected at a
range of 32.3 miles yielded a correlation length (p = 0.50) of 7,700 feet for 32
seconds integration time and 5,500 feet for 64 seconds integration time. At 1 Hz
bandwidth, the 1.5 dB drop in detection threshold due to longer integration
time was canceled by a 1.4 dB drop on the array gain.’ In another experiment,
the gain of a 920-foot array against ambient noise in the detection of a 367 Hz
signal 700 miles away dropped from about 4 dB at 105 seconds to 1.4 dB at 840
seconds integration time.¢ The signals were processed in 2 Hz bands, and the
4.5 dB decrease in detection threshold is largely neutralized by a 2.6 dB
decrease in array gain.

Still another effect is the wandering of the frequency line component at the
source due to fluctuations in machinery speed and changes in the course/speed
of the vessel. This has the effect of broadening the width of a line component.

The net effect of these interdependent constraints is to impose sharply
diminishing returns to increasing frequency resolution and longer averaging
times. The scant evidence available suggests that the minimum practical band-
width is between 0.01 Hz (under favorable conditions) and 1 Hz. The averaging
time appears to be limited to a very few minutes or less, with the lower bound
being determined by the reciprocal of the bandwidth.

Experiments in the 800-1,600 Hz band suggest that processing gain—that
term in the detection threshold model (equation A7.9) that lowers DT as
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(5 log T)—is in fact virtually insensitive to increased averaging times between
0.5 and 120 seconds in the nonstationary noise that is characteristic of the
ocean.” This would suggest that using the detection threshold model presented
here overestimates the absolute magnitude of the detection threshold, that is, it
overestimates sonar system capability in ocean noise.

Using an integration time of 1,000 seconds, which is longer than the typical
400-second long-term average used in modern sonars,® and a bandwidth of 0.05
Hz, which is very narrow, figure A7-5 gives a BT product of 50, which is
reasonable for processor systems, and an “‘ideal” processor sensitivity of about
_22 dB. A reasonable false alarm rate is 107%,% so the threshold detector level, D,
is about 7 dB. The “ideal” detection threshold is therefore about -15 dB. The
adjustment of this figure for “‘real” effects such as nonideal filters raises this
figure a few dB more,'° although for this analysis I will not attempt to estimate
this small correction.

The final large term in the estimate of detection threshold is the effect of the
specified probability of detection. The parameter dis found in figure A7-6 as the
threshold detector ratio, while d’ approximately equals (Pye; — 0.5) for pye:
between 0.1 and 0.9. In order to see more clearly the effect of varying the
probabilities of detection and false alarm, figure A7-7 was calculated based on a
BT product of 50. Itis clear that detection threshold is relatively insensitive to pg,
for values smaller than 1074 and slightly more sensitive to py., OVer ranges of that
parameter from 0.1 t0 0.9. For example, the increase in detection threshold due
to increasing the probability of detection from 0.5 to 0.9 is 2 dB. The probability
of detection is typically set at 0.5 and detection threshold calculated on that basis.

The model presented here is based on an entirely automated detection
system that integrates all the information over the averaging time and makes a
single threshold response. Actual sonar displays provide the operator with many
responses, each of which may only be integrated over a few seconds, but each
response is recorded on a visual display that provides a time history of the
responses. An advantage of this method is that during periods when the signature
fades and the signature-to-noise ratio drops, the visual display clearly indicates
it, and when the signature comes back, it is visually apparent that it is caused by
the same target. The long-term integration of these fades tends to result in poor
processing gains for integration periods of tens to hundreds of seconds.'! These
visual displays make use of the powerful pattern recognition characteristics in
humans to overcome the short-term variability of ambient noise and transmis-
sion. Using many short period integrations also helps avoid the deleterious
effects of long-term signature incoherence on array gain. In return, there is a
price to be paid by using these time history displays rather than integrating all the
information electronically. However, a theoretical analysis has shown that the
detection threshold is raised by only 2 dB when the display is used, aresult that s
also said to apply to human operators.'? Therefore, the model described herein
should be applicable to actual sonar systems.
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The maximum attainable detection threshold appears to be about -16 dB
under favorable circumstances. In arriving at this estimate, several effects that
would degrade processor performance by a few dB have been ignored, such as
loss due to nonideal filters, to signal clipping, and to the display format. It is
believed that the errors introduced by ignoring these factors is probably small
in comparison to the uncertainties introduced by lack of knowledge of operator
capabilities and peculiarities in the environment, such as non-Gaussian distri-
bution of noise.

Detection Probability and Range to Target

The relationship between signal processing and sonar detection range is given
by the passive sonar equation, with all quantities in decibels

(SL —NL +AG)— DT =TL (A7.10)

where

SL source level

TL = transmission loss from source to the detecting sonar
NL = noise level

AG = array gain

DT = detection threshold

The detection threshold can be also defined as the minimum detectable
signature-to-noise ratio in equation A7.9. If defined in this way the sonar
equation can be interpreted as a sonar range equation. The quantity in paren-
theses in equation A7.10 is fixed for a given sonar system, target, and location.
Transmission loss, however, increases with range. The allowable transmission
loss, usually called the figure of merit, is the maximum allowable transmission
loss for the assumed probabilities of detection and false alarm implied in the
detection threshold.

Detection threshold (for a fixed pg,) decreases with pye; according to figure
A7-7. According to equation A7.10, the figure of merit (range) increases as the
detection threshold (p4.,) decreases. In other words, a given target can be
detected at longer range but with a lower probability of detection. Thus the
concept of range itself is a probabilistic notion. Take for example, a loud source
generating 160 dB (re 1 micropascal at 1 yd per Hz) of low-frequency sound in
the North Pacific. If the noise level is 80 dB and the array gain 15 dB, then a
detection threshold of -15 dB should permit that sound to be detected at 380
miles 50 percent of the time, with a pg, of 10-5. If the target is to be detected 90
percent of the time, the detection threshold increases to -13 dB, and the detec-
tion range drops 55 miles to 325 miles.!?
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Submarine Detection
in the Arctic Ocean
and Northern Seas

because they are the most secure deployment areas for Soviet ballistic

missile submarines. The southern part of the continental United States
is about 4,200 nautical miles (nm) from the Barents Sea (see figure A8-1). This
means that almost the entire continental United States is within range of Soviet
Delta class submarines operating in the Soviet Arctic. The largest body of
water in this region is the Arctic Ocean. Adjacent to the Arctic are several
smaller seas, including the Barents and Kara seas off the northwestern coast of
the USSR; the Chukchi, Beaufort, Lincoln, and Greenland seas off North
America; and the Norwegian Sea off the Scandinavian peninsula (figure A8-2).
I will refer generally to the seas north of the Greenland-Iceland-United King-
dom gap as “the Arctic,” whereas the Arctic Ocean itself is called by that name.

T he ocean areas north of the Arctic Circle are strategically important

Climate and Oceanography

The northern USSR near the Barents Sea is above the Arctic Circle, but the
climate is moderated by the warm coastal North Cape current, which hugs the
coast of Norway and the Kola peninsula and is one of the northernmost termini
of the Gulf Stream. The yearly average temperature is approximately freezing,
and the precipitation reaches 54 centimeters in the Kola region.! Most of the
days are completely overcast, and at Murmansk, high winds (and therefore very
low wind-chill temperatures) are common.

Wind is an important environmental factor in naval operations because of
direct effects on surface ships and aircraft, as well as indirect effects such as
wave generation and underwater ambient noise. Coupled with low tempera-
tures, it can cause ice to form on ships’ superstructures. Carrier operations can
be inhibited or halted, as they were during a major exercise in the North Pacific
during 1983. Wind speeds from 50 to 70 knots completely prevented flights
from small deck carriers and limited operations from even the USS Enterprise.?
In the shallow Barents Sea, local ambient acoustic conditions are often domi-
nated by wind-generated noise.
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Tables A8-1 and A8-2 give the percentage of time winds have been
observed at various velocities. Data is available for most of the Arctic based on
many observations over many years. The seas in the vicinity of the GIUK gap
have some of the highest average winds of any place in the entire Arctic region.

Cloud cover restricts photographic and infrared surveillance, especially
from satellites, and is therefore an important meteorological variable in non-
acoustic ASW. The sky cover is reported in terms of the percentage of sky that
1s covered by clouds at any altitude. Tables A8-3 and A8-4 give the percentage
of time that various amounts of cloud cover are observed. During the summer
over the waters of the GIUK gap, for instance, the sky is almost completely
covered 80 percent of the time.3 Precipitation data is given as the percentage of
all observations that report precipitation in any form, and then the percentage
of precipitation observations that report snow.

Ocean Circulation and Water Characteristics

The mean circulation of the Arctic Ocean surface water is characterized by slow
westward drift, forming a clockwise gyre (see figures A8-3, A4-5). The surface
currents averaged over a year range from 1 nm/. day near the northern coast of
Alaska to 2 nm/day near the Barents and Greenland seas. Over short periods of
time, however, these surface currents are extremely variable. Major inflows to
the Arctic Ocean are from the Greenland and Norwegian seas (83 percent of the
total) and the Bering Strait (16 percent of the total). Major outflows are the
East Greenland current (76 percent) and via the Canadian archipelago (23
percent).*

The Kara and Barents seas exhibit a general counterclockwise circulation.
Since there is a large amount of river runoff entering these marginal seas, the
coastal currents can be expected to vary according to the volume rate of runoff,
which is highest during the spring thaw. In the Barents Sea, relatively warm,
saline Atlantic water intrudes upon the colder, less saline Arctic water and
instead of mixing homogeneously, forms a complex irregular density structure,’
which may complicate the local sound transmission characteristics. Occasion-
ally, strong winds may modify the currents for short periods of time and
intermix the water to a considerable depth. In the central regions of the Barents
Sea the currents are weak and variable.6

The Norwegian and Greenland seas exhibit counterclockwise circulation,
with strong permanent currents at the boundaries—typically 0.5-0.9 knots—
and weak variable ones in the central regions.’

The subsurface currents in the Arctic Ocean are somewhat different from
the surface currents there. The water found at depths greater than 600 feet
flows in from the Greenland Sea, follows a counterclockwise route around the
North Pole (the opposite of the surface current), and merges with a clockwise
gyre in the Beaufort Sea north of Alaska. There is very little information on
subsurface currents in the Barents and Kara seas. Wind and the complex bathym-
etry may result in local variations of the general circulation pattern there.
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Table A8-1
Arctic wind speed percentage distribution, winter (February)
Wind Speed (knots)

Area 0-3 4-10 11-16 17-27 >28
Kara Sea 17 41 22 17 3
North Barents Sea 14 40 5 21 20
South Barents Sea 6 24 21 29 20
Arctic Ocean 3 45 22 20 10
Greenland Sea 8 22 15 28 27
Norwegian Sea 3 19 16 34 28

Source: Oceanographic Atlas of the Polar Seas, part 2, Arcric (NAVOCEANO pub. no. 705, 1970).

Table A8-2
Arctic wind speed percentage distribution, summer (August)

Wind Speed (knots)
Area 0-3 4-10 11-16 17-27 >28
Kara Sea 20 43 19 16 2
North Barents Sea 23 32 19 18 8
South Barents Sea 20 43 18 19 2
Arctic Ocean? 13 57 25 5 0
Greenland Sea 14 36 13 24 11
Norwegian Sea 11 29 20 27 13

Source: Oceanographic Atlas of the Polar Seas, part 2, Arctic (NAVOCEANO pub. no. 705, 1970).
aData on the central Arctic are relatively sparse.

Table A8-3
Percentage occurrence of Arctic cloudiness and precipitation, winter (January)
Cloud Cover (percentage)
Clear 0-25 25-50 50-75 75-100
Barents Sea: 5 5 6 23 61
Precipitation occurs 30 percent of the time. Of this, 80-90 percent is snow.

Norwegian-Greenland Sea: 4 7 9 18 62

In the Greenland-Iceland-United Kingdom area, precipitation occurs 25 percent of the time. Of
this, 20 percent is snow near the United Kingdom and 80 percent is snow near Greenland.

Source: Oceanographic Ailas of the Polar Seas, part 2, Arctic (NAVOCEANO pub. no. 705, 1970).

Table A8-4
Percentage occurrence of Arctic cloudiness and precipitation, summer (July)
Cloud Cover (percentage)
Clear 0-25 25-50 50-75 75-100
Barents Sea: 4 8 10 18 60

Precipitation occurs 20 percent of the time. All of this is rain. Sky is at least 25 percent cloudy 8
days out of 10.

Norwegian-Greenland Sea: 2 3 4 10 81

Precipitation occurs 20 percent of the time. All of this is rain. Sky is at least 25 percent cloudy 9
days out of 10.

Source: Oceanographic Atlas of the Polar Seas, part 2, Arctic (NAVOCEANO pub. no. 705, 1970).
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From October through June the temperature pattern in the Barents and
Norwegian seas—figures A8-4 and A8-5—is strongly marked by a tongue of
warm Gulf Stream water along the Norwegian coast, resulting in year-round
temperatures of at least 42 degrees Fahrenheit off the North Cape of Norway
and above freezing off the Kola peninsula. This is responsible for the ice-free
conditions at the main Soviet naval complexes near Murmansk.

Figure A8-4. Surface water temperature in the Norwegian, Greenland, and
Barents seas, degrees Fahrenheit: Winter.

Source: Oceanographic Atlas of the Polar Seas, part 2, Arctic (NAVOCEANO pub. no. 705, 1970).



314 - Appendix 8

Ice Limit

Figure A8-5. Surface water temperature in the Norwegian, Greenland, and
Barents seas, degrees Fahrenheit: Summer.

Source: Oceanographic Atlas of the Polar Seas, part 2, Arctic (NAVOCEANO pub. no. 705, 1970).
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Salinity is the weight percent of salt dissolved in the ocean. The warm
Atlantic water is relatively saline, 35 parts per thousand, while the marginal
seas adjoining the USSR are typically 34 ppt at the surface, and may drop to 32
ppt nearer the coast because of the large amount of fresh water inflow from
river runoff. At greater depths there is much less variation in salinity, and the
average throughout the Barents Sea is about 34.5 ppt at 300 feet. Variations in
salinity of this magnitude do not have an appreciable effect on sonar and sound
transmission properties, but salinity variations near the coasts may be important.

The vertical density structure in the Barents and northern Norwegian seas
is of interest because the characteristics of the internal wave field are governed
by it. Of particular interest is that submarine detection schemes using internal
wave phenomena have been discussed in the US and Soviet literature. Typical
density gradients in the summertime (August, September) Barents Sea are
0.002 grams/cm?/50 meters in the upper 50 meters, below which density is
virtually constant. In the northern Norwegian Sea between Norway and Spitz-
bergen, gradients are less than half the Barents Sea values. Typical density
values are 1.027 gm/cm>.® In the shallow Kara Sea (300-600 feet deep), gra-
dients may exceed 0.014 gm/cm?/50 meters.”

Another physical property of interest in submarine communications and
nonacoustic detection technology is the transparency of the water. The stan-
dard measure is the depth at which a 30 cm white (Secchi) disk disappears from
view. In the White Sea, this depth is 15-30 feet; in the southern Barents Sea,
30-60 feet; in the northern Barents, 60-90 feet; and in the Norwegian Sea,
30-60 feet.'? In general, waters closer to the coast tend to be more opaque than
waters farther out to sea.

Ice

Figures A8-6 and A8-7 are maps of ice showing the area of essentially solid ice
in the central Arctic. The lines marked 0.5 and 0.1 are the lines of 50 percent
and 10 percent coverage, respectively. It is important to note that these maps
are based on the averages of many years’ observations, and that the ice distribu-
tion in any given year may deviate greatly from the average.

The blanket of ice that covers the Arctic Ocean and its adjacent seas varies
considerably in extent from season to season and from year to year. The polar
ice cap is not a solid sheet; stretches of open water called polynyas are present
throughout the ice pack in all seasons, though in the summer these areas of
open water can occupy up to 20 percent of the surface area.

