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NOTES ON THE ORGANIZATION OF NDRC

“The ditics of the National Defense Rescarch Conunittee
wers (1) to recommend to the Director of OSRD suitahle
projects and research programs on the instrumentalities of
warfays, iogether with contract facilities for carrying out
these projects and programs, and (2) to administer the tech-
nical 2ad scientific work of the contracts. More specifically,
NDRC functioned by initiating rescarch projects on ve-
quests from the Army or the Navy; or an requests {rom an
allied covernment transmitted thr«mgh the Liaistn: Office
uf OSRD, or on its own considered initiative as a result of
the experience of its members. Proposals prepared by the
Division, Panel, or Committee for research contracts for
performance of the work involved in such projects were
first reviewed by NDRC, and if approved, recominended to
the Director of OSRD. Upon approval of a proposal by the
Direcior, a contract permitting maximum flexibility of
scientific effort was arvanged, The business aspects of the
contract. including such matters as materials, clearances,
vouchers, patents, prioritics, legal matters, and administra-
tion ¢. patent matters were handled by the Executive Sec-
rem;;, L E}S\%\

Origd nally NDRC administered its work through five
#ivisionss, each headed by one of the NDRC members.
TFese were:

Division A — Armor and Ordnance

Divisiun B~ Bombs, Fuels, Gases, & Chemical Problems
Division C~ Conununication and Transpertation
Division D - Detection, Controls, and Instruments
Divivion E ~ Patents and Inventions
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In a reorganization in tne ladl of 1942, twenty-shree ad-
ministrative divisions, panels, 6r onumittees were created,
cach with a chief selected on the basis ol his outstanding
worl in the particolar fickd. "Uhe NDRG members then be-
came a reviewing and advisory group to the Director of
OSRD. The final organization was as lollows:

Divisidn 1 — Ballistic Rescarcli

Division 2 — Effects of hmpact and Explosion

Division % - Rocket Ordnance

Division 4 — Ordnance Accessories

Division 5--New Missiles

Division 6 - Sub-Surface Wazfare

Division 7 —Fire Control

Division 8 — Explosives

Division 9 — Chemisiry

Division 1§ — Absorbents and Aerosols

Division 11 — Chemical Enginceering

Division 12 — Transportation

Bivision 13 — Electrical Communication

Division 14— Radar

Division 15 — Radio Coordination &

Division 16 — Optics and Camoultage

Division 17 — Physics

Division 18 — War Mctalhngy

Division 19 — Miscellaneous

Applicd Mathematics Panel

Applied Psychology Panel i

Commiitee on Propagation i

Trepical Deterioration Administrative Committee
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NDRC FOREWORD

s EVENTS of the years preceding 1940 revealed more
A and more clearly the seriousness of the world
sitnation, many scientists in this country came 10
realize the need of organizing scientific research for
service in a national emergency. Recommendations
which they made 1o the White House were given care-
ful and sympathetic avention, and as a resule the
National Defense Research Committee [NDRC] was
tormed by Exccutive Order of the President in the
stimmer o 1940, "The members of NDRC, appointed
by the President, were instructed o supplement the
work ol the Areiy and the Navy in the development
of the instruanentalities of war. A year later, upon the
establishient oi ihe Ofhice of Scientific Research and
Development [OSRD], NDRC became one of its
ugits,

‘The Summary Technical Report of NDRC is a
conscientious cffort on the part of NDRC 10 sum-
marize and evahiate its work and to present it in a
useful and permanent form, It comprises some sev-
enty volumes broken into groups corresponding to
the NDRC Divisions, Panels, and Commitiees.

The Simmmary Technical Report of each Division,
Pancl, or Committee is an integral survey ol the work
of that group. The first volume of cach givup’s repos
contains a summary of the report, stating the prob-
lems presented and the philosophy of attacking them
and summarizing the results of the research, develop-
ment, and training activities undertaken. Sonie v ol-
umes may be “state of the at” treatises covering
subjects to which various research groups have con-
tributed information. Others may contain descrip-
tions of devices developed in the laboratories, A
master index of all these divisional, panel, and com-
mittee reports which together constitnte the Sum-
mary Tuchnical Report of NDRG is contained in a
separate volume, which also includes the index of a
microfilm record of pertinent technical laboratory
reports and reference material,

Some of the NDRC-sponsored reseaiches which
had been declassified by the end of 1945 were of suffi-
cient popular interest that it was tound desirable to
report them in the form of monographs, such as the
series on radar by Division 14 and the monograph on
sampling inspection by the Applied Mathematics
Pancl. Since the wmaterial treated in them is not

#
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duplicated in the Summary Techmical Report of
NDRC, the monographs are an important part of the
stor: of these aspects of NDRC rescarch.

In conurast o the information on radar, which is of
widespread interest and much of which is released to
the public, the research on subsurface warlare is
largely classifed znd 1s of gencral interest to a more
vestricied group, As a consequente, the report of
Division 6 is {ound almost entirely in its Summary
Technical Report, which runs to over twenty vol-
umes. The extent of the work of a Division cannot
therefore be judged solely by the number of volumes
devoted £ 7t in the Sunmmary Technical Report of
NDRC: acconnt must be taken of the monographs
and avatlable reports published clsewhere, '

Any great cooperative endeavor must stand or (all
with the will imd integrity of the men engaged in it.
This fact held true for NDRC from its inception, and
for Division 6 under the leadership of Dr. John T.
Tate. To Dr, Tate and the men who worked with
him—some as members of Division 6, some as repre-
sentatives of the Division’s contractors—-belongs the
sincere gratitude of the Nation for a difficutt and
often dangerous job well done. Their eflorts contrib-
uted significantly to the outcome of our naval opera-
tions during the war and richly deserved the warm
response they received from the Navy. In addition,
their contributions to the knowledge of the occan
and to the art of oceanographic rescarch will as-
surctlly specd peacetime investigations in this fiekd
and bring rich benefits to all mankind.

‘The Summary Technical Report of Division 6, pre-
pared under the divection of the Division Chief and
anthorized by hiv for pnbliciiion, not only presents
the methods and resnlts of by varied research and
development programs but - ssentially a record of
the nustinted loyal cooperation of able men linked in
a conmon ¢fort to contribute to the defense of their
Nation. To them all we extend our deep appreciation,

Vanney AR Bush, Director
Office of Scieniific Research and Development

J. B. Conant, Chairman
Nat onal Defense Research Commitice
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Tme‘, voruMe deals with the physical properties of
the medium in which subsurface warfave is waged,
T towuch more than an account of the oceanographic
sesearch sponsored by the Division. 1t is a text in
which the science of physical oceanography is pre-
sented with special reference to the significant appii-
-ations of that scicnce to naval operations. Because of
this, it should prove to be of wide interest to all Navy
personnel,

The Division is deeply indebted to Mr, G O'D.
Iselin, Director of the Woods Hole Occanographic
Institution, not only for his willingness to undertake
the task of collecting and cditing the material pre-
sented in this report, but also for the fruitful partid-
pation ob his institution in the research and develop-
ment program of the Division.,
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Special :tcknowledgmen;slmuld also be made to
the contributions from the Scripps Institution of
Occaunography of the University of California. The
staff of that institution provided not only broad
knowledge of the problems involved but also special-
ized knowledge of conditions in the Pacific Areas.

From the beginning this research program has re-
ceived ‘the most cordial support of the Navy. The
Bureau of Ships, Hydrographic Office, and forces
afloat united to assist in every way both the progress
of the work and the application of the results to
operations,

Jonn T, Tare
Chief, Division 6§
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PREFACE

PHYSICAL oceanography is cne of the raost back-
ward of the geophysical sciences. In general it can
be said that until quite recent years the physical as-
pects of the ocean were studied mainly as an adjunct
to marine biology. The practical applications seemed
to lie in fisheries problems, and the thinking of some
oceanographers has been influenced accordingly.
Others have been mainly concerned with the geo-

graphic approach. More recently a number of me-

teorologists have become interested in the circulation,
problem in the sca bucause of the several analogies
with atmospheric probiems.