There are two basic kinds of ice: pack ice, which has accumulated over
many years, and winter or annual ice, which is formed over a single winter
season.!! Pack ice tends to be more rough on its upper and lower surfaces than
annual ice and has different acoustic properties. The average thickness of polar
ice in the Arctic is normally about 10-13 feet by the end of winter, decreasing to
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Figure A8-6. Arctic ice concentration and extent: Winter.

Source: Oceanographic Atlas of the Polar Seas, part 2, Arctic (NAVOCEANO pub. no. 705, 1970).
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Figure A8-7. Arctic ice concentration and extent: Summer.

Source: Oceanographic Atlas of the Polar Seas, part 2, Arctic (NAVOCEANO pub. no. 705, 1970).
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about 6-10 feet by the end of summer.!? The ice does not usually cover the
entire surface, even in winter, and polynyas are almost always present, though
in the winter they may contain relatively thin annual ice. Typical maximum
annual ice thicknesses are 6-8 feet. The ice surface underwater may be fairly
smooth or very irregular, depending upon the degree of ridge formation due to
winds and distant storms. During both winter and summer, underwater ice
ridges may reach depths of 40-60 feet, and in places may exceed 100 feet.!3

Most of the data on the statistical distribution of ice leads or polynyas is
obtained from upward-looking sonars on submarines. One such study in the
western Eurasian basin, north of Greenland,!* found that in October leads
covered 1-5 percent of the surface. In the marginal sea ice zone and in the zone
immediately north of Greenland, 10-20 percent of the surface was occupied by
leads. The average distance between polynyas in the M’Clure Strait and the
Beaufort Sea shelf north of Alaska was measured in the summer and winter by
two US submarines.!5 Polynyas 100 meters wide were encountered along the
submarines’ tracks every 2 kilometers in summer and every 15 kilometers in
winter. Polynyas 200 meters wide (wide enough for a submarine to surface in)
were encountered every 4 kilometers in summer and every 25 kilometers in
winter. Thus a submarine traveling at a speed of 5 knots would encounter a
polynya that was large enough to surface in once every three hours, on the
average.

The Soviet marginal sea ice contains many openings throughout the year.
From satellite imagery, it was determined that during the autumn and winter,
“large areas of low ice concentrations, as low as 70 percent, occurred in the
Chukchi, East Siberian, Bering, Laptev, and Kara Seas.”!¢ These areas would
provide ample opportunities to use submarine communication systems, or to
break through the ice in order to launch weapons.

The Norwegian and North Cape currents keep the coasts of Norway and
the Kola peninsula free of ice in all months, except for the ice formed in some of
the fjords. Ice is probably no hindrance to navigation within about 400 nm of
the western Norwegian coast and 150 nm of the northern Norwegian coast
during the winter.!?

In the Barents Sea the ice reaches its greatest southern extent in March and
April. Rapid melting takes place from May to August, after which the process
rapidly reverses and freezing begins again. In winter the bays and guifs of the
eastern Barents Sea become icebound, and deeper portions of the sea are par-
tially covered with drift ice, but it never freezes over completely.!8

Freezing in the White Sea probably starts as early as October in the deep
bays, such as at Archangel, and usually forms a continuous strip of ice along all
the coasts by December. The White Sea drift ice reaches its greatest concentra-
tion in February and March. At Archangel there is solid or broken ice from
early November to early May.!? A 160-mile-long path from Severodvinsk and
Archangel through the White Sea to the Barents Sea must be kept open with
icebreakers for at least three months per year.
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Although the Barents Sea is navigable year round, the combination of high
winds, high seas, and low temperatures can cause severe ice accumulation on
ships’ decks and superstructures. Ice formation on the decks of surface ships is
caused by the rapid freezing of sea spray, which can accumulate at a rate of over
2 tons an hour. Superstructure icing has been responsible for sinking 170-foot
trawlers.20 During February the probability of encountering some superstruc-
ture icing in the central Barents Sea is over 50 percent, and the probability of
heavy icing is about 10 percent. Icing is somewhat less likely in the Norwegian
Sea during this period.?! Superstructure icing can impede the operation of
surface ships, particularly frigates and smaller vessels.

General Bathymetry

The central Arctic Ocean (figure A8-8) is a basin about 12,000 feet deep. The
basin is divided in half by the 6,000-foot-high Lomonosov ridge running from
the Laptev Sea to Greenland. Submarine operations in the central Arctic
Ocean are therefore unrestricted from below, as they are in the marginal seas.
Moving from the North Pole toward the USSR, the bottom slopes upward very
suddenly just north of Franz Josef Land to a broad continental margin with an
average depth of about 800 feet. Bathymetry of the White Sea is shown in
figure A8-9.

The sea floor to the west of the Barents Sea drops off into the basin of the
Greenland and Norwegian seas between Spitzbergen, Bear Island, and Nor-
way. The depth in the basin between Greenland, Iceland, Scandinavia, and
Spitzbergen is about 9,000 feet.

There is an underwater ridge from Greenland to Iceland and from Iceland
to the Faeroe Islands, which is a natural barrier to currents and underwater
sound passing between the North Atlantic Ocean and the Norwegian and
Greenland seas. Figures A8-10 and A8-11 show a cross section of the bottom
in this area, along with winter and summer temperatures over depth. The
shallow water restricts submarine operations over part of the GIUK gap. Of
course this ridge provides the ideal setting for SOSUS arrays, since it intersects
the axis of the deep sound channel.

Whales

The number of large whales (longer than 40 feet) in the Arctic, or anywhere in
the world, is not very well known. Much of the data is from ship sightings, and
therefore a bias enters the data since more sightings are taken in well-traveled
shipping lanes. The number of whale catches is an important source of data,
but again the observations tend to take place where the ships go. Another bias is
introduced by the fact that whale counts depend very much on the whales’
behavior, which is not well known. A typical counting problem is trying to
determine if the whale sighted four times is the same one or four different ones
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Figure A8-8. General bathymetry in the Eurasian Arctic and adjoining seas.

Source: Oceanographic Atlas of the Polar Seas, part 2, Arctic NAVOCEANO pub. no. 705, 1970).

each surfacing once. Table A8-5 gives some rough estimates of numbers of

whales per thousand square miles in various Arctic areas. The lengths of certain
large species are also given.
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Figure A8-9. Bathymetry of the White Sea.

Note: Shaded areas are less than 60 feet deep.

Data on the presence of whales longer than 40 feet in the Arctic and
adjacent seas is limited to the areas free of ice. In general, the largest concentra-
tion of whales is in the warm currents off Norway. Between March and August
there are over 20 large whales per 1,000 square nautical miles there. In addi-
tion, there is a relatively large number of whales in the waters of the GIUK
gap. Typical numbers in the North Atlantic range from 6 to 20 whales per 1,000
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Figure A8-10. Cross section of bathymetry and temperature from Greenland
to Iceland: Summer and Winter.

Source: Atlas of the Hydrography of the Northern North Atlantic Ocean, compiled by G. Dietrich,
Conseil International pour I’Exploration de la Mer, Service Hydrographique, Denmark, 1969.
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Figure A8-11. Cross section of bathymetry and temperature from Iceland to
the Shetland Islands: Summer and Winter.

Source: Atlas of the Hydrography of the Northern North Atlantic Ocean, compiled by G. Dietrich,
Conseil International pour ’Exploration de la Mer, Service Hydrographique, Denmark, 1969.

nm2, with densities of up to 36 per 1,000 nm? reported off Nova Scotia.?? It is
interesting to note that many of the areas near the Soviet Union in which Soviet
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Table A8-5
Population density of large whales in the Arctic
(per 1,000 nm)
December Fune

Kara Sea <1 3
South Barents and

Norwegian Seas 9 24
Greenland Sea <1 10
Large Whales Size (feet)
Sperm 44-50
Fin 58-60
Sei 39-40
Blue 65-77
Humpback 33-44
Northern black right 50
Black right 50
Greenland right 50

Sources: Oceanographic Atlas of the Polar Seas, part 2, Arctic
(NAVOCEANO pub. no. 705, 1970); N. A. Mackintosh, The
Stocks of Whales (Bath, England: Coward and Garrish, Ltd.,
1965).

missile submarines patrol or in which US attack submarines operate also
happen to be relatively active whaling grounds.??

Acoustic Oceanography of the
Arctic Ocean and Adjacent Seas

Ambient Noise

Because ambient noise level is a function of random meteorological variables, it
is itself a random variable. The scarcity and uncertainty of the available data
does not justify an overly precise analysis, however, and in order to make some
estimates, I have adopted the approach of calculating upper and lower bounds
on detection capability. In the context of submarine detection, ambient noise
degrades the capability of a given system, so it is assumed here that the noise
levels that are the 25 percent highest levels expected constitute a reasonable
worst case for detection.?* Similarly, the 25 percent lowest noise levels are a
reasonable best case for detection. Average noise levels can also be computed,
but of course they give no information in themselves about the variability of
ambient noise due to meteorological variability and variability of ship traffic.

The high and low noise spectra in a given ocean area for a given season are
computed by the following method:

1. From the wind data of tables A8-1 and A8-2 compute the wind speed that
is exceeded 25 percent of the time (high) and 75 percent of the time (low).
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2. For each of these wind speeds, go to table A6-2 in appendix 6 and compute
the wind noise spectra.

3. Choose the appropriate shipping noise spectrum from table A6-1, taking
into consideration water depth, distance from major shipping routes, and
season.

4. Compute the probability of rain from tables A8-3 and A8-4. If it is greater
than 15 percent, include a ““heavy rain noise”” component spectrum to the
high noise estimate only from table A6-3. If rain occurs less than 15
percent of the time, it is considered too extreme an event to be included in
even the high noise estimate.

5. Determine the ice conditions. If the ice pack is continuous over the entire
ocean area, then use the underice ambient noise spectra in table A6-4, with
the 10 percent quietest and 10 percent noisiest spectra corresponding to the
low and high noise estimates, respectively. If the ice pack partly covers a
particular area, the worst case for detection is under the ice edge. At the ice
edge, the noise levels generated by wind and breaking ice are assumed to be
5 dB higher than the noise levels generated by wind alone. The high
estimate of wind noise is therefore increased by 5 dB. The low noise
estimates ignore the presence of the ice altogether as the best detection
condition is taken to be open water. It should be noted that the statistics
available in the unclassified literature for noise under continuous ice cover
are presented in terms of 10 percent extremes rather than 25 percent
extremes as in the rest of the analysis. This inconsistency is unfortunate,
and predictions of detection range under conditions involving continuous
ice cover must be considered somewhat more extreme than the predictions
under other conditions.

6. When all the component spectra have been estimated, they are summed
within frequency bands. The levels are summed assuming the noise is
uncorrelated.

One of the important assumptions underlying the method described above
is that the extreme conditions of the individual noise components are assumed
to occur at the same time. This is consistent with the ‘“‘worst-case/best-case”
approach but has the disadvantage of ignoring the correlation between the
various phenomena that make noise. For example, shipping noise tends to
decrease in very rough weather because fewer ships are apt to be at sea. Fortu-
nately for this analysis, in the severest of storm conditions, wind, wave, and rain
noise tends to dominate shipping noise through most of the spectrum in any
case, so the result is insensitive to the shipping assumption. In addition, the
meteorological variables of wind, waves, and rain tend to be correlated also.
Obtaining statistical correlations between all the variables would be a refine-
ment but probably would not be worth the effort since the rest of the data is so
approximate to begin with.



326 « Appendix 8

Predicting Acoustic Noise in the Northern Region

Ambient noise in the Arctic is a function of the surface wind speed, ice condi-
tions, shipping, and transmission loss. Summer and winter data are given so as
to present the extremes of seasonal variations in the relevant variables. Where
monthly data is available, the extreme month is taken to represent the season.
July or August usually represents summer, and February or March represents
winter. The entire area is divided into four zones, the Norwegian-Greenland
Sea, the northern Barents Sea, the southern Barents Sea, and the Arctic Ocean.

The statistical distribution of wind speeds for most of the Arctic and
northern seas is given in tables A8-1 and A8-2. For each region, these tables
give the percent of observations that fall within wind speed ranges. From this
data, one can estimate the percentage of time that the wind exceeds any particu-
lar speed. Conversely, one can estimate the wind speed that is exceeded a given
percent of the time. Since noise increases with wind speed, high wind speeds
make it harder to detect submarines. The worst conditions for submarine detec-
tion arise when the winds are highest in a given zone, and the best conditions
occur when winds are lowest. I have chosen to represent the highest winds by
the speed that is exceeded 25 percent of the time. Similarly, the lowest winds
are represented by the speed that is exceeded 75 percent of the time. I use the
25 percent highest and lowest winds since they represent reasonable extremes.
At greater extremes, say the 5 percent highest winds, the data and statistics are
less reliable.

Wind-generated noise levels are estimated from these wind speeds. These
noise levels represent the highest and lowest noise conditions in each zone for
each season. When ice is present, the noise levels are modified in one of two
ways. If the ice pack is solid, the wind noise levels are ignored and the Arctic ice
pack noise levels are used from table A6-2 in appendix 6. If the edge of the ice
pack is within the zone, the high noise levels are increased by 5 dB to represent
the noisiest conditions, which are near the ice edge. The low noise levels are not
increased and therefore represent the noise levels away from the ice edge under
open water.

Rain noise is included in the ambient noise if at least 15 percent of the
observations of a particular zone measure rain. In order to estimate the worst
case for detection, noise levels associated with heavy rain are used. Since rain is
usually not present, low noise estimates do not include any rain noise. Rain
noise is estimated using table A6-3.

Given all the components of ambient noise, the final step is to add them.
The sum of incoherent noise from two noise sources is simply the sum of
intensities of each source. Decibels cannot be added directly, because decibels
are the logarithm of the intensity. A simpler, approximate rule for decibel
addition is sufficient for these calculations. Suppose there are two sound levels,
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in decibels, that are to be summed, M and N, to obtain a total T. The following
table shows the approximate relationship between the three terms.

N—M T
(dB) (dB)
0 N+3
1 N+3
2 N+2
3 N+2
4-9 N+1
>9 N+0

For example, if one noise level of 80 dB is added to a level of 75 dB, the total
noise level is 80 + 1 = 81 dB. If 80 dB is added to 81 dB the total is 84 dB.

Transmission Loss

The acoustic transmission properties of the deep Arctic Ocean are influenced
heavily by the steady increase of sound speed with depth. The plane of min-
imum sound speed lies at or near the surface because the minimum tempera-
ture is at the surface. Acoustic rays are therefore always refracted upward, and
then reflected downward at the sea surface as shown in figure A8-12. The

Sound velocity, ft/s
4710 4800 4890

)1 l L1

7,200 T T T T A T T }—r

0] 5 10 15 20 25 30 35 40
Range, kyd

Figure A8-12. Typical sound speed profile and ray diagram in the central
Arctic.

Source: Robert ]. Urick, Principles of Underwater Sound, rev. ed. (New York: McGraw-Hill, 1975),
fig. 6.18, p. 158.
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long-range propagation of frequencies lower than 10 Hz is limited because
these long acoustic waves are not easily trapped inside the waveguide, which is
basically half of a deep sound channel. Frequencies greater than 30 Hz are
attenuated due to reflection loss from the underice surface.

Figure A8-13 shows the transmission loss under ice in the central Arctic as
a function of distance for different frequencies. At a range of 5-10 miles,
surface ducting improves the transmission of all frequencies over free-field
transmission. At 50 miles, frequencies lower than 150 Hz are transmitted with
greater efficiency by the surface duct while frequencies greater than 300 Hz are
attenuated due to absorption in the ice. At 500 miles all frequencies above 30
Hz are severely damped by the ice.

Transmission loss curves are either calculated or culled from observations
for each area according to water depth, temperature structure, wave conditions,
and ice conditions.

Ice-covered versus Ice-free Waters: A Summary

Relative to open water acoustics, underice acoustics may be characterized in the
following ways:

Transmission: Better than free-field transmission (spherical spreading) at
low frequencies and short ranges, due to surface ducting. Worse than deep
sound channel transmission at high frequencies and long ranges, due to the
scattering of sound off the ice and the inefficiency of half-channel trans-
mission.

Ambient noise: Lower under a continuous ice cover with slowly rising
temperatures and low wind speeds. Higher under a noncontinuous cover or
in falling temperatures, which cause cracking in pack ice.

Surface scartering: Higher because of the ice. This also should lead to the
generation of multiple paths, which tend to degrade array gain against
noise.

Volume scattering: Lower due to upward refraction at all depths.

Convergence zones: Much weaker or nonexistent, due to scattering at the
surface. If they exist, these convergence zones are formed by the deep
sound channel.

Acoustic Detection in
the Southern Barents Sea

The Barents Sea lacks a clear geographic feature between its northern and
southern parts; rather, it is oceanography that suggests treating these regions
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separately. The warm North Cape (or Murman) current, which keeps the
southern part of the Barents Sea free of consolidated ice, is the most significant
feature. Its counterpart in the northern Barents is the cold Bear Island current,
which flows from the Arctic Ocean and keeps the temperature there at or below
30 degrees Fahrenheit (-11° C). In the winter, the edge of the consolidated ice
pack runs from the southern tip of Spitzbergen southeastward to the middle of
Novaya Zemlya, leaving a gap of about 400 miles between the Kola peninsula
and the edge of the ice pack. However, it is important to note that ice concen-
trations of more than 50 percent are typically found only 150 miles off the coast.
Such ice concentrations can severely restrict ship operations, particularly for
smaller vessels. For example, in 50-90 percent ice cover, where the ice is
between | and 4 feet thick, only larger, specially reinforced vessels can operate,
and then at restricted speeds. If the ice thickness exceeds 4 feet, only icebreak-
ers can penetrate.>> Ice concentrations up to 10 percent can be expected within
75 miles of the coast. This means that surface naval operations in the winter-
time Barents Sea are heavily channeled into a relatively narrow swath off the
Soviet and Norwegian coasts.

Diesel-electric submarine (SS) operations would be similarly restricted.
Although SSs can avoid the ice when submerged and running on batteries,
using a snorkel while underway beneath unconsolidated ice would be quite
risky. In order to run the diesel engines, these submarines would probably have
to stop or surface. Of course, they would be in grave danger beneath pack ice.
Nuclear submarines, on the other hand, would not be severely restricted by the
presence of ice.

The northern Barents Sea, when covered by the polar ice pack, is a very
different environment for naval operations from that of the southern Barents.
In the summertime, the pack ice retreats northward. Typically, the edge of the
summer pack runs between the northern tip of Spitzbergen and Franz Josef
Land, about 600 miles from the coast, and the sea area accessible to surface
ships is much larger, virtually all of the Barents Sea.

Acoustically, the Barents Sea is relatively shallow water at low frequencies.
The depth varies between about 600 and 1,200 feet in a complex bathymetry,
and the bottom sediments are highly variable within this relatively small area.
Sediment types, which have a major impact on shallow water transmission, can
change from mud to gravel to sand within less than 100 miles.26 This variability
of depth and bottom type makes low-frequency acoustic transmission quite
unpredictable in the Barents Sea. It should be noted that the transmission loss
curve used to calculate detection range in the ice-free Barents Sea is from a
compilation of many different observations and can provide at best a very
rough guide for illustrative purposes. Convergence and shadow zones do not
exist in the Barents Sea under any conditions.

The transmission loss curves when smooth annual ice cover is present are
shown in figure A8-14. They are drawn from a measurement of transmission in
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depths of 600-900 feet with the receiver and source at about 300 feet, typical of
submarine operating depths.?” The data is from the Parry Channel, the main
east-west route through the Canadian Arctic archipelago. The ice cover condi-
tions occur throughout the Central Barents Sea, near the coast of Novaya
Zemlya and in the White Sea during the winter. The water is about 300-600
feet deep in these areas, and so transmission loss is expected to be higher than
the curves used to calculate the detection range in figure A8-14. When using
any curves in specific shallow water conditions, it should be remembered that
they can provide only a rough guide to conditions elsewhere and should be
considered single samples of a random function.

Winter

During the winter in the southern Barents Sea, the surface temperature ranges
from 42° F (5.6° C) off the North Cape of Norway to 30° F (-1.1° C) at the
edge of the ice pack. The extent of the ice pack has already been mentioned, but
it is useful to remember that in addition to the Barents Sea, the White Sea is
choked with ice through much of the winter. Ice begins to form in deep bays
such as Archangel in October, and the sea is completely frozen by February,
opening again in April. The major Soviet naval activity in the White Sea is the
construction of submarines, particularly ballistic missile and cruise missile
types, at Severodvinsk,2 and the constrained access to the White Sea during
the winter would not be a short term handicap to the Soviet Navy in wartime.
The principal naval ports are in the vicinity of Murmansk, where the water
temperature is typically 35° F (1.6° C) in winter. The wind speed over the
Barents Sea exceeds 30 knots 25 percent of the time, and the predominant wind
direction is out of the northeast to southeast. Cloud cover exceeds 75 percent
about 6 days out of 10, and precipitation, almost always snow, occurs 3 days out
of 10.

Best-Case Detection. The best case for acoustic detection occurs when the
ice cover is consolidated under constant or slowly rising air temperature. Data
from a five-year study by the Naval Oceanographic Office suggests that as one
moves from the ice edge under the ice, noise levels decrease from a maximum at
the ice edge to a lower level at a range of about 30 miles from the edge.
Traveling farther beneath the ice does not seem to alter the noise level. At
frequencies near 100 Hz, the underice noise levels 30 miles from the ice edge
are about the same or a few dB lower than the wind noise level at the open
ocean, whereas at higher frequencies, the noise levels are typically 5 dB lower.2
The wind noise spectrum corresponding to a 10-knot wind is therefore adjusted
downward to account for the presence of ice in the margins of the Barents Sea.
Shipping traffic is assumed to be light for the best case of detection, and the
maximum shipping noise level is 75 dB, which occurs in the 40-100 Hz band.
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The total ambient noise spectrum, which is the incoherent power sum of the
wind, ice, and shipping component, is completely governed by the shipping
noise up to 100 Hzand is a function of wind, ice, and shipping between 100 and
1,000 Hz.

The “equipment factor” in the passive sonar equation (array gain minus
detection threshold) is adversely affected by the acoustic effects of shallow
water. Multiple reflections off the moving sea surface tend to spread narrow-
band acoustic energy over bands up to 1 Hz. This raises the detection threshold
for passive detection and also limits the coherent integration time—an impor-
tant active sonar parameter—to about 0.5 second.’® In the best detection case, I
have assumed no degradation from the nominal maximum figure of -16 dB,
although this assumption is probably too low, even if it is consistent with the
best case assumption for detection. The array gain is assumed to suffer a 5 dB
degradation from the nominal maximum of 20 dB. This assumption is some-
what heuristic in that it is the expected behavior, but there is very little data to
back it. Some shallow water tests at 2,400 Hz reveal horizontal coherence
lengths on the order of 15 acoustic wavelengths—a factor of 10 below the
maximum expected coherence length in deep water.*' Theoretical analysis of
horizontal wind noise coherence in shallow water suggests that the noise coher-
ence is strongly dependent on the transmission loss of the channel.’? Given the
spatial variability of the Barents Sea, it seems that a heuristic approach is the
limit of predictive ability. It should be apparent by this point, however, that an
error of 7 dB (a factor of 5) in the estimates of other sonar parameters is typical,
so a similar imprecision in the array gain is certainly consistent.

The ambient noise spectrum has now been determined by summing the
component spectra, and the array gain and detection threshold have been esti-
mated. Using this information in the passive sonar equation, the figure of merit
(allowable transmission loss) has been calculated for sources of various strengths
and various frequencies. Detection range is then related to the FOM by trans-
mission loss curves. Detection ranges in the best-case condition are shown in
figure A8-15 as the upper end of the bars.

An important phenomenon that is not shown clearly in this figure is the
dependence of transmission loss on frequency. As figure A8-13 shows, the
transmission loss below 40 Hz and above 2,000 Hz exhibits a sharp increase
beyond about 10 miles, corresponding to an FOM at 100. This means that as
the figure of merit rises beyond this point, very little increase in detection range
beyond 25 miles is realized. Since the frequencies assumed in these calculations
are between 40 and 1,000 Hz, this cutoff does not come into play. Some
degradation of transmission loss in the 500-1,000 Hz range is assumed, how-
ever, and the calculated FOMs show the typical behavior of increasing with
frequency, leading to an increase in the expected detection range from 40 to 300
Hz. In the 500-1,000 Hz band, even though the FOM increases (it is about 10
dB higher than it is in the 200-300 Hz band), the detection range actually



334 - Appendix 8

o N S3TIN "LNVYN m SAHVA
(o) ~N bW N — - Irgg o N -
S 888888 3Zygsun 3 58385 228888 8 3
B __—_—_—- | _:_-— f | —_q_q__ 1 __:—-_ 1 T T —
B L
Nb— F—— — oh — o3
" _ — — 03
N OA
e _ N} = _° e -
- ' 03
¥ .
N— T ‘ OA
lllllllllllllllllllllllll d-“al'l!llll'l'llll]-ul"
—_ — 03 o
e __ N7 o %
HILINIM
llllllll|.|llllllll||||Illllll.h.lllllllllllu lllll
.r | L Ow
— — OA
e N i

09
2
or
001t
12
09
002
0
00l
0o¢
o}
00¢

000!
o1
00s

(zH) spueg Aouanbai4



335

Detection in the Arctic Ocean and Northern Seas *

ol ="dgo=""dw13s s1opweled Fuissaooxd [eudis (N—Asou) gp 091 pu®

«(Dg—10inb Apwonx3) gp 001 218 (pueq zy 1 “PA 1 38 edosorw 21

(y—19mb) gp op1 (DA—mb £134) gP ST1

gP) S[949] 901N0S "PAsn st y[ -8V 21n81j wo1j B1ep $SO] UOISSISURL], 210N

-u0135319p 01 (3ruwl| 12ddn) sjqeioae] pue (Qruiif I19MO]) J[qeIcABJUN

SUONIPUOD Ul BIG Sludieg UISYINOS ) Ul s[eudis pueqmolIeu

SITIW "LNYN r
N — — —
S 238888 233388 3535505 o3 8888 3 B
i —_—_‘___ T 7 __——_-— 1 rt —_._d—— T T T _—:—uq 1 T 1 —
} —
N—— T il OA O3
————————T e T T T T T T T T T i —— —]
\ . - D3
N — ) OA
llllllllllllllllllllllll “‘llll'll'll‘“«l"lll
— — D3
p——vp DA
N—— O
llllllllllllllllllllllll J'lllllll'lll‘l“ﬂllll'l
L — — |
N ob— OA ¥ 03
YIWWNS
llllllllllllllllllll Il-||ll‘llllll-lllllllll-lllllllUllll-'lll
q‘ Ll
— DA
)

Illl.lll.llllllllln'lll'll..llll\lllll...l

0ot
o}
09
00¢
0}
001
oot
o}
00¢

0004
o}
00§

70 38uel UONDAAP pArewWSH 'G1-8Y a8ty

(zH) pueg Aouenbaig



336 - Appendix 8

decreases due to the increase in transmission loss. The combination of the
steadily increasing FOM and the increase of transmission loss with frequency
results in a frequency band that is, in a sense, the optimum for detection. If all
the sound radiated by a source is emitted in a single 1-Hz-wide tone, this tone
may be detected at the greatest distance if it is in the optimum band, in this case
200-300 Hz. It should be noted that the optimum detection band for very quiet
sources is higher, due to the lower sensitivity of transmission loss to frequency
at short detection ranges.

Under the best detection conditions, very quiet sources can be detected at
relatively long ranges, on the order of 30 miles. This is a result of the extremely
low noise levels that are attainable beneath a solid cover of ice. Although these
are the most favorable conditions for detection, they would not be expected to
last for long periods of time.

Worst-Case Detection. The worst case for detecting submarines is when they
are situated directly beneath the ice edge during a storm. The collisions of the
broken ice at the edge of the pack ice generate enough noise to raise the ambient
noise level 5-8 dB above that generated by equivalent wind conditions over
open water.>* Under special conditions, such as a very compact ice edge, noise
levels may be 10 dB higher than those found in open water.** Noise levels drop
slowly as one moves in either direction away from the ice edge, but there is a
zone of about 30 miles to both sides of the edge within which the ambient noise
level exceeds the open ocean level by at least 5 dB. This 60-mile-wide zone is a
good acoustic hiding place for an evasive submarine since it is a region where
the ambient noise is a maximum, and it is also an area that is inaccessible to
surface ships and to air-launched detection devices.

The worst detection conditions are assumed to occur under the ice edge.
Wind speeds above 30 knots occur 25 percent of the time, generating a spectral
peak of at least 77 dB. Shipping is assumed to be moderate, although in war-
time, with many ships at sea, the level could be higher. The total ambient noise
spectrum is dominated by shipping noise only between 40 and 60 Hz. In the
60-100 Hz band, both shipping and wind/ice contribute, and above 100 Hz,
the wind/ice noise dominates. As a consequence, ambient noise characteristics
throughout most of the spectrum are relatively insensitive to the shipping noise
level.3s

The array gain (4G) is assumed to be 15 dB, which is the same value used in
the best detection case. The detection threshold (DT) is raised 4 dB from the
best case to -12 dB. The assumptions regarding the sonar system parameters
are likely to be optimistic from the standpoint of detection, and the total system
parameter in the sonar equation (4G - DT) may be far lower than the value of
27 assigned here. The data on shallow water coherence suggests array gains as
low as 10 dB, and the tonal spreading associated with the forward scattering off
the sea surface may limit practical narrowband processing to bandwidths
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greater than 0.5 Hz. Averaging times of less than a minute yield detection
thresholds greater than -10 dB, and this does not include adjustments for
nonideal filters, and so on. Values of AG - DT of 15 dB are probably closer to
what is practically attainable in these adverse ocean conditions. The more
optimistic estimate of 27 dB represents a bias toward future advances in system
capabilities.

Detection range is obtained from the transmission loss curves of figure
A8-16. Since no convergence zones are present, the actual transmission loss in
the Barents Sea should increase steadily, as shown in the figure. The low-
frequency curve (100-200 Hz) is derived from the Marsh and Schulkin semi-
empirical expressions.>® The probable error in the transmission loss curve is
about 6 dB for lower frequencies and 9 dB for frequencies between 400 and
1,000 Hz. The low-frequency curve fits the data from Verrall in the Canadian
Arctic within the expected error. Note that at very low frequencies (20-40 Hz),
the Verrall data exhibit poor transmission and a virtual cutoff at 25 miles.*” In
other words, beyond 25 miles, the transmission loss increases extremely quickly
with distance. At frequencies of about 400 Hz, the Marsh and Schulkin expres-
sions indicate some dependence on sea state. Since the worst detection condi-
tions assume a high wind speed, the sea state 5 curve (corresponding to 27 knot
winds) is used for high frequencies. At frequencies between 100 and 400 Hz,
interpolation is used.

The figure of merit obtained for the worst case of detection is typically 15
dB below that obtained for the best case at low frequencies, and 29 dB lower at
high frequencies. Detection range against extremely quiet and very quiet sub-
marines is less than 1 mile at all frequencies. Quiet and noisy sources can be
heard at the longest ranges if the source lies in the 200-300 Hz band. At higher
frequencies, even though the FOM increases, the absorption losses begin
rapidly to increase transmission loss. At frequencies above 400 Hz, there is a
cutoff at about 50 miles range, to the extent that every additional dB in the
FOM increases the detection range only by 2 percent—that is, about a mile.
Extremely quiet and quiet sources are not as severely attenuated by absorption
processes at shorter detection range, and so the steady increase in FOM with
frequency leads to a steady increase in detection range with frequency.