Perhaps for these reasons one finds, on‘the whole,
rather little in the standard oceanographic text books
that is helpful in understanding the wransmission of
sound in sea water, The chief aim of the present vol-
ume has been to remedy this situation. It is hoped
that it may be useful to those continuing with under-

water acoustics to have available a simple summary
of those aspects of physical oceanography which help
to explain the behavior of sound in sea water. Sincc
up 1o the present time rather little oceanographic re-
search has been carried on in conjunction with
acoustical studies, to those trained in the laboratory
sciences this volume may seem rather elementary and
none too well documented. Nevertheless, at the pres-
ent stage of physical oceanography, we doubt that it
would be profitable to treat the subject more ex-
haustively. ‘The fact remains that our knowledge con-
cerning the ocean is still rather superficial.

It is hoped thut in the future underwater acoustics
and physical oceanography will develop in close asso-
ciation, If the present volume does nothing more
than to indicate how closely these two subjects are
intertwined, it will have served a useful purpose.

C. O'D. IsrLiN
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PHYSICAL OCEANOGRAPHY AND SUBSURFACE WARFARE
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Chapter 1
INTRODUCTION

s THE instromentation of warfare at sea has de-
A veloped, and as these instruments are used by
skillful operators from {aster ships or at more nearly
their extreme range, the final limitation is frequently
imposed by the physical characteristics of the me-
dium which vary both seasenally and geographically.
"Thus in a very real sense there is an oceanography of
naval warfare. :
As far as subsurface warfare is concerned, naval
oceanography has aircady developed far enough to
play a part in both operational and matériel activ-
ities. Knowledge of the sound conditions often makes
it possible to use sonar gear more effectively and is
sometimes a factor in deciding the proper tactical
deployment of vessels. Knowledge concerning the

subsurface distribution of temperature and salinity.

improves the diving operations of submarines and to
a considerable degree affects their choice of offensive
and evasive maneuvers. Oceanographic limitations
have caused considerable modification of the stand-
ard procedures for operating sonar gear and have in
some cases influenced its design. They have 2lso re-
quired the development and manufacture of instru-
ments to aid in predictions.

As time goes on, it becomes increasingly clear that
just as climate and terrain affect the strategy of
armies, 5o scasonal and geographical characteristics
of the oceans must enter into the planning of the

Navy. Winds, waves, and currents influence subsur-

face warfare, as well as aerial and amphibious opera-
tions, in ways that are new and different but no less
real than the limitations they placed on the old
Navies. There are purticular times and places best
suited to the operation of the diverse and specialized
modern fighting ships, and skillful planning includes
oceanography in the list of operational factors to be
considered, -

Tt is the primary purpose of this report to discuss

the general principles of occancgraphy, particularly:

in relation to subsurface warfare. Special emphasis is
placed on the paris of the subject that are most inter-
esting from the practical standpeint, namely the tem-
perature and salinity of the upper few hundred feet
of water and their scasonal and geographical vavia-
tions, winds an<d waves and their effects on sound con-

ditions, and bottom sediments in relation to shallow-

- water echo ranging. However, the discussion is not

limited entirely to matters of immediate practical
importance since a more general knowledge of physi-
cal oceanography is esscutial for proper interpreta-
tion: of sonar charts and bathythermograph records.
The theoretical aspects of the subject are necessarily
dealt with in a brief and nontechnical fashion here.
For maore complete treatment there are several stand-
ard textbooks of oceanography available, -8

- Physical oceanography has been somewhat slower
to develop than the other branches of the geophys-
ical sciences, in part because of the expense and diffi-
culties of carrying out research on shipboard and in
part because until recently it was not generally real-
ized how many practical advantages were 10 be
gained through increased knowledge of the physical
characteristics of the ocean. It was the biological as-
pecis of oceanography which were at first empha-
sized, rather than the physical.

‘T he Germans seem to have been early aware of the
potential importance of physical oceanography to
modern naval operations, but it is not known at this
time how far they developed the subject in relation
to underwater sound transmission. It is known that
during the period between the two world wars, the
Deutsche Seewarte at Hamburg and the Institue fiir
Meereskunde at Berlin were strongly supported by
the government, and the German Navy had an ocean-
ographic laboratory at Wilhelmshafen. Able staffs
were assembled and German naval vessels were used
in extended field surveys. One result of this active in-
terest in oceanography on the part of the German

Navy, namely an atlas of the changes in density of the

water, both horizontally and vertically, was found in
1941 on a captured German submarine. This was
designed primurily to guide the diving officer, but
nothing so definite can be cited in connection with
sound transmisson. The Japanese government has
also taken an active intercst in hydrological surveys.

Although in our country the Hydrographic Office
had pioncered in the carly development of the sub-
ject, when currents and weather at sea were more
important to navigation than they are today, of
recent vears the further expioration of the ocean has
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4 INTRODUCTION

Neen lefr fargely to private institutions. Before the
present war only a very small beginning had been
:nade by our Navy in the study of the physical factors
influencing underwater sound transmission or the
operation of submerged submarines. The velatively
few physical oceanographers in this country were
only vaguely aware of how their studies might be of
interest to the Navy,

There have been four active centers of research in
physical oceanography in this country during the
war years: namely, the Oceanographic Unit of the
Hydrographic Office, the Scripps Institution of
Oceanography [S10], at La Jolla, the Oceanographic
Section of the University of California Division of
War Research [UCDWRY], at San Diego, and the
Woods Hole Occanographic Institution [WHOI]. As
far as the oceanography of subsurface warfare is con-
cerned, the two latter laboratories have carried out
more of the research, but the intcrests of these four
sroups have been so close that it would be difficuit in
this report to place credit where it is due, In fact,
even the personnel has been freely exchanged. In
general, of course, at Woods Hole the studies have
dealt particularly with the Atantic Ocean, while for
the most part at San Dicgo and La Jolla data from
the Pacific have been analyzed.

It is perhaps worth noting in passing that ocean-
ography 1s of importance to the Navy in a number
of ways quite different from those discussed here
and, therefore, at some of these laboratories active
research has been in progress which is more or less
unrelated to submarine warfare, For example, on the
binlogical side studies have been carried out of the
fouling of underwater surfaces. In mine warfare the
currents and the character of the bottom sediments
sometimes must be taken into account. In amphibi-
ous operations results of research on waves are im-
portant. To some cxtent these few examples have
been cited to explain why the few qualitied oceanog-
raphers avaiiable in this country at the start of the
war lave had to take up many and diverse studies.
They have been ab’y assisted by scientists and tech-

~ nicians from related fields, but there bhas been too

little time as yet to develop any one ol the practical
naval aspects of the subject as fully as is perhaps
warranted.

It is therefore worth considering in this volume
not only what has been done hut also what problems
remain unsolved, With both these aims in mind, the
report begins with an account of the investigations
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‘in sea water and another on submarine diving prob-

that were nndertaken to determine the effects of
occanography on subsurface warfare, the instru-
ments that were developed, the methods of using the .
instruments for prediction purposes, and the ways
which these methods might be improved. Tt con
tinues with a chapter on the transmission of sound

lems, Since other volumes of the series deal specific-
ally with these subjects, both are treated snmmarily
here, giving only such facts as are needed for the prac-
tical interpretation of the occanographic material
that follows. "The latter is divided into two parts, One
deals primarily with the temperature and salinity
structure of the ocean and i daily and seasonal
changes due to heating, cooling, evaporation, and
the various other phvsical processes that take place at
the surface of the sea. The other is concerned with
the effect on sound conditions of geographical and
local variability of the oceans. Here ure discussed
ocean currents and eddies, coastal waters and bottom
sediments, and special phenomena'assmiated with
winds and tides.

R T R S o g R AR

11 PREWAR INVESTIGATIONS OF THE
ROLE OF REFRACTION IN UNDERWATER
SOUND TRANSMISSION :
As far as is known, in this country the role of r¢- %f
fraction in echo rangivg was first seriously con- €
sideved in 1937 when some {ransmissior measure- ¥
ments were made ofi Guantaname, Cuba, accompa- %

nied by measurements of the vertical temperature
structure of the water. The laver was determined by
means of ciosely spaced mercurial thermometers. It
was shown that the decrease in the speed of sound .
with depth, due to the decrease of temperature with
depth near projector level, could sometimes cause :
sufficient downward refraction so that the beam
passed beneath a shallow target, excepr at relatively
short ranges. Very shortly afterwards the same idea
was advanced independently at the West Coast
Sound School [WUSS], San Dicgo. It is important to
note that both off Guantanamo and San Dicgo the
echo-ranging operations were carried out in deep
water in areas where the efizcts of downward refrage
tion are particularly striking. A large percentage of
the earlier tests of sonar gear had been conducted in
places where refraction effects were not so frequent.