Summer

In summer, which may include part of June through September, the region of
open water expands as the ice retreats northward. The occasional iceberg
carved from glaciers on Novaya Zemlya, Franz Josef Land, or Spitzbergen may
be present, but in general all but the most northern part of the Barents Sea is
ice free. There is no very clear pattern of dominant wind direction during the
summer. The wave climate can be described in two ways: local wind-generated
“seas,” which tend to have periods of less than 5 or 6 seconds, and longer
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period “swell,” usually generated at distant points and therefore less dependent
on local weather conditions. Seas exceed 5 feet in height, and swell exceeds 12
feet about 1 day out of 10, on average.”® Precipitation, always rain, occurs 1 day
out of 5 and can unexpectedly degrade detection capability because of the noise
that it generates as it strikes the sea surface. The cloud cover in summer is
similar to that of wintertime, with 75 percent or greater coverage 60 percent of
the time. Surface water temperatures range from 50° F (10° C) near the coast
to freezing at the ice edge.

Worst-Case Detection. Wind speeds in the summer exceed 17 knots 25
percent of the time (compared to 30 knots in winter), generating peak noise
spectral levels of 71 dB from 100-300 Hz. Since rain occurs 20 percent of the
time, a worst-case assumption is that a heavy rain is falling. Detailed statistics
on the distribution of rain intensity are not readily available, so the extreme
condition of heavy rainfall is used to represent the worst case. Clearly, the
occurrence of heavy rainfall is less likely than the occurrence of any precipita-
tion and may be expected less than 10 percent of the time. Heavy rain generates
ambient noise levels up to 75 dB over a broad spectrum from 100-1,000 Hz.
Shipping density is assumed to be moderate.

The ambient noise spectrum is dominated by shipping noise below 100 Hz
and by rain noise above that frequency, with wind-generated noise not making
a noticeable contribution. Therefore, the results at higher frequencies are sensi-
tive to the assumption that it is raining. For example, in the 500-1,000 Hz
band, if no rain is falling, the expected ambient noise level drops 10 dB.

The transmission characteristics of the Barents Sea are represented by the
curves in figure A8-16, with worst-case conditions at frequencies above 400 Hz
represented by the sea state 5 curve. The shallow depths inhibit formation of
convergence zones or shadow zones. Effects of shallow water on the array gain
and detection threshold are included by choosing values of 15 and -12 dB for
these parameters, respectively.

Detection range against extremely and very quiet sources increases steadily
with frequency, since absorption losses do not accumulate over the short detec-
tion ranges. Sources above 140 dB can be detected best if they emit in the
100-200 Hz band. At higher frequencies, absorption in the ocean raises the
transmission loss to the point that it counteracts the higher FOM. Sensitivity of
range to a change in the FOM varies from 10 percent per dB (quiet source,
100-200 Hz) to 2 percent per dB (noisy source, 500-1,000 Hz).

Best-Case Detection. Wind speeds are less than or equal to 4 knots 25 percent
of the time and generate ambient noise spectra with peaks less than 56 dB.
Shipping density is assumed to be light, although the shipping noise levels under
these conditions would be directional. An array in the northern part of the
Barents Sea listening northward would detecta lower shipping noise component
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than would one in the south listening southward toward Murmansk. Much of
the directional variability of shipping noise is eliminated, however, due to the
poor long-range transmission characteristics of the shallow water. At distances
in excess of 200 miles from main shipping concentrations, much of the ambient
shipping noise will have been attenuated. Finally, under the best conditions for
detection, there is no rain. Total ambient noise is dominated by shipping noise
except at 500-1,000 Hz, where the shipping noise spectrum drops off more
rapidly than the wind noise spectrum. Thus, the results are sensitive to the
assumptions made about shipping noise levels.

Maximum detection ranges against very quiet sources exceed 20 miles in
the 500-1,000 Hz band. Detection range against noisy sources may reach 150
miles in the optimum band of 100-200 Hz. It is instructive to compare the area
within which such targets can be detected with the total area in which they
operate. In this case, the quiet source can be detected within a 1,250-square-
mile area, and the noise source can be detected within a 70,700~-square-mile
radius. The area of the Barents Sea is about 390,000 nm?, so the very quiet (115
dB) source and the noisy (160 dB) source “occupy” 0.3 percent and 18 percent
of the available space, respectively.

Acoustic Detection in the Northern Barents Sea

In summer, the ice-covered portion of the northern Barents Sea is a relatively
narrow area between Spitzbergen and Franz Josef Land, the southern extent
defined by the edge of the ice pack, and the northern extent defined by the
sudden increase in depth that occurs just north of Franz Josef Land, where the
continental shelf drops off into the 12,000-foot-deep Eurasian basin of the
Arctic Ocean. In summer, this region may be only 150 miles wide, but it has
acoustic properties that make it very distinct from the deep Arctic to the north
and the ice-free parts of the Barents Sea to the south. The general conclusions
of this section apply to the neighboring Kara Sea also.

The bathymetry of the northern Barents Sea is very irregular, and depths
range from 600 to 1,200 feet, as in the south. The many small islands of the
Franz Josef Land and Severnaya Zemlya (in the Kara Sea) island groups are
surrounded by shallower waters. Even in August, these islands are partially
surrounded by ice, and navigation through them is treacherous. It has been
suggested that evasive submarines could simply sail into these islands and shake
off trailing vessels; however, such an action would be laden with risks.

Winter

During the winter, the northern Barents and Kara seas are covered with pack
ice, at 80-100 percent concentration. The ambient noise levels are therefore
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drawn from the observations under many conditions in the Arctic. Transmis-
sion loss is assumed to be governed by the curve in figure A8-14 for frequencies
between 40 and 1,000 Hz. This curve is based on observations in the Canadian
Arctic at depths from 600 to 900 feet. Another set of curves based on observa-
tions in 1,300-foot-deep water is given in figure A8-17, and in parts of the

Barents Sea there are few large areas of 1,300-foot-deep water.

Worst-Case Detection. The 10 percent highest values of ambient noise under
the ice occur when there are high winds and the air temperature is dropping
rapidly. Peak spectrum levels of 75 dB occur in the 40-100 Hz band. Array gain
is set at 12 dB, 4 dB down from its presumed maximum. Because the estimate
of Arctic ambient noises have relatively flat spectra over the 100-1,000 Hz
band, the figure of merit estimates in that range are constant, and variations in
detection range are due entirely to frequency dependence of transmission loss.

Transmission loss in shallow, ice-covered water is a function of the water
depth, the bathymetry, sediment characteristics, and ice characteristics. The
last of these is difficult to predict but can be very influential. Ice formed within
the current season may have a very smooth undersurface, provided no storms
have disrupted it and formed ice ridges. Propagation under ice is significantly
improved if there are no ridges from which the surface-reflected sound can
scatter and diffuse. For example, in a particular 600-900-foot-deep channel,
over a 22-mile range, measured transmission loss under shore-fast annual ice
exceeded open water transmission loss by only 5 dB at 40-320 Hz and by 7 dB
at 300-600 Hz.3® Higher frequencies are much more strongly attenuated by the
presence of even smooth annual ice. The effect of decreasing water depth is
further to increase transmission loss under ice. Transmission loss at 22 miles in
the 40-1,000 Hz band is about 10 dB greater in water 450 feet deep than it is in
water 600-900 feet deep, both covered by shore-fast annual ice.*® In some
cases, the adverse effects of increased ice roughness can outweigh the salutary
effects of greater depth on sound propagation. Measurements in 1,300-foot-
water covered by rough pack ice (many seasons old) show that transmission loss
can be considerably greater than in 600-900-foot-water that is covered by
annual ice.*!

In order to examine the effects of ice structure on detection range, two sets
of transmission loss curves were used. Figure A8-14 corresponds to 600-900-
foot depths under annual ice, and figure A8-17 corresponds to 1,300-foot-deep
water under pack ice. Using the same figures of merit, two different sets of
range estimates, A8-18 and A8-19 have been made for the northern Barents
Sea in winter and are derived from figures A8-14 and A8-17, respectively.

Estimates of detection range under the worst conditions vary from 2 to 19
miles for very quiet sources, and from 67 to 90 miles for noisy sources, depend-
ing on the transmission loss curves used. The transmission loss under pack ice
is greater due to the roughness of the ice, and the detection range estimates are
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Jower for noisy sources detected at long ranges. On the other hand, short-range
detection of very quiet sources is better in the deeper water of the pack ice case.
The reader should bear in mind that these estimates are valid only for the
specific conditions under which the data was gathered. Those calculations
should be viewed as one representative case, not as a general prediction.

Best Detection Conditions. The 10 percent lowest ambient noise levels
under ice have a peak spectral level of only 47 dB in the 40-100 Hz band,
almost 30 dB lower than the 10 percent highest levels. These very quiet levels
would be found under shore-fast ice in slowly rising temperatures. Array gain is
taken to be 20 dB and detection threshold -16, their presumed maximum
values. These are certainly optimistic values, since shallow water is known to
have deleterious effects on signal coherence and therefore on array gain. The
impact on detection threshold is not clear, since the underice ambient noise
statistics may deviate from the Gaussian distribution assumed in actually calcu-
lating that parameter.

Detection range against very quiet submarines varies with frequency from
19 to 70 miles, and against noisy submarines from 50 to 200 miles, in the
conditions of 600-900-foot-deep water under smooth annual ice, shown in
figure A8-18. Under rough ice and 1,300 feet of water, the ranges are similar:
25-60 miles for very quiet sources, and 50-150 miles for noisy sources as shown
in figure A8-19. It is interesting to note that in the smooth ice case, range
increases with frequency, and in the rough jce case, range decreases with fre-
quency. This is a result of the strong attenuating effect of ice roughness on high
frequency noise.

Summer

In the summer months the ice pack is at its northern limit and the northern
Barents Sea is largely open water. The retreat of the ice pack opens the north-
ern sea transportation route from the Barents Sea across the northern coast of
the Soviet Union to the Bering Strait. The wind does not have a strongly
dominant direction. Rain falls one day out of five on the average, and the cloud
cover exceeds 75 percent three days out of five.

Worst-Case Detection. Wind speeds exceed 17 knots 25 percent of the time,
with associated ambient noise peak levels of 71 dB. The presence of the edge of
the ice pack provides an acoustic hiding zone for evasive submarines, and noise
Jevels are typically 5 dB above the open water levels in a swath 30 miles wide
centered on the ice edge. Rain falls 20 percent of the time, and though heavy
rainfall is less frequent, it is adopted as the standard for the worst detection

case. Shipping noise is based on light shipping density. The shipping routes
from the Barents Sea to the Bering Strait would lie well to the south of the ice
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edge. Because the transmission characteristics are poor in the Barents Sea,
shipping noise is shielded at such ranges. The shipping noise data, being derived
more from open ocean noise levels, does not include the screening effect.
Therefore, “moderate” shipping densities generate a lower ambient noise level
in shallow water than in deep water at long distances. The total ambient noise
spectrum is dominated by shipping in the 40-100 Hz band and by wind, rain, and
ice at higher frequencies. Peak levels reach 79 dB in the 100-300 Hz band. With
higher levels of the shipping noise component the peak of the total ambient noise
spectrum would increase in level and shift to lower frequencies. Array gain is
assumed to be 12 dB, and detection threshold -12 dB.

The detection ranges under these conditions extend from 1,500 yards
against very quiet sources to 78 miles against noisy sources, as shown in figure
A8-18. The optimum frequencies for detecting quiet and noisy sources are in the
lowest band—40-60 Hz. This is largely due to the fact that under the ambient
noise assumptions, the wind and rain noise components dominate the total
spectrum, and they peak at higher frequencies, making the lower frequencies
better for detection. In the best detection conditions, shipping noise dominates
the assumed spectrum, which therefore peaks at low frequencies. In this case the
optimum detection frequency is 100-200 Hz.

Best-Case Detection. Wind speeds are less than or equal to 3 knots 25 percent
of the time, generating peak spectrum levels of 54 dB. This is 50 times more quiet
than the sea under a 17-knot wind. Shipping noise is assumed to be at the levels
asociated with “remote”” shipping. The assumption of “remote” shipping noise
levels is based upon the shielding effect of the shallow water with its high
transmission loss, as well as on the absence of surface ships from the northern
reaches of the Barents Sea. The best oceanographic conditions for detection of
submarines is assumed to be open water, since this has better transmission
properties than shallow, ice-covered waters, and low wind-noise levels obtain.
Furthermore, the region of solid ice cover in the northern Barents Sea is very
limited in extent and is more closely related to the Arctic Ocean. Shipping noise,
even with the assumption of “remote” shipping, dominates ambient noise at
40-100 Hz and strongly influences the total spectrum at higher frequencies.
Array gain and detection threshold are set at the values of 20 dB and -16 dB,
respectively.

Detection range against extremely quiet sources may exceed 16 miles at high
frequencies, as shown in figure A8-18. It is interesting to note that while the
figure of merit increases 40 dB—a factor of 10,000—between the extremely quiet
and the noisy source, the maximum detection range increases only by a factor of
12, to 190 miles.

Acoustic Detection in the Central Arctic Ocean

The central Arctic basin (that is, the region within the ring of marginal seas) is
actually two smaller basins divided by the Lomonosov ridge. Closer tothe USSR
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is the Eurasian basin, which is 12,000 feet deep over most of its extent. On the
other side of the ridge is the Canadian basin, about 9,000 feet deep on the
average. The Lomonosov ridge itself is typically less than 6,000 feet deep,
although there are few very shallow areas there. In general, the Arctic basin is
acoustically deep water, and the primary determinant of acoustic transmission
properties there is the minimum sound speed at the surface, which refracts all
sound upwards onto the undersurface of the ice. The relative importance of
underice reflection versus bottom reflection is much greater in the Arctic than
it is in the Barents Sea. Therefore, most of the spatial variability in transmission
in the Arctic is associated with changes in the roughness of the underice
surface.?

The best propagation in the Arctic occurs in the 15-30 Hz band, approxi-
mately. Lower frequencies are not effectively trapped in the sound channel,
and higher frequencies suffer rapid attenuation from multiple surface reflec-
tions.*> Figure A8-13 shows transmission loss as a function of range and fre-
quency based on a large number of tests in the Arctic. The standard errors
associated with these curves are plus or minus 7-9 dB in the 60-800 Hz band
and plus or minus 6 dB at higher and lower frequencies.

Ambient noise in the Arctic has been measured under a variety of oceano-
graphical and meteorological conditions, Observations have been made in the
Beaufort basin, which adjoins the Canadian basin and should be representative
of the central Arctic. The dominant noise source under most conditions is ice
ridge formation, with ice-cracking and ridging noise levels being significantly
lower. In summer, the elastic properties of the warmer ice are less robust such
that cracking and ridging are less intense than in winter.* Because the ridge
formation, or ice-buckling mechanism, is responsible for most of the underice
noise, it is correlated, to a fair degree, with wind and not correlated with
temperature changes, as is shore-fast ice. Ridge formation is not completely
correlated with local wind conditions, however, and there are processes involved
that are not well understood.