In the course of the transmission measurements off
Guantanamo, and during a second cruise off New

et
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DEVELOPMENT OF THE SURFACE VESSEL BATHYTHERMOGRAPH B

London the {ollowing summer, it became obvious
that an insirwment which would record temperature
contintiously against depth as it is lowered into the
sea would havea great advantage in refraction studics
over the conventional deep sea reversing thermome-
ters of oceanography, A crude model of such an in-
strument was at that time being tested at the Wonds
Hold Occanographic Ingtitution. This instrument
had been named the bathythermograph [BT7] and
was in fact actually used on a few occasions during
the secowd series of transmission mcasurements,
Modifications resulted in a somewhat improved BT
which gave fair results when used from a vessel mov-
ing at 6 or 7 knots and which was used successfully lor
occanographic studies. s

12 DEVELOPMENT OF THE SURFACE
VESSEL BATHYTHERMOGRAPH

Beginning in October 1940, the performance of the
BT was further modified by WHOI working under
contract with the National Defense Rescarch Com-
mittee with the idea of using it as a naval instrument,
It was then realized that for use by the surface vessels
of the Navy such an instrinment had to be workable
at speeds of at least 12 to 15 knots, and this imposed
very definite limitations on the design. It will be
worth while here to discuss briefly these limitations.

First of all it was essential to have a light, rugged

~ instrument that could utilize the sounding-lead prin-

ciple of falling freely through the water in order to
gain sufficient depth before the drag of the wire by
which it is recovered becomes limiting. The alter-
native would be to give the instrument diving fins to
aid in its descent, which would require in turn a
heavier cable to retrieve it and a more powerful
winch, thus increasing both the expense and the
difficulties of handling the gear.

in order to exploit the sounding-lead principle

the instrument must have a very rapid thermal re-
sponse. Otherwise it could not record the vertical
temperature changes accurately. This is desirable
from another standpoint as well. Any instrument
which is either lowcred or raised at less than the
maximum possible speed begins to be influenced by
horizontal temperature variations, This could be
overcome in part, it is true, by causing the instrument

# The instrument used in this work was the outgrowth of a
pretiminary model called an “oceanograph,” which was built by
Rossby and Lange at WHOI in 1934,

to record only as it is lowered or raised. However, the
only ‘way to be certain that the thermal clemeny is
functioming properly is to vecord most of both the up
and the down temperature changes. Agreement be-
tween the twoe traces is proof that vertical and not
horizontal gradients have been measured,

Another major requirement is that the tempera-
ture record must be relatively free from the effects of
vibration so that very slight temperature changes
with depth can be observed, especially in the upper
50 feet of the water column. "This necessity practically
precluded the use of diving planes. Also, it again
raised the question of whether or not the instrument
should be constructed to record only the down trace,
since vibration is most likely to occur during the
raising. It was decided that such vibration as oc
curred was not serious enough to offset the advan-
tage of having both traces recorded on the slide. Since
that time, however, there has been an increasing ten-
dency 10 take readings at high speeds, thus increas-
ing the vibration and sometimes making it difficult
to interpret the records. Vibration is therefore the
greatest weakness of the surface vessel BT discussed
here, and modifications may be required.

The instrument must be used repeatedly from a
relatively fast ship, making it almost impossible to
have it record on deck. Insulated electric cables would
never stand use on a high-speed winch. Finally, be-
cause at best there is a good chance that the wire may
become fouled in the screws resulting in the loss of
the instrument, it should be inexpensive and easy to
manufacture, Thus a mechanical type of thermal
clement is almost @ necessity.

"These considerations and the tests carried out dur-
ing the autumn of 1940 in the western North Atlantic
led to a simple, rugged design which has not been
essentially altered since. A Bourdon-type thermal
element, which is compensated by a bimetallic strip
to take care of the difference in temperature between
the water inside the instrument and that through
which it is passing, actuates a pen arm that records
on a smoked glass slide mounted rigidly on the pres-
sure clement (Figures 1-3). The pressure clement is
of the bellows type, having a stiff internal spring and
an accurately machined internal goide rod. The
effect of increasing external pressure is to shorten the
length of the bellows, :

The speed of response of the thermal element is
such that about 80 per cent of the full temperature
range can be achieved in less than 1 second. While
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6 INTRODULCTION
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Frevre 1L Diagram of bathythermograph.

the absolute accuracy of such a thermal system is not  records vertical tetnperature gradients accurately
notably great unless it is frequently calibrated, it enough for practical purposes when combined with a
good pressure element. A rough temperature calibra-
tion can be maintained, provided the surface tem-
perature is observed with a reliable mercurial ther-
mowmeter, \

Early in the development of the BT a basic deci-
sion had to be made, Should it record temperature
againsi depth or, on the assumption that salinity is
constant with depth, should it record the speed of
soundz To have the instrument read directly in terms
of the velacity of sound was obviously the direct ap-
proach to the refraction problem, yet in the end other
considerations outweighed this one. Approximately =
70 to 30 per cent of the time there exists near the
surface a virtually isothermal laver which is stirred
by convection and by the wind. However, this is not
an isovelocity layer, because of the effect of pressure
on the speed of sound. "Thus the proper performance
of the thermal element can be much better judged in
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THE BATHYTHERMOGRAPH FOR SUBMARINES

B st com i bt Ao e e o ST S

terms of temperature than in terms of velocity. Fur-
thermore, the oc:ealmgmphic ;xsp(,'ctsx;f sound trans-.
mission are much more casily understood in terms of
temperature. As a resule of this decision, the empha-
sis in the present report is on temperature rather than
on changes in the speed of sound. At the same time it
was decided 1o use the Fahrenheit teraperature scale
in accordance with Navy practice.

s o o e v
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13 THE BATHYTHERMOGRAPH FOR
- SUBMARINES

During the course of the development of the sur-
face vessel BT it became evident that a corresponding
instrument for submarines would have several prac-
tical applications, During the summer of 1941, in
response to a request by the Conunander of Sabina-
rines, Atlantic Fleet. a number of temperature-depth
recorders were built at Woods Hole and tested in sub-
marines both off New London and off Key West. At
first the BT for submarines was thought of primarily
as an acoustic instrtument. That is, it would be used

- —_

COMNECTED TO PRESSURE LINE ,‘\
ON DEPTH GUAGE =

Ficure 3. Photograph of a bathythermogram.

to predict maximum range of the sonar equipment
on the submarine, as well as the performance of her

adversary’s gear. However, carly in the tests off Key

West it became evident that vertical temperature
changes could be interpreted in terms of density with
sufficient accuracy to be of considerable assistance o
the diving officer in maintaining proper trim. Thus a
second use arose for the tnstrument, which has be-

“come at least as important as its original purpose,

XYLENE FILLED
TUBING _.

23

‘}
:;j a’@
2
PEN LIFTER / /{ :
, PRESSURE GEE’ILLETH TUBING N BLISTER
;. BOURDON TUBE ./ OUTSIDE CONRING TOWER
/_canp
HOLDER
TEMPERATURE  / / "_COUNTER
BOURDON TUBE_/ /_STYLUS AEICTE
Fioure 4. Di:igr;nn of submarine bathythermograph.
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4 INTRODUCTION

i1 best location for the thermal element on the
sl € the submarine is still a matter to be scitled by
aefinitive tests. Locating i* high on the conning tower
has in the past been an acceptable compromise be-
tween a still higher position which would be prefer-
able for acoustical purposes and a lower position

which would favor diving. It is possible that two in- .

stallations will be used later. Except for this ques-
tion, the initial design problem of the BT for sub-
marines was not a difficult one. It was a matter of
building a sufficiently rugged and simple instrument
which would fit into ihe available space. Again a
Bourdon-type thermal element was used with suit-
able compensation for temperature changes inside

the hull of the submarine. Another Bourdon tube
was used as a pressure element by connecting it with
the pressure line leading to a depth gauge. The gen-
eral features of the installation are shown diagram-
matically in Figure 2.