The ambient noise levels in the Eurasian basin between the North Pole and
the Soviet Union reach a minimum in July and a maximum in January. The
low, mean, and high noise levels (levels that noise is less than or equal to 5
percent, 50 percent, and 95 percent of the time) at a depth of 100 feet illustrate
the variability with season and frequency. In July, the low, mean, and high
levels at 40 Hz are 57 dB, 65 dB, and 73 dB, while at 500 Hz the noise levels are
33 dB, 41 dB, and 49 dB. In January the noise levels at 40 Hz are about 20 dB
higher than their summertime values: 69.5 dB, 77.5 dB, and 86 dB, while the
noise levels at 500 Hz are about 12 dB higher than their summertime values: 455
dB, 53.5 dB, and 61.5 dB.45

The results shown in figure A8-20 suggest that the relative variability in
detection range in the Arctic can be as large as in the deep ocean at lower
latitudes. The structure and behavior of the ice cover—its thickness, roughness,
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coverage, and sounds—have as much if not more impact on detection range
than meteorological conditions. It is therefore likely that detection conditions

detection range in figure A8-20 is partially an artifact of the 10 and 90 percent
extremes used in calculating the ambient noise condition,

At its very quietest and with a relatively smooth ice cover, the central
Arctic can be one of the most difficult places for submarines to hide. The
ambient noise levels are far below the lowest levels in the open ocean, and at
frequencies between 40 and 1,000 Hz, sound is transmitted very effectively.
Tones of only 100 dB may be detected at 20-80 miles under the most favorable
circumstances, However, very low frequency tonals, such as blade rate fre-
quencies, suffer much greater loss because of the basic structure of the Arctic
waveguide. In general the optimum frequency band for transmission is between
20 and 100 Hz, the lower bound being quite sharply defined by the low-
frequency cutoff of the channel, while the upper bound is more gradual.

Acoustic Detection in the Norwegian Sea

The Norwegian and Greenland seas are the only major links between the North
Atlantic and the Arctic and are surrounded by NATO territories. The depth of
the Norwegian-Greenland basin is 6,000-9,000 feet, and there is a sizeable
portion of the Greenland Sea that exceeds 12,000 feet. The contiguous sea
areas—the Arctic Ocean, Barents Sea, and North Atlantic—are to some degree
separated from the Norwegian-Greenland basin by relatively shallow ridges.
Between the Arctic Ocean and the Greenland Sea, the depth is about 3,000 feet,
while the ridge in the GIUK gap is mostly about 1,600 feet deep. The deep
sound channel of the Norwegian Sea s, therefore, strongly decoupled from the
North Atlantic deep sound channel.

The surface currents follow a generally counterclockwise motion, with two
smaller counterclockwise gyres, one north of Iceland and the other south of
Spitzbergen, as shown in figure A8-3. Along the eastern side is the warm
Norwegian current, which moves northward along the coast toward the Barents
Sea. This is an offshoot of the Gulf Stream, and its relatively high temperatures
keep the entire Norwegian Sea free of consolidated ice throughout the year.
Typical average speeds of the Norwegian current are 0.5-0.7 knots. On the
western side of the basin is the cold East Greenland current, which flows from
the Arctic between Greenland and Spitzbergen. Besides carrying ice floes and
icebergs from the north, this cold current keeps the western edge of the Green-
land Sea covered with consolidated ice throughout the year. The ire-c~vrared
portion of the Greenland Sea is more like the central Arctic than it like the
northern Barents Sea, owing to the Greenland Sea’s depth. Therefore, c.e is
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no separate analysis of acoustic detection in that region, and the reader is
referred to the section on the central Arctic.

Winter

The sea surface temperature in the Norwegian Sea is between 38° and 43° F
(6.1° C) and rapidly drops below freezing as one moves westward toward the
Greenland Sea ice pack. At those temperatures, the portions of the Norwegian
Sea that are 6,000-9,000 feet deep should exhibit convergence zone (and asso-~
ciated shadow zone) behavior, with spacings of 26-29 miles. Since the conditions
are only marginally favorable to convergence zone transmission, it is probable
that the convergence zone gain is less than one would find in the Atlantic. In
addition, a significant portion of the eastern Norwegian Sea is shallower than
3,000 feet, and convergence zone propagation should not exist there.

The wave climate in the Norwegian Sea can be severe during the winter.
Seas (steeper, locally generated waves) greater than 5 feet high are encountered
more than 50 percent of the time throughout most of the Norwegian Sea. This
is comparable to the wave statistics in the North Atlantic. In the GIUK,
particularly southwest of Iceland, 5-foot seas are observed more frequently, as
much as 70 percent of the time. Swell exceeding 12 feet occurs 10-20 percent of
the time in the GIUK gap southwest of Iceland. Although these wave condi-
tions do not inhibit submarine operations, smaller antisubmarine ships such as
destroyers and frigates are adversely affected.*® Superstructure icing can also
degrade the performance of smaller combatant ships, and the likelihood of
heavy icing is about 5 percent in the northern Norwegian Sea and in the
vicinity of the Greenland Sea ice pack. The likelihood of some ice forming (not
necessarily heavy accumulations) may exceed 50 percent near Spitzbergen. In
the GIUK gap, superstructure icing is rare.*’

The Greenland Sea ice pack covers the western third of the entire
Norwegian-Greenland basin with consolidated ice. The concentration of broken
driftice drops to 10 percent within 100 miles of the edge of the pack. This leavesa
corridor of virtually ice-free water about 500-600 miles wide in the central and
southern Norwegian Sea. Off the northern coast of Norway, significant ice
concentrations may approach within 100 miles of shore.

Cloud cover in the Norwegian Sea exceeds 75 percent of the sky about 6 days
out of 10 and the sky is 50 percent or more clear only 2 days out of 10.
Precipitation is observed 1 day out of 4 in the GIUK gap. The form of precipita-
tion depends largely on the sea surface temperature, and the variation is quite
dramatic; near the United Kingdom, 20 percent of the precipitation falls as snow
and 80 percent as rain, and near Greenland, under the influence of the cold east
Greenland current, 80 percent falls as snow and 20 percent as rain.

The bottom material in the Norwegian and Greenland seas is primarily
mud, and the variation of bottom sediment type does not appear to be as great as
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it is in the Barents Sea. There is a belt of seismic activity throughout the
Greenland Sea, with most of the historical events registering 5.3-5.9 in magni-
tude on the Richter scale. This activity is expected to contribute sporadically to
the ambient noise below 100 Hz for short periods, with a peak around 10 Hz.*8
As of the mid-1950s, about 60 earthquakes had been recorded in this area.4?
Large whales are found in larger densities in the Norwegian Sea than anywhere
in the Arctic region.

Worst-Case Detection. Wind speeds exceed 28 knots 25 percent of the time,
generating ambient noise with spectral peaks of 75 dB in the 60-300 Hz band.
Moderate shipping density is used to obtain the shipping noise level. Noise
from human activities such as shipping and drilling for or pumping oil should
vary with location and direction. For example, a sonar in the northern portion
of the Norwegian Sea aimed toward quiescent ice should detect a considerably
lower noise level than a sensor in the south aimed in the direction of the North
Sea oil fields. Sound is transmitted more effectively in the Norwegian Sea than
in the Barents Sea, and the “screening” effect that shallow water has on distant
shipping noise is weaker. Rain is expected to occur about 15 percent of the time
in the eastern Norwegian Sea, and the heavy rainfall spectrum is imposed in the
worst case for detection.

The estimated ambient noise Spectrum peaks in the 60-100 Hz band at a
level of 86 dB, dominated by shipping noise. Above 100 Hz, rain and wind
noises dominate the spectrum. The array gain is 20 dB, and the detection
threshold -12 dB.

Transmission loss data for the Norwegian Sea were not available, and
curves based on typical absorption measurements have been calculated and are
shown in figure A8-21. At frequencies below 100 Hz, the attenuation coeffi-
cient is assumed to be 0.05 dB/km (0.09 dB/nm), which is the figure for the
subarctic Pacific. The actual transmission loss in the Norwegian Sea is expected
to be greater due to stronger influence of the bottom. The result is that detec-
tion range is likely to be overpredicted.5® On the other hand, convergence zone
detection is not accounted for, and sources that are predicted to be detectable at
a few miles may be detected in the first or even second convergence zone, 26 or
52 miles out. Convergence zones are not expected to affect the estimate beyond
the third zone, at 80 miles.

Detection range against a very quiet source is about 2 miles, when detected
at frequencies higher than 500 Hz, as shown in figure A8-22. Against quiet and
noisy sources, the detection range is 75 and 1,000 miles, respectively, in the
100-200 Hz range. Assuming a higher absorption rate in that band, 0.015
dB/km (.029 dB/nm), the predicted ranges are 62 and 440 miles.

Best-Case Detection. Wind speeds are less than 13 knots 25 percent of the
time, and shipping noise is based on remote shipping. Rain is not present. The



Detection in the Arctic Ocean and Northern Seas * 353

1L11-6911 'dd (1261 AeW) G "OU 19 poramp fo £121908 [PISNOOY 31 Jo ppuanof  uBIOQ) SLIOBJ YION Y1 UL uon
—enuany £suanbag mor] jo upuada {euoIgay,, (€ 19 UYMI[QQIY WOIJ B 5115I8QNS UL JUSLO1JJ20D UOTIBNUIIE UO BIE(] 224105

0004 005
e

wu 000z e 8P 9¢l

-1o18 d2Op Ul $SO UOISSIWSUBL], "[Z-8V a8y

(sajiw reonneu) sbuey

00¢ 00t 0S 0C oL6 8 L 9 S 4 € 4 3

IR U T Yy M W B B

oct

(gp) sso7 uoissiwsuel |

oo



354 - Appendix 8

SITW "LNYN m SAHVA
N — - -
NOAW N — p RO o N -
8 8388888 Zagsgn 358588 2% 8888 8 3
T ———q_——ﬂ T —-——-~ | —~—_—-—_ | B _-:—-q— T _
lllllIlullllllll.lIllllllllllll.r“.lllllIH“IIul
Nb————q' 5 — . oA 03
T ———— nllullllllll.llllll.llm ||||||| S R
N —— " o - DA
——
— —f OA
e
———y
— —
N TTe Y T S
(umoys jou s| uoio8}ap suoz 9ouabiaauon)
HI1INIM
llllllllI...IIIIIIIlllllllllllllﬂlllllllj__l llllllll
— — 03
— OA
N ——q e l*

09
o1
oy
001
12
09
002
0]
001
ooe

122
(0074

0001
0}
00s

(zH) spueg Adusnbaig



-+ 355

Detection in the Arctic Ocean and Northern Seas

ol =¥ g0 =""d1e1ss srarouwresed Swissadoxd reusis (N—A4stou) gp 091 pu® «p—1mb) gp opl (OA—WINd £104)
gp sl ‘(Qa—3amb Appwanxa) gp 001 218 (Pueq ZH 1 “p£ 1 e edooiwr | 21 gp) S[943] 201008 "[Z-8Y 21n91y wWolJ BIBP SSO] UOISSTWISUBL], [210N

-uondalp 01 (I 1addn) ajqesoaey pue (i 13MO])
3[qeIOABJUN SUONIPUOD UL B3 ueromIoN 9yl ut sreusSis pueqmolied jo sguel UOII1O19p patewiisy "TC-8V gy

S3W LNVYN

N
N — - -
O N OdW N b . oo b N —
S 8323588 3agsyy 358555 -8 8zgs 3 3
7T ﬁq._—u__ T 7 —:__—-_ T 7 _—___—_ H T 7 —uz_—- T 1 1 ﬂ
||||||||||||||||||||||||||||||| o
- — ———
AN 0 ' OA 03
e e o
————{ 013
F —
WN— T o on
||||||||||||||||||||||||||||
1 . | 0)
Z | L}
— O
— T
e T o oA o
(UMOUS 10U S| UOI}08}3p BUOZ mocmml_miummv. IIIIIIIIIII
HIWWNS
||||||||||||||||||| _||.ll.l|||l|.7|L|II|I.IlI|L.MI|.I.lIl|l
—_— OA I
N — O

0004
o}
00§

(zH) spueg Aouanbaild



356 + Appendix 8

ambient noise spectrum is dominated by shipping noise below 100 Hz and wind
noise above, with a peak of 71 dB in the 60-100 Hz band.

Under these conditions, very quiet sources may be detected at ranges
exceeding 16 miles at high frequencies, and noise sources can be detected at low
frequencies throughout the entire basin. Basing the low-frequency transmis-
sion loss on an absorption rate of 0.028 dB/nm, quiet sources may be detected
at 270 miles, and noisy sources at about 800 miles, still on the scale of the
Norwegian Sea itself.

Summer

Under the influence of sea surface temperatures from 35° to 53° F, (1.6° to
11.7° C) the ice pack in the Greenland Sea retreats westward and northward
toward Greenland and the Arctic, leaving most of the Norwegian-Greenland
basin ice free. Winds generally come from the east and are stronger in the
northern part of the Norwegian Sea. The cloud cover is unusually dense,
amounting to 75 percent or greater coverage 8 days out of 10. Superstructure
icing is only a threat near the ice pack and in the far north, and even then is
rare. The wave climate is considerably milder than it is in winter: 12-foot swell
is observed less than 10 percent of the time, and seas higher than 5 feet are
observed 10 to 20 percent of the time. Conditions in the GIUK gap, however,
are somewhat more intimidating. Whales are found in greatest numbers within
a few hundred miles of the Norwegian coast, where they may number 24 per
1,000 nm2. In the western Norwegian Sea and in the Greenland Sea, there are
typically 9 whales per 1,000 nm2. Rain falls 20 percent of the time.

The warmer surface temperatures require greater water depth for the for-
mation of convergence zones. Convergence zones are expected to exist through
much of the Norwegian Sea, but in general the conditions are not as favorable
as they are in winter, and many areas that exhibit convergence zone behavior in
winter may not in summer.

Worst-Case Detection. Wind speeds exceed 22 knots 25 percent of the time,
and moderate shipping levels are assumed. In addition, heavy rain is assumed
to be falling. The ambient noise spectrum is dominated by shipping noise
below 100 Hz and by rain/wind noise above that frequency. Array gain is 20
dB, detection threshold -12 dB.

Detection range is similar to that of winter conditions, owing to the similar-
ity in wind, rain, and shipping assumptions. However, the higher surface
temperatures in the summer may alter the transmission characteristics; in par-
ticular, the sound channel is more nearly depth limited, and bottom losses may
well be higher. Detection range against a quiet source is 90 miles, and against a
noisy source, over 1,000 miles. Using the higher absorption loss (0.028 dB/nm)
yields 74 nm and 460 nm, respectively.
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Best-Case Detection. Wind speeds are less than 7 knots 25 percent of the
time and shipping is assumed to be light. No rain is falling. Array gain is 20 dB,
detection threshold -16 dB.

Extremely quiet sources (100 dB) may be detected at 3 miles at high
frequencies. Detection range against quiet sources may be 670 miles (320 miles
if the absorption is 0.028 dB/nm). As in the wintertime case, noisy sources
may be detectable basin-wide.

Acoustic Detection:
General Conclusions
and Tactical Considerations

Passive detection range is a key tactical parameter in submarine warfare. It
determines the rate at which targets can be found in a random search, the range
at which a covert trail can be maintained, and the distance at which an attacker
can begin to set up a fire control solution for a weapon launch.

Two system parameters must be given in order to define detection range
unambiguously: probability of detection and probability of false alarm, both
associated with detection threshold. In these calculations, the probability of
detection was set at 0.5, and the probability of false alarm was set at 1075. One
must be precise about the conditions that must be satisfied in order to claim a
«detection.” For example, sound transmission often occurs in surges and fades,
and a signature detected occasionally in a surge may not be a sufficiently
reliable contact on which to take action.