From the standpoint of subsurface wiarfare, the
density of sea water is relatively somewhat more sen-
sitive io changes in salinity than is the speed of sound
{sce Section 3.2.3). Therelore recently there has been
under development a so-called salinity-compensated
BT for submarines.” "Uhis measures temperature,
salinity, und pressure, and comiputes and records
both ballast change and the speed of sound agaiust
depth. \
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Chapter 2

THE DEVELOPMENT OF METHODS FOR PREDICTING
SONAR AND DIVING CONDITIONS

ryHE early insestigations of sound conditions that
A led to the development of the bathythesmograph
[BT] have been continued. It quickly became ap-
parent that the whole problem of sound transmission
in sca water was highly complex and that eche and
Hstening ranges might be fimited by any on¢ of half
a dozen or more fuctors, A great deal of fundamental

rescarch was therefore necessary hefore it was pos-

sible to devise a simple and accurate method of trans-
lating the basic temperature-depth curve of the BT
into a practical prediction of sonar conditions,

Warthme exigencies required that ss quickly as
possible the results of investigations be turned imo
practical information for the men on the ships, Pre-
diction methods have therefore been revised ire:
quently as new research suggested the destrability of
modifying existing methods, Proper caution was ex-
ereised in accepting such modifications, and so far
only onc extensive revision of official procedure has
been required; nevertheless, the rapid developments
in this ficld have resulted in some confusion, which,
however unfortunate, seemed 1o be justified by the
nieeds of the moment, 5

Aside from manuals on the operation and main-
tenance of the BT, official literature on the subject
can be classified into two main groups: '

1. Prediction manuals. These are designed so that
the observer on board ship can make practical use of
any particular bathythermogram by determining
within certain probable limits the range that can be
obtained on a submarine and can therefore operate
the ship and sonar equipment according to the most
efficient tactical usage for that particular range. The
submariner obtains information similarly useful to
Itim on the best depth {or evusion, probable ping and
listening ranges, and the most efficient diving pro-
vedure,

2. Charts, These include sonar charts showing
average echio ranging conditions, average diving con-
ditions (in the Submarine Supplements), and bottom
sediment charts for shallow-waier sonar work, Charts
of average conditions are of Jess tactical value than a
bathythermogram obtained at the time and place
needed, because conditions ave generally too variable

to permit accarate enough predictions on the basis
of averages. On the other hand, they provide a per-
spective unobtainable from a small number of ba thy-
thermograms and hence are useful not only to the
observer for determining how often BT lowerings

should be made, but also for more important stra-

tegic purposes,

It is beyond the scope of the present work to dis-

cuss the Navy BT literature and its scientific origins
in detail. However, 2 more limited discussion is war-
ranted becanse frequent reference will be made
throughout the volume to the official literature in
connection with the oceanegraphic part of its back-
grousid, The history and the purpose of the predic-
tion methods will therefore be described briefly,
Whiere obvious improvements can be made, cither by
collection of more observations or by better use of
existing data, these will be mentioned.

2.1 FREDICTION MANUALS

In February 1941 a repert! was published sum-

marizing what was then known about the refraction
of sound in sea water and the oceanographic factors
chiefly responsible. The present report is in part an
expansion of the oceanographic seciion of this earlier
study which was based largely on the experience
gained at the time of the carly transmission measure-
ments previously mentioned. ' V

Sine the idea that sound is refracted in sea water
in accordance with the principles of geometrical op-
tics was not generally accepted, much of the discus-

sion in this carly veport was in support of a simple

refraction theory. The report was especially con-
cerned with demonstrating that as a first approxima-
tion the vertical temperature distribution alone pro-
vided a good means of calculating the refraction pat-
tern. Such ealculations were later simplified by the
introduction of a refraction slide rule,? and recently
there has been published a collection of a large num-
ber of such calculations for the common vertical
temperature  distributions® Another contribution
was the development of the sonic ray plotter.s

More recent studics of the transmission of standard
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10 METHODS FOR PREDICTING SONAR AND DIVING CONDITIONS

sonar gear have shown that the clearly defined acous-
tic shadow zones which are predicted on the basis of
geometrical optics are by no means always observed.
Only in the case of sharp downward refraction does a
marked acoustic shadow zoue appear. The weak-
nesses of the simple refraction theory are not yet fully
tnderstood and at the time of this writing sound
field measurements are still being actively sccured.
On the other hand, the reduction in sound intensity
below a sharp thermocline, the so-called layer effect
in echo ranging, which is predicted by the simple
theory, does in fact exist. Thus no matter what the
final result of the transmission studies may be, it is
clear that under contemporary operating conditions
vertical tempevature gradients, especially when they
are marked, ave often the Hmiting factor in subma-
rine detection. Tt is alse clear that as the sensitivity of
sonar equipment is fncreased and as submarines be-
come more skillful in taking advantage of the oceano-
graphic factors in their favor, success in subsurface
warfare will depend more and more on which side
has the better understanding of the medium.