There is an important distinction between a detection and a classification.
The former requires only that some sound energy that is recognizable as com-
ing from a ship be detected. By performing narrowband processing on many
frequencies over a wide band, the detection system will find the source spectral
component with the highest signature-to-noise ratio. However, that single tonal
may not yield sufficient tactical information, and the searcher may have to close
on the target in order to obtain more information about the source spectrum.
Consider an example set in the southern Barents Sea, under generally poor
conditions for detection. A hypothetical target source spectrum contains three
1-Hz-wide tonals: 50 Hz, 80 Hz, and 150 Hz, each of which is 140 dB re 1
micropascal at 1 yard. This corresponds to a moderately quiet submarine. The
150 Hz tone can be detected at 22 miles, but in order to detect all three, the
range must be reduced to 12 miles. Thus the criterion for detection depends on
how much spectral information is required. Classification of the target via its
spectral composition is sometimes considered a second phase of ASW opera-
tions after detection, but there is no clear division between the two. The
amount of information required to classify a target depends on the spectrum
itself and on the degree of classification required to make a tactical decision.
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The latter is closely related to the rules of engagement that govern the general
operations of the individual attack submarine. If the SSN is operating alone, in
a geographic area from which all friendly forces are known or presumed to be
absent, then the rule of engagement might be to destroy anything, subject only
to the commander’s assessment of the value of the target and the risk to the
SSN. In this case, relatively little information about the target spectra may be
needed. If the rule is to destroy only submarines, and only those of a particular
class, then the amount of information needed may be considerably greater. In
terms of detection, this may well mean that the range at which a legitimate
target can be classified and distinguished from a decoy or from a friendly
submarine may be considerably less than the initial detection range against that
target. Of course, if the target is itself listening for hostile vessels, then the
possibility exists that the target may counterdetect (but not classify) the
searcher at the closer range. In general, it might be expected that the level of
information obtained at closer range would come in the following order:

Ship type and operating condition: This would be based on blade rate
tonals or main turbine or gear tonals. This would also indicate speed.

Nationality and class: This would depend on machinery noises particular
to that class; for example, particular combinations of motor and pump
sounds would be associated with the cooling system.

Particular unit: Although it would probably never be necessary to deter-
mine this, it would depend on the particular distribution of harmonics and
secondary vibrations or propeller singing. Except for the latter, these
sounds are generally much lower than the fundamental tonals.

In order to launch a weapon, an attack submarine may well have to
approach target closer than the initial detection range. For example, the maxi-
mum range of the US Mk 48 ASW torpedo is about 25 miles (although the
effective range is about half that), and assuming that a modern US submarine
can obtain nearly maximum array and processor gains, under many conditions,
tonals above 145 dB can be detected at this range or beyond. Moreover, the
distance between a searcher and a target may have to be closed in order to
determine the actual range to the target. Passive ranging accuracy increases at
shorter ranges. Against louder targets, therefore, fire control and weapon range
will limit the standoff range under many circumstances. Against quiet sources
(total acoustic output on the order of 140 dB or less) local conditions will
determine whether the target can be detected inside or outside weapon range.
Against very quiet sources (115 dB) detection range will under most circum-
stances be less than weapon range, and against extremely quiet sources (100 dB)
detection range is always less (usually by a considerable amount) than weapon
range.
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Counterdetection, that is, detection of the searcher by the target, may be an
important tactical consideration. Consider a case in which a searcher detecting
a target has a figure of merit of 100 dB, and the target has a FOM against the
searcher of 85 dB. The differential would be due to higher source level of the
target and less effective sonar systems on the target. Using a typical transmis-
sion loss curve in deep water at 300 Hz, this means the detection range of the
searcher against the target is about 150 miles, but the target may detect the
searcher only at 15 miles. As the searcher moves within weapon range, the
second, and perhaps first convergence zones (at 60 and 30 miles) surrounding
the searcher will pass over the target, boosting the received signal there by as
much as 15 dB, and therefore eliminating (albeit for a short period of time) the
acoustic advantage of the searcher and permitting a brief counterdetection by
the target. Although such a convergence zone gain would only last for a few
minutes due to the narrowness of the zones, it would allow sufficient integra-
tion time to make a detection and sufficient information to take counter-
measures.

The directionality of low-frequency noise also complicates tactics. Con-
sider a searcher detecting a target in the North Pacific, with the two submarines
on a north-south line, the target to the north of the searcher. Data from the
region northeast of Hawaiis! indicates that an array pointed north, toward the
shipping route between North America and Japan, detects a 10 dB higher noise
level than an array pointed south. This gives the target a “free’’ 10 dB advan-
tage over what it would have in isotropic noise.*?

One could not list all the tactical situations that are possible, but this small
sample should point up a main conclusion: the complexity and variability of the
acoustic environment governs much of submarine and antisubmarine warfare
tactics, and a key determinant of the system capability is the expertise and level
of training of the officers and crews. Although the analysis detection capability
is based on signature-to-noise ratios and decibels, the probability of detecting a
particular source in the ocean also depends heavily on how well the detection
gear is used, how alert the sonar operator is, how quiet the search platform is,
and so forth.

The following sections contain some generalizations about passive detec-
tion based on the analysis. These can be categorized as deterministic state-
ments, such as: detection range against loud targets is less in shallow water than
in deep water; or as statements about inherent uncertainties in detection range
due to uncertainties in the physical environment. Both types of generalization
have important implications for tactics, on the level of the single engagement
and at the level of an entire campaign. The focus in this study is on strategic
submarine security, and since only the Soviet missile submarines are likely to
be vulnerable to attrition, the campaign of interest is that of US attack subma-
rines against Soviet SSBNs and the forces defending them. However, these
conclusions are stated in general terms and have wider applicability.



360 - Appendix 8

Deterministic Resulrs: General Trends

The figure of merit determines the amount of transmission loss that can be
permitted and still allow detection to occur, and it therefore determines the
range. Since the predicted FOM can change according to the assumptions
made about ambient noise, source level, and sonar system parameters, it is
helpful to begin with an analysis of the sensitivity of predicted range to change
in the FOM. Essentially, this is the first derivative of the transmission loss
curve, with transmission loss as the independent variable. In order to eliminate
the specific range dependency of the result, the derivative is divided by range.
This gives the percentage change in detection range for a 1 dB change in the
FOM,, at a specified range. The values are given in table A8-6.

The sensitivity of detection range to a 1 dB change in FOM tends, in all
cases, to have a maximum at relatively short range—on the order of 10 miles—
and then to decrease steadily with increasing range. At long range, the trans-
mission loss exhibits an effective cutoff, which for purposes of this study is
defined as the range where a 1 dB increase in FOM increases range by 2 percent
or less. The maximum sensitivity at short range is typically a 10-20 percent
increase in range with a 1 dB increase in FOM. It is useful to examine some of
the general results under different circumstances.

Shallow water, with and without ice, has a strong cutoff between 10 and 25
miles for very low frequencies below 30 Hz and for high frequencies above
2,000 Hz. In the 40-1,000 Hz band, the sensitivity at 2 miles is about 10
percent per decibel, and at 10 miles 12-16 percent per decibel. Beyond 50
miles, transmission loss begins to increase more rapidly.

In the central Arctic, the cutoff range steadily decreases with frequency
above 20 Hz, from over 1,000 nm at that frequency to 50 miles at 1,600 Hz. In
addition, the maximum sensitivity at short range decreases with frequency
from 21 percent per decibel ar 20 Hz to 10 percent per decibel at 1,600 Hz.

In moderately deep water such as the Norwegian Sea and in deep water
such as the North Pacific, detection range is most sensitive to change in the
FOM. In the 20-500 Hz band, detection range will vary by 25 percent per
decibel at 10 miles range. Even at longer ranges, in the lower part of that band,
the sensitivity is 20 percent per decibel. For example, at 100 miles, a 3 dB
change in the FOM changes the detection range by 60 miles! In practice,
convergence zone phenomena would govern the maximum detection range to a
large extent.

A direct result of the decrease in relative sensitivity with range is that the
relative uncertainty in detection range against noisy targets is considerably less
than it is against extremely quiet targets. In some cases, the difference between
worst-case and best-case detection range against a noisy target is only a factor of
2, and against an extremely quiet target, a factor of 20. Of course in absolute
terms the uncertainty in the first case is hundreds of miles, and in the second,
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Table A8-6

Relative change in detection range due to a 1 dB change in the figure of merit
Shallow Ice-covered Waters Range (nm)

(figure A8-14) 2 10 50 100 200 500 1,000
10-40 Hz cutoff at 25 miles

40-1,000 Hz 0.08 0.16 0.05

Shallow Open Water Range (nm)

(figure A8-16) 2 10 50 00 200 500 1,000
100-200 Hz 0.10 0.12 0.07 0.04

>400 Hz 0.10 0.08 0.02

Central Arctic Pack Ice Range (nm)

(figure A8-13) 2 10 50 100 200 500 1,000
20 Hz 0.18 0.21 0:19 0.14 0.11 0.07 0.04
100 Hz 0.18 0.15 0.09 0.05 0.03

600 Hz 0.13 0.09 0.04 0.02

1,600 Hz 0.10 0.07 0.02

Deep Open Water Range (nm)

(figure A8-21) 2 10 50 100 200 s00 1,000
20-200 Hz 0.18 0.27 0.23 0.19 0.16 0.11 0.07
200-500 Hz 0.18 0.25 0.18 0.14 0.10 0.05 0.03
500-1,000 Hz 0.16 0.18 0.11 0.07 0.04

only a few miles. Detection range against louder targets often reaches into the
cutoff region of transmission and is therefore relatively insensitive to the FOM.

The US Navy, prompted by its frustrating experience with trying to detect
the low-level machinery noise of the Soviet Victor 111, is putting increased
empbhasis on detecting lower-frequency sounds, such as propeller blade noise.”?
The acoustic frequency range of the blade-rate tonal at non- or minimally cavi-
tating conditions would be on the order of 5-50 Hz. These frequencies propa-
gate very well in deep waters such as the Norwegian Sea, the Atlantic, and the
Pacific. In shallow water, however, there is some evidence that very low fre-
quencies are attenuated more rapidly. Efforts to detect the blade-rate tonals of
the Victor III would be much more difficult in the Barents Sea, the Arctic
marginal seas, and the Sea of Okhotsk, precisely those areas where US subma-
rines would have to hunt Soviet SSBNs.

As we have seen, there is usually an optimum frequency at which detection
range is a maximum for a source of a given spectrum level. It is important to
distinguish between three basic “optimum” frequencies. The frequency at
which transmission loss is minimized is one kind of optimum. It has been
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shown that over relatively homogeneous shallow water channels, the minimum-
loss frequency varies (roughly linearly) from about 100 Hz in 600 feet of water
down to 30 Hz in 1,200 feet of water.>* When ambient noise is included, then
the criterion for optimality is maximum signature-to-noise ratio at a receiver,
and the optimum frequency for long-range detection tends to be shifted up in
frequency to the 100-300 Hz band in shallow and deep water, mostly due to the
concentration of shipping noise at lower frequencies. However, this is not a
realistic criterion yet because the distribution of source energy with frequency
is not included. At this point, one can go no further since source spectra from
modern submarines are highly classified. The best that can be done is to use
typical machinery spectra, such as the turbine generator spectrum shown in
figure A6-1 in appendix 6 to infer the general frequency range of tonals. The
relative amplitudes of the tonals measured directly from machinery do nor
necessarily indicate the relative amplitudes of the tonals transmitted to the
water, since the machine sits on racks and on vibration mounts that filter the
Spectrum prior to its transmission to the sea. Even without the source spectra,
one can see from the estimates of detection range that the frequency at which
detection range is maximized does not change by much more than a factor of
three when environmental and System parameters are used. In practical appli-
cations, knowledge of the optimum frequency for long-range detection may not
matter too much since sonar displays typically show (for a single beam) an
entire set of adjacent narrowband responses for frequencies over wideband, the
so-called waterfall display. The sonar operator therefore sees the true optimum
frequency when a source is first detected.

Short-range detection against extremely quiet and very quiet sources is
unlike longer-range detection in that the optimum frequency based on trans-
mission loss and ambient noise is at high frequencies, often above 1,000 Hz.
This is true because at short ranges (less than 15 miles), sound absorption is not
a strong effect (except at very high frequencies) while ambient noise usually
drops rapidly at higher frequencies. This results in relatively high signature-to-
noise ratios at these higher frequencies and therefore in longer detection range.
When ambient noise does not fall off quickly at higher frequencies, as is true
under rain noises, higher frequencies are less conducive to detection. The
importance of high-frequency narrowband detection probably applies only to
the quietest submarine classes, such as the Ohio and perhaps the improved
SSN-688 class. For example, a 115 dB source in the Pacific Ocean can be
detected approximately 10 times as far at 1,000 Hz as it can be at 40 Hz. This
would be an important concern for SSBN security.

Inherent Uncertainty in the Results

Sources of uncertainty in an estimate of acoustic detection range are related to
ambient noise, transmission loss, and source level. More definite would be the
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system parameters, array gain and detection threshold, though as we have seen,
variable noise statistics and coherence characteristics may introduce uncer-
tainty even there. There are methods of reducing the uncertainties, such as
averaging the detection response of a sonar over a long period to eliminate noise
surges and signature fades.

The typical uncertainty found here is about plus or minus 12 dB, but it
appears that most of this uncertainty is a result of a lack of information about
the state of the ocean. In an actual tactical situation, the level of uncertainty is
probably less because real-time methods of determining the ambient conditions
are available. In advanced planning, however, considerable uncertainty would
have to be built into predictions.

Another type of uncertainty is related to human activities. Noise levels may
change radically in wartime over what they are measured to be in peacetime.
For example, in the Soviet Arctic, from July through December, over 3 million
tons of shipping annually pass from Murmansk through the southern Barents
Sea into the Kara Sea via Proliv Karskiye Vorota south of Novaya Zemlya, and
on into the major river systems of Siberia.’s This might well become a strategi-
cally important wartime sea route for the transport of material between the
western and eastern Soviet Union, and shipping noise levels would increase. In
the shallow marginal seas, the routing of such ships would be a critical factor in
local noise levels, due to the screening effect. In addition, noisemakers in the
form of broadband maskers or narrowband simulators might significantly alter
the acoustic environment in local areas.

Narrowband signature transmission under ice can be very stable,?® and
underice noise can be relatively low in the absence of cracking and ridge forma-
tion. Standard error in the Arctic cransmission loss data used in this study
ranges from 6 to 9 dB, but given the recent surge of interest in the Arctic, that
uncertainty is likely to decrease. Ice ridging, thought to be the dominant noise
source in the central Arctic ice>’ depends on local and remote meteorological
conditions and on the strength of the ice.
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Glossary

Active sonar: a system that detects underwater objects by emitting a pulse
of sound and receiving the sound reflected off them. Active sonar can deter-
mine the range to object by measuring the travel time of the sound pulse.

Ambient noise: the total of all oceanic noise from human activities and
natural causes.

Array gain: the increase in signal-to-noise ratio of sound detected by a sonar
system due to the directionality of the receiving array.

Backscattering: the process by which light or sound is returned back from
an interaction with many small particles or from a rough surface.

Beamwidth: the angle within which the sensitivity of a sonar array is maxi-
mum. Usually the angle is defined by the points at which the sensitivity falls to
half its maximum value.

Bernoulli hump: a deflection of the water surface directly above a shallow,
rapidly moving submarine.

Bioluminescence: light generated by living organisms.

Bottom bounce: a mode of active or passive sonar detection in which the
sound is reflected off the bottom at least once in its path between the receiver
and the target.

Broadband: pertaining to a signal which is distributed over a wide, continu-
ous frequency band.

Brunt-Viisilid Period (frequency): the natural period (or frequency) of

oscillation of a parcel of water in a vertical density gradient.

Cavitation: the formation of gas bubbles on an underwater surface, such as a
propeller, due to a local drop in pressure.
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Convergence zone: 2 zone ringing a shallow underwater sound source within
which the intensity of the sound is anomalously high due to the focussing of
sound rays in the deep sound channel. Convergence zones typically exist in
deep water with heated surface layers, and occur at intervals of 25-35 miles
from the source.

Decibel (dB): ten times the logarithm (base ten) of a ratio. The decibel is a
convenient notation for ratios that vary over several orders of magnitude.

Deep sound channel (SOFAR channel): an ocean acoustic phenomenon
created by maximum sound speed at the surface due to high temperatures, and
maximum sound speed at great depths due to high pressures. Because sound
tends to refract toward lower sound speeds, it will oscillate around the axis of
minimum sound speed at a depth on the order of 3,000 feet.

Detection threshold: a signal-to-noise ratio at which a sound will be de-
tected in noise with a given probability of false alarm and probability of
detection.

Displacement: the volume of water displaced by a ship, or the weight of that
volume of seawater. There are several definitions of displacement:

normal surface displacement: the volume (or equivalent weight of sea-
water) of the submarine when completely ready, carrying all necessary
stores, trim ballast, and crew members, Equal to the constant buoyant
volume of the submarine. Does not include the volume of the free-flooding
areas.

submerged displacement: normal displacement plus the volume (or equi-
valent weight of seawater) in the main ballast tanks. Does not include the
volume of the free-flooding areas.

Sull submerged displacement : submerged displacement plus the volume (or
equivalent weight of seawater) in the free-flooding areas.

Dunking sonar: an active sonar system in which small transducers are
lowered by cable into the water from a helicopter or surface ship.

Fast fourier transform (FFT): a method of computing the fourier trans-
form of a signal. In signal processing the FFT is often used to compute the
energy spectrum of a signal.

Figure of merit (FOM): a measure of the amount of transmission loss that
will yield a detection by a passive sonar, given the probabilities of detection and
false alarm and other system and environmental parameters.

Gaussian statistics: the so-called “normal” statistical distribution in the
sample of a random variable. The distribution of a random variable is often
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assumed to be gaussian if it is itself the sum of a large number of other random
variables of unknown distribution.

Hertz: one cycle per second.

Hydrophone: an underwater microphone used in sonar systems to convert
acoustic pressure fluctuations into electrical signals.

Indiscretion rate: the fraction of its total operating time that a diesel-
electric submarine must reveal its presence by running diesel engines.

Internal wave: an oscillation of the layers of varying density in the ocean.

Isotropic noise: noise which has the same intensity and statistics in all
directions.

Jamming: the use of acoustic signals to disrupt the opponent’s sonar. Coun-
ters to passive sonar include broadband jamming using continuous or impulsive
generation of ambient noise to mask submarine noise. False targets may be
created by submarine noise simulators. Active sonars may also be jammed by
repeat-back devices that return the sonar pulse in a way that makes the target
appear farther away than it actually is.

Kelvin wave: the surface wave pattern created by a moving vessel.

LIDAR: a system for locating objects by illuminating them with a pulse of
laser light and measuring the travel time of the light reflected or scattered back
to a receiver.

Marginal sea (ice zone): the region in the Arctic, particularly off the coast
of the Soviet Union, defined by relatively shallow water and the periodic
presence of sea ice.

Narrowband: pertaining to a signal which is confined to a set of very narrow
(on the order of one Hz or less) frequency bands.

Noise level: the level of ambient noise measured at the sonar array, usually
given in dB relative to 1 microPascal in a 1 Hz band.

Passive sonar: a system that detects underwater objects by listening for
sounds that are emitted by them. Most passive sonars determine only the
direction to a target from a single point.

Source level: the total sound spectrum radiated by a submarine, usually
given in dB relative to 1 microPascal at a distance of 1 yard ina 1 Hz band.
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Spherical spreading: the uniform geometric spreading of a sound wave in
unbounded space, characterized by a loss of intensity as a function of the square
of the distance.

SSBN: nuclear powered ballistic missile submarine, literally “submersible
ship, ballistic, nuclear.” SSB is a nonnuclear powered ballistic missile sub-
marine.

SSGN: nuclear powered cruise missile submarine. SSG is a nonnuclear
powered cruise missile submarine.

SSN: nuclear powered attack submarine. SS is 3 nonnuclear powered attack
submarine.
Thermocline: a layer of the ocean in which there is a significant temperature

change over depth.

Total radiated sound: the total intensity of sound radiated by a source at all
frequencies.

Transmission loss: the ratio of signal intensity measured at a given distance
to the intensity measured one yard from the source.
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Buoys: floating, 146, 149, 150; towed, 150

Cann, Gerald A., 275, 277

Capillary waves, 19, 200-201

Captor mine, 53, 169

Carrier battle groups (CVBG), 171

Carriers, aircraft, 83, 86, 87, 98n.5, 111,
122
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Carter administration, 104

Caustics, 235

Cavitation noise, 8, 9, 268-269

Channel, deep sound, 39, 232-233

Chokepoints, 17, 119

Chukchi Sea, 318

CINCLANT, 147, 148

CINCPAC, 147, 148

Circular error probable (CEP), 29

Circulating pumps, 266-268

Circulation, ocean, 224; of Arctic Ocean
and northern Seas, 310-315. See also
Currents

Clarinet Pilgrim, 146

Classification, 4, 5; distinction between
detection and, 357-358

Climate of Arctic Ocean and northern
seas, 307-309, 311

Clouds, 206, 310, 311, 332, 339

Coherence: of ambient noise, 2513
length, 253-257

Combat stability, 73

Command and control, 145-149

Communications, submarine, 145-150;
airborne network for, 148; antennae,
detecting, 77; blue-green laser, 18;
ELF, 15, 149; ERCS, 147, 148;
Soviet, 149-150; between SSNs, 48;
vulnerability of SSBNs from, 7

Computers, 13

Containment objective, 86

Continental Shelf, 220, 221

Conventional war: aim of “‘tying up”
Soviet fleet during, 3, 81-101; likeli-
hood of prolonged, 98n.8; US naval
strategy for, 91-97

Convergence zones, 41, 52, 79n.6,
233-235, 328, 351, 352, 356, 359;
conditions for existence of, 235-238

Cooling systems, 138-141

Core life of submarine reactors, 140

Correlation: between separated hydro-
phones, 251; lengths, 256, 257; of
forces, 97, 109-110, 111, 112

Counterdetection, 48, 359

Counterforce attack, 109

Countermeasures: random search model,
176-177; in Soviet waters, 7-8,
53-62, 120, 177-178; torpedo, 53, 60,
61-62. See also Acoustic detection;
Nonacoustic detection

“Covert-array” threat, 125
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Crew proficiency, 35, 73, 79n.5, 96-97,
359

Crisis management capability, 126

Crisis stability, 1

Critical depth, 236, 237

Crowe, William ]J., Jr., 86

Cruise missile submarines (SSGN),

. nuclear-powered, 57, 158

Cruise missiles: SS8-N-14, 161; TLAM-
N, 84, 994.12

Cuba, surveillance of US SSBNs from, 72

Currents, 224; Bear Island, 330; East
Greenland, 310; North Cape, 307,
318, 330; Norwegian, 318; subsur-
face, 310; surface, 225, 226, 310, 312,
350. See also Oceanography of Arctic
Ocean and northern seas

CVBG, 171

Damage limitation, strategic ASW and,
106-109

Daniel, Donald C., 28

Decibels (dB), 8, 241 5> 326-327. See also
Acoustic detection; Noise

Decoy/minefield scheme, 62, 177-178

Deep sound channel, 39, 232-233; con-
ditions for existence of, 235-238

Defense: active, notion of, 7; of Soviet
bastion, 7-8, 53-62, 120; of Soviet
SSBNs, 87-89, 105, 121

Defense Advanced Research Projects
Agency (DARPA), 13, 14, 31n.28, 45,
173; Annual Summary Statement,
66n.1

Delta class submarines (SSBNs), Soviet,
40, 72, 107, 131, 155

DeMars, Bruce, 92

Demineralizing filter, 138-139

Density forces, 224

Density structure of sea, vertical, 315

Depth: critical, 236, 237, diving,
134-136

Depth bombs, 160-161

Depth charges, Soviet, 160-161

Design depth, 135

Design of submarines, 131-153; com-
munications, 145-150; hull, 131,
133-134; propulsion system, 141-145;
Teactor, steam, and cooling systems,
138-141; shock resistance and,
136-138; submarine lifetime and,
136-138

Destruction, submarine, 4-8, 25-29

Detection range, 15, 174~175, 306;
advantage, 48-50, 98, 117; in Barents
Sea, northern, 341-346, 347; in Bar-
ents Sea, southern, 337, 339, 340; in
central Arctic Ocean, 348-350; effects
of ice structure on, 341-343; in Nor-
wegian Sea, 352, 354-355, 356; pas-
sive, 357; sensitivity to figure of
merit, 333-336, 360-361; signal pro-
cessing and, 305; of SOSUS/SUR-
TASS system, 40; system parameters
to define, 357; of US surface ships
and submarines, 36; weapon range
and, 358

Detection threshold, 10-1 1, 14, 242, 243,
298; estimates of, 299-305; in south-
ern Barents Sea, 336-337

Detection, submarine, 4-25; biolumines-
cent, 18, 183, 185, 188-192; distinc-
tion between classification and,
357-358; laser, 21-22, 184, 185,
204-210; magnetic, 17-18; oceans
and, 217-240; passive acoustic, 8-15,
38-41, 64, 115; in presence of noise,
250-251; probability of, 305, 357; of
reactor heat through ice, 204; short-
range, 362; of signatures in noise,
293-306; of submarine-generated
temperature changes, 202-204; of
surface waves generated by subma-
rines, 192-197. See also Acoustic
detection; Nonacoustic detection

Deterrence: intrawar, 103; MAD-type,
103; nuclear, 88; strategies of,
103-105

Diesel-electric submarines (S8), Soviet,
83; advantages and disadvantages of,
159-160; defense of Soviet SSBN
bastions and, 57; noise level, 272;
operation in ice, 330; propulsion sys-
tem, 144-145; Tango class, 145;
wakes from, acoustic properties from,
188

Dinoflagellates, 188, 189, 190

Direction finding, passive, 52

Directional discrimination, 247

Directionality of low-frequency noise,
285-286, 359

Directionality of sonar array, 247-250;
array gain and, 257-259

Disarming attack, preemptive, 108



Disarming strike against SSBNs,
requirements of sudden, 1-2

Displacement, surfaced vs. submerged,
280-282, 283; broadband sound level
vs. submerged, 280-282

Disturbances, observable submarine,
181-184. See also Nonacoustic
detection

Diurnal temperature variation, 2407.1 1

Diving depth, 134-136

Dogfight, submarine-versus-submarine,
64

Dolan, Philip J., 28

Doppler shift, 300-302

Double-hull construction, 26, 27, 133

Doyle, J.H., 84

Drilling noise, 284-285

Dyer, Ira, 252

E-64 TACAMO aircraft, 149

Earthquakes, 352

East Greenland current, 310

East Siberian Sea, 43, 318

Eddies, 224

Efficiency, propulsive, 142

Electromagnetic spectrum, 15-17

ELF communication system, 15, 149

Emergency rocket communication sys-
tem (ERCS), 147, 148

Emissivity, 20, 77, 189

Engagement rate, 65

Environmental effects, 207-208

“Equipment factor,” 333

Equivalent megatons (EMT), 29, 37-38

ERCS, 147, 148

Escalation: horizontal, 2-3, 85, 97; like-
lihood of, 110-111; risk of, 111,
122-124; vertical, 85

Ethan Allen class submarines, 27

Furasian Arctic: bathymetry of, 222,
320; map of, 309

Eurasian basin, ambient noise in, 348

Exchange ratio, 61, 62, 66, 98, 178

Explosion, effects of underwater, 26-29

Extremely low frequency (ELF) com-
munication system, 15, 149

Faeroe Islands, 309, 319, 323

False alarm, probability of, 293, 294,
297-298, 301, 357

False targets, 18, 45; noise and, 182

Far-field wave, 19, 192, 194-197, 199
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Figure of merit, 305, 337, 359; sensitiv-
ity of detection range to, 333-336,
360-361; transmission loss and, 360

Filter, demineralizing, 138-139

First strike, defined, 108

Fish, 192

Floating buoys, 146, 149, 150

Floating wire antennae, 77, 146,
149-150

Form drag, 141

Forward ASW strategy, 82-86, 91-97,
119, 126

Frames, metal fatigue and, 137

Franz Josef Land, 319, 330, 337, 340

FRAS-1 (depth bomb), 160-161

Frequencies: dependence of transmission
loss on, 333-336; of electromagnetic
radiation, 15-17; ELF communica-
tion, 15, 149; optimum, 361-362; of
sound, 8; UHF communication, 146;
VLF transmitters, 146, 147

Friedman, Norman, 276

Gain, array. See Array gain

Garwin, Richard, 149

Gatekeeping operation, 65

Gaussian distribution, 12, 298, 343

Gear-turbine system, 144

General collapse of hull, 134

Geography, Soviet vs. US strategic
ASW and, 72

Geometric spreading, 243, 245

Geostationary satellites, 23

German submarines, 145

GIUK gap, 6, 41, 83, 224, 319, 321, 350,
351, 356

Glasstone, Samuel, 28

Gorshkov, Sergei, 87

Gravity waves, 19, 227

“Great Circle Group,” 106

Greenland Sea, 41, 310, 350, 351, 356;
surface currents in, 312; surface water
temperature in, 313, 314

Greenland-Iceland-United Kingdom
(GIUK) gap, 6, 41, 83, 224, 319, 321,
350, 351, 356

Guide to the Soviet Navy (Polmar), 144

Harmonics, 358

Harper, Edward Y., 17, 19, 21, 77, 202
Hawaii, 359

Heavy rain noise, 325
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Helicopters, 161; SH-2F LAMPS I and
SH-60B LAMPS III, 170-171; sonar
dunking by, 171-172

Herrick, Robert, 59-60

Hertz (Hz), 8

High-yield (HY) steel, 137

Homing torpedo, 60

Homing torpedoes, 288-290

Horizontal escalation, 2-3, 85, 97

Hull: arrays integral to, 51; coherent
vibration of, 251; design, 131,
133-134; diving depth and, 134-136;
double, 26, 27, 133; metal fatigue
and, 137; pressure and outer,
133~138; reflection of sound off of, 8;
resistance of, 141-142; rupture,
26~29, 32n.45; submarine lifetime
and shock resistance and, 136-138

Hydrodynamic disturbance: Bernoullj
hump, 18, 193-194, 197; cavitation,
8, 9, 268-269; internal waves, 14,
19-20, 77, 184, 185, 197-202, 227;
Kelvin waves, 19, 192, 194-197, 199;
turbulent wakes, 20-21, 197-199

Hydrodynamic jet, 141

Hydrophone array, 9, 38-39, 51, 133,
242; array gain of, 247-263; correla-
tion between separated, 251

ICBMs, 1, 38, 89, 104, 105

Ice : acoustic surveillance under, 41-46;
acoustics under, 328; ambient noise
under, 11-12, 288-290, 325, 326, 332,
341, 343, 348; Arctic, 11-12, 30n.11,
288-290, 315-319, 363; arrays and,
43-44; in Barents Sea, 42, 318, 319,
336; detection through, 11-12; detec-
tion through, of reactor heat, 204;
kinds of, 315, 330, 336, 341-343; nar-
rowband signature transmission
under, 363; noise of, 11-12; ridge
formation, 318, 348, 363; ship opera-
tions in, 330; Soviet mining access
and, 57, 58; superstructure icing, 319,
351; transmission loss under, 328,
329, 330-332, 341; in White Sea, 318,
332

Ice pack, 315, 325, 330, 332, 336,
341-343; Greenland Sea, 351

Ice Pick, 44, 45

Icebergs, 337

Ice-buckling mechanism, 348

Identification friend or foe (IFF), 54

Illiac 1V, 14

Incoherent noise, sum of, 326-327

Indiscretion rate, 144, 145

Infrared (IR) radiometers, 202-204

Infrared sensing of temperature anoma-
lies, 45, 202-203

Integration time, limits on, 11-12

Intensity, sound, 8, 241, 243. See also
Source levels

Intercept, vectored, 6

Intercontinental ballistic missiles
(ICBMs), 1, 38, 89, 104, 105

Internal waves, 14, 19-20, 77, 184, 185,
197-202, 227; generation of, 199-202;
surface manifestations of, 200

Intrawar deterrent, 103

Investment in strategic weapons, Soviet,
89

IR radiometers, 202-204

Isotropic noise, 13, 251

Janes Fighting Ships, 27
Japan, Sea of, 72
Jordan, John, 59

Kara Sea, 310, 318; area search of, 36
Kaufman, Robert, 96

Kelvin-type wave, 19, 192, 194-197, 199
Khrushchev, Nikita, 87

Kill probability, 62, 1137.11

Kill radius, 26, 28-29

Kissinger, Henry, 84

Kola peninsula, 307, 318, 330

Komer, Robert, 86

Lafayette-class SSBNs, 120, 137

Land orientation of Soviet leadership,
110

Land-based mobile missiles, 123

LANDSAT 4 satellite, 43

Laptev Sea, 318, 319; bottom mapping
by submarines in western, 44-45

Laser: communication system, blue-
green, 18; detection, 21-22, 184, 185,
204-210

Launch order, procedure for receiving
and validating, 147-149

Launch, detection of missile, 22-23

Lehman, John, 83, 85, 92, 96

Lidar, 21-22, 31n.28, 185, 204-210, 308

Lifetime, submarine, 136-138
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Linear arrays, towed, 167

Linear wave theory, 327.50

Localization: errors of arrays, 259-263;
RAPLOC, 51-52; of submarines, 5;
passive, 51-52

Lomonosov ridge, 319, 347, 348

Looking Glass airborne command cen-
ter, 147

Los Angeles class attack submarines
(SSNs), 50, 84-85, 107, 118, 131,
132

Loss, transmission. See Transmission
loss

Low Ship Impact Ranging (LSIR) tech-
niques, 51

MccGwire, Michael, 24, 88

McConnell, James, 89

McCue, Brian, 29

Machinery noise, 9, 266-268, 358

Machinery vibration, 140-141

McKee, Kinnaird R., 3, 57, 92, 94, 277

McNamara, Robert, 39, 107

MAD (mutual assured destruction), 103

Magadan, %4

Magnetic anomaly detection (MAD), 18,
183, 184-188; gear, 161

Magnetic detection, 17-18

Magnetic field, local changes in earth’s,
183, 185

Marginal sea ice zone, 42

Marine life: fish, 192; whales, 319-324,
352, 356

Maritime Strategy (Watkins), 81

M’Clure Strait, 318

Mercury-bromide laser, 207

Merit, figure of. See Figure of merit

Metal fatigue, 137

Microwave radiation, 202

Midocean ridge, 220

Mikhaylovskiy, A., 88

Military policy, Soviet vs. US strategic
ASW and, 73

Miller, George, 106

Mines and mining, 169; Captor mine,
53, 169; mine decoys, 62, 177-178;
SLMM, 53, 96, 169; in Soviet bas-
tions, 53; Soviet mine-laying capabil-
ity, 55-57, 58; US mine-laying capa-
bility, 84-85

Minuteman Mk 12A warhead, 113n.11
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MIRV missiles, 155

Missed target, probability of, 293, 294

Missile submarines. See Soviet SSBNSs;
SSBNs; US SSBNs

Missiles, 1; ballistic, 5, 7, 38, 43,
113n.10; cruise, 84, 99n.12, 161, ;
damage to, 26; firing times, 22-23;
land-based mobile, 123; launch,
detection of submarine, 22-23;
MIRV, 155; Poseidon, 104; SS-N-4
SLBM, 43; SS-NX-23, 33; TLAM-
N, 84, 99.12; Trident I and I, 22,
31n.29, 77, 91, 104, 113n.11

MKk 37 (torpedo), 53

Mk 45 (torpedo), 31n.41

Mk 46 (torpedo), 169

Mk 48 (torpedo), 25, 26, 60, 358

Modified Alert, 147, 148

Mollo-Christensen, Eric, 191

Molten sodium metal, 140

Moonlight, 191

Moored surveillance system (MSS),
173

Moorer, Thomas B., 107

Murman (North Cape) current, 307,
318, 330

Murmansk, 307, 313, 332, 340, 363

Mutual assured destruction (MAD),
103

Narrowband processing, 273, 294-305,
357

Narrowband signature transmission
under ice, 363

National Command Authorities, 126,
145-146

National Emergency Airborne Com-
mand Posts (NEACPs), 147

National Security Decision Memoran-
dum 242 (NSDM-242), 104

National Security Design Document 32
(NSDD-32), 86

NATO ASW aircraft, 166

NATO SSBN basing, 157

Naval Facilities (NAVFACS), 39

Naval strategy. See Strategy, naval

Naval War College, 96

NEACPs, 147

Near-field wave, 18, 193-194, 197

Nitze, Paul, 106, 107

Nixon, Richard, 104

Noctiluca miliaris, 189
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Noise, 242; analysis of relative subma-
rine, 63-64; broadband, 12; cavita-
tion, 8, 9, 268-269; coherence on
submarine-mounted arrays, 251;
correlation, effect on array gain of,
257; detection of signatures in,
293-306; from diesel-electric subma-
rines, 272; directionality of low-
frequency, 285-286, 359; false targets
and, 182; under ice, 11-12, 288-290,
332, 348; isolation, quieting through,
140-141; isotropic, 13, 251; from
lidar system, 308; machinery, 9,
266-268, 358; in northern region,
predicting, 326-327; probability dis-
tribution of, 298; propeller, 140, 141,
358, 361; rain, 287-288, 316, 325,
339; seismic, 352; shipping, 42, 75,
284-285, 325, 332, 339-340, 343-347,
362; submarine detection in presence
of, 250-251; sum of incoherent,
326-327; wind, 286-287, 307, 316,
325, 332, 336. See also Acoustic
detection; Ambient noise; Sound,
submarine-radiated

Nonacoustic detection, 7, 15-25, 181-215;
bioluminescence detection, 18, 183,
185, 188-192; of internal waves,
197-202; laser, 21-22, 184, 185,
204-210; magnetic anomaly detection,
18, 183, 184-188; observable subma-
rine disturbances, 181~184; prospects
for, 117-118; with satellites, 23-24,
204, 209; signal-to-noise ratio and,
210; of surface waves generated by
submarines, 192-197; surveillance of
US SSBNs, 76-78; of temperature
change, 202-204; of wakes, 197-199

North Atlantic, temperature changes in,
21

North Cape (Murman) current, 307,
318, 330

North Pacific Ocean, 219; bathymetry
of, 223

Northern Fleet, Soviet, 57-58, 59

Norwegian current, 318

Norwegian Sea, 105, 310; acoustic detec-
tion in, 40, 41, 350-357; ambient noise
in, 352, 356; detection range in, 352,
354-355, 356, 360; movement of carri-
ers and SLCMs into, 111; precipita-
tion in, 351; surface currents in, 312;
surface water temperature in, 313,

314; US forward strategy in, 83; ver-
tical density structure of, 315; wave
climate in, 351, 356; wind speed in,
352, 356, 357

Norwegian-Greenland basin, 350

Novaya Zemlya, 309, 330, 332, 337, 340

NSDD-32, 86

NSDM-242, 104

Nuclear arms control, 124-125

Nuclear correlation of forces, 109-1 10,
111,112

Nuclear depth charges, 25

Nuclear deterrence, 88

Nuclear powered attack submarines. See
Soviet SSNs; SSNs; US SSNs

Nuclear strategies, 103-105

Nuclear war, 34; damage limitation in,
106-109

Nuclear weapons, 25, 27-29, 77, 78;
maritime strategy and, 110, 111-112;
Soviet decision to use, 122-123

Nuclear-powered ballistic missile sub-
marines (SSBNs). See Soviet SSBNG;
SSBNs; US SSBNs

Nuclear-powered cruise missile subma-
rines (SSGNs), 57, 158

Observable submarine disturbances,
181-184. See also Nonacoustic
detection

Oceanography of Arctic Ocean and
northern seas, 309-324; acoustic,
324-328

Oceans: acoustics in, 228-240; circula-
tion in, 224; general description of,
219-227; salinity of, 229-230; subma-
rine detection and, 217-240; tempera-
ture gradients in, 229-230. See also
specific oceans and seas

Ohio class missile submarines (SSBNs),
22,72, 74, 120, 139, 275, 279

Okhotsk, Sea of, 27, 35, 72; acoustic
surveillance in, 38, 42-43; area search
of, 36; passages into, 54, 55, 59;
Soviet bases in, 94; trailing Soviet
SSBNs in, 46

Operating depth, 136

Operating policy of Soviet SSBNs, 33-35

Operation Wigwam, 28-29

Optimum frequencies, 361362

Orion P-3 antisubmarine aircraft, 6, 45,
63, 170

Overpressure, 37-38



PACCS, 147

Pacific Fleet, Soviet, 57-58, 59

Pacific Ocean, 36; acoustic surveillance
in, 42-43; Soviet area search against
US SSBNSs in, 74; Soviet bastion
defenses in, 59; surface currents and
bathymetry in, 226

Pack ice, 315, 325, 330, 332, 336,
341-343

Parry Channel, 331, 332, 338, 342

Passive detection: acoustic, 8-15, 38-41,
64, 115; range, 357; variability in
detection range advantage inherent
to, 49-50

Passive direction finding, 52

Passive localization, 51-52

Passive range finding, 52

Passive sonar, 7, 8-15, 36, 115, 218;
equation, 241-243, 244

Patrol areas, Soviet, 23-24. See also Bas-
tion defense, Soviet; Soviet SSBNs

Perceptions of US ASW, Soviet, 118.
See also Soviet naval strategy

Perry, William, 28

Planning, “worst-case,”’ 65-66

Platforms for nonacoustic sensors,
23-25, 157-158, 204

“Point’ acoustic measurements, 14

Polar ice cap, 315-318

Polar ice pack, 330

Polar-cap disturbance, 150

Polaris, 1137.10

Polmar, Norman, 144, 276, 277

Polynyas, 318

Poseidon missiles, 104

Poseidon submarines, 22

Posen, Barry, 91

Post Attack Command and Control Sys-
tem (PACCS), 147

Precipitation: in Arctic, 311; in Norwe-
gian Sea, 351; in summer in southern
Barents Sea, 339

Precmptive disarming attack, 108

Presidential Directive PD-18, 104

Pressure hull, 133-134; corrosion of, 136

Pressurized water reactor, 138-139

Probabilistic search theory, 46

Probability: of detection, 305, 357; dis-
tribution of noise, 298; of false alarm,
293, 294, 297-298, 301, 357; of kill,
62, 113n.11; of missed target, 293,
294

Processor sensitivity, 299, 300, 303
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Proficiency, crew, 35, 73, 79n.5, 96-97,
359

Proliv Karskiye Vorota, 363

Propeller noise, 140, 141, 358, 361; cavi-
tation, 8, 9, 268-270; noncavitating,
271

Propulsion system, 141-145

Propulsive efficiency, 142

PROTEUS signal-processing system,
170

Provocation, dangers of, 93

Pulse stretching due to atmospheric scat-
tering, 207-208, 209

Pump-jet, 141

Pumps, circulating, 266-268

Quiet speed, 64, 273

Quieting of submarines, 13, 15, 41, 44;
technology, 72-73, 116-117, 141;
through noise isolation, 140-141;
trend in, 273-280; US, to regain
former acoustic advantage, 63-64

Radar, synthetic aperture, 19-20, 23, 77,
200, 201-202, 210

Radiation, electromagnetic, 15-17

Radiometers, infrared, 202-204

Rain noise, 287-288, 316, 325, 339

Random search, theory of, 176-177

Range finding, passive, 52

Rapid Passive Localization (RAPLOC),
51-52

Rapidly Deployable Surveillance System
(RDSS), 6, 13, 63, 173

Ray diagrams, 233, 234

Ray theory, 233-235

Reactors, submarine, 138-141; core life
of, 140; heat, 20-21, 204

Reagan administration, 86

Reagan, Ronald, 108

Reflection: laser, 21-22, 184, 185,
204-209; of light, 209; sea surface vs.
submarine, 21, 22; sound, at ocean
surface and bottom, 238-240; sound,
off of submarine hull, 8

Reflectivity, submarine, 214n.82

Refracted-surface-reflected (RSR) paths,
240, 253

Reserve, strategic nuclear, 103-105

Resistance: of hull, 141-142; shock,
136-138

Ring frames, 134

Rings in ocean, 224
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Risk of escalation, 111, 122-124
Ross, Donald, 275
RSR paths, 240, 253

Salinity of sea, 315; gradients, 229-230

SALT Iand SALT II, 155

Sanctuary agreement, 125

SAR, 19-20, 23, 77, 200, 201-202, 210

Satellites, 77; communication, 146, 148;
geostationary, 23; LANDSAT 4, 43;
nonacoustic sensors on, 23-24, 204;
SEASAT A, 19, 23

Scattering: of light, 190-192; pulse
stretching due to, 207-208, 209; of
sound, 238-240; surface, 328;
volume, 328. See also Backscattering

Schlesinger, James R., 104

Sea surface emissivity sensors, 77

Sea surface temperature, 20-21, 184,
185, 313, 314

Seamounts, 220, 224

Search: area, for SSBNs, 35-37, 74,
174-177; probabilistic theory, 46;
theory of random, 176~177. See also
Detection, submarine

SEASAT A satellite, 19, 23

Seawolf (US nuclear submarine), 140

Seismic noise, 352

Self-noise level, 242, 244. See also
Ambient noise

Sensitivity, processor, 299, 300, 303

Sensors: platforms for nonacoustic,
23-25, 157-158, 204; sea surface
emissivity, 77. See also Acoustic
detection; Arrays; Detection; Non-
acoustic detection

Severnaya Zemlya, 340

Severodvinsk, 332

SH-2F LAMPS 1, 170-171

SH-3H Sea King, 170

SH-60B LAMPS III, 170-171

Shading, 258

Shadow zones, 233-235; conditions for
existence of, 235-238

Shallow water: acoustic effects of, 333;
detection-range advantage in, 50;
detection-range sensitivity to figure
of merit in, 360; operations in, 42-43;
sound propagation in, 44; tactical fea-
tures of, 44-45; trailing quiet Soviet
submarines in, 52; transmission loss,
246-247, 341

Ship operations in ice, 330

Shipping noise, 42, 75, 284-285, 325,
332, 339-340, 343-347, 362; in Bar-
ents Sea, 332, 336, 339-340, 343-347

Shipping routes, 363

Shock factor, 26, 321.45

Shock resistance, submarine, 136-138;
testing of, 26

Signal processing, 10-13, 22, 115,
293-294, 295; PROTEUS system, 170

Signal strength, 182

Signal-to-noise ratio, 10-13, 17, 197; for
bioluminescence detector, 191, 193;
nonacoustic detection and, 210

Signature, 9, 11; detection of, in noise,
293-306

Signature-to-noise ratio, 244, 362

Silencing of submarines. See Quieting of
submarines

SIOP (Single Integrated Operational
Plan), 99#.12

Skin friction, 141

SLBMs, 38, 43, 89, 106, 107
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110
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38-46; acoustic surveillance of, under
ice, 41-46; area barrage against,
37-38; area search for, 35-37; attacks
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wind, 326, 339, 352, 356, 357
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Summer: Arctic ice in, 317, 318; in Bar-
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Surface area of submarine, 142

Surface ASW, Soviet, 59-60
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93-94
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(SURTASS), 6, 39-40, 63, 173
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23, 77, 200, 201-202, 210
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167
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bility of, 293, 294
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prospects for, 115~117; nonacoustic
detection, prospects for, 117-118;
quieting, 72-73, 116-117, 141; Soviet
SSBN vulnerability and, 118-1 19;
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72-73; US SSBN vulnerability and,
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314

Thermocline, 189, 204, 230, 231
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243, 298; estimates of, 299-305; in
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vs. Soviet, 35, 73, 79n.5, 359; with
war games, 93, 96-97

Transition to war, 94
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91, 104, 108, 113n.11
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Triton, 152
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Tugboats, 39
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Turbulence: submarine-radiated sound
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Wave(s), 183-184, 185, 224; capillary,
19, 200-201; classification of, 227;
climate in Norwegian Sea, 351, 356;
climate in southern Barents Sea,
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two-phase attack in East-West war,
109. See also Missiles; Nuclear wea-
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