According to current theorics of antisubmarine
and prosubmarine warfare, there are certain advan-
tages to be gained by knowing the changes of maxi-
mum sonar range with depth. In addition, it is gen-
erally agreed that our submarines can change depth
more quickly and more silently if the diving officer
understands the changes in density in the superficial
layers of the ocean.

Although the scientific theory of sound transmis-
sion in sea water remained undeveloped in many of
its details, it gradually became possible by synthesis
of the available scientific information with data on
ohserved maximum echo ranges to work out simpie
schemes for range predictions that are accurate
enough for practical Navy purposes, Such schemes
were published in the official prediction manuals.?

A number of problems arose in writing the man-
uals, In the first place, it had become clear that the
refraction slide rule method of calculating acoustical
ray diagrams was too ponderous and time-consuming

to be of much practical value at sea. It was not

cuough to perform the relatively simple operation of
determining the limits of the so-called shadow zone,
because except in the case of strong downward re-
fraction, the intensity of sound near the outer Hmit of
the direct sound ficld was generally too low to return
a deiectable echo, It was necessary Lo go further and
to calculate the distribution of intensity within the

heam. This was a long task generally requiring 2
howrs' work or more by an experienced caleulator,
and it was hardly ro be reconunended as a standard
Navy procedure. The alternative was a method of
classifying BT slides according to the most significant
features of their temperainre structure, such as the
depth of the mixed surface layer (known as layer
depth in Navy literaturc) and the strength of nega-
tive gradients near the surface and below the mixed
layer. Then the probable echo range could be pre-
dicted according to simple rules for cach type of tem-
PC!'ZHUY(: paticm.

Any such method has both advantages and disad-
vantages. The vertical temperature struciure of
ocean waters i at times complex, and no simple
scheme for classifying it will be accurate in all cir-
cumstances. The methods in the manuals reduce
such errors 1o a relatively low percentage but do not
entively eliminate them. In fact more careful seien-
tific methods have thas far failed to show complete
correlation between bathythermograms and observed
ranges, The discrepancies aye presumably due to 2
combination of several factors such as absorption and
scuttering of sound, and small and frequently chang-
ing variations in the refraction pattern that cannot
be determined easily. These factors have not and per-
haps never can be fully evaluated. ;

But even if the occanographic variables were un-
derstood completely, it would be a mistake to sup-
pose thar maximum echo ranges could be forecast
with great precision under practical circumstances.
‘There always remain unforeseeable factors, such as
tuarget aspect and speed, that may introduce varia-
tions in maximum range of as much as plus or minus
one-third of the prediction, With such large unavoid-
able errors in the predictions it would be fruitless to
complicate the system by small and relativel, insig-
nificant refinements in refraction classification.

Moreover, a manual must take into account the
fact that the predictable part of sonar performance is
not always determined by water conditions. Indeed
it is difficult to form an estimate of how much of the
time the oceanographic factors are yeally Hmiting.
i the antisubmarine vessel is a destroyer or destroyer

escort and is not operating' at too high a speed, if

standard heavyweight sonar gear is being used, if the
operator is skillful, and there is no electrical or me-
chanical trouble, then in deep water cither the
weather or the temperature distribution may become
jimiting, Thus oceanographic factors may be lmit-
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PREDICTION MANUALS SR

ing only a small percentage of the time or most of the
ume depending on the ship, its equipment, sonar
personnel, and type of duty.

The non-oceanographic factors can be evaluated
for any particular ship and any set of operating con-
ditions by means of a few experiments. The current
manual for the surface vessel BT {sce reference 5) was
intended primarily for ships of the destroyer escort
class or larger, using standard heavyweight sonar
cquipment. The manual therefore evaluates prob-
lems of ccho rangiug as they apply to this particular
type of vessel, with proper allowances for self noise
and the effect of heavy weather in reducing ranges. It
assines that the gear is operating properly, but te
make sure this is 56, ways are suggested for testing its
performance. Thus it is not merely a manual of re-
fraction conditions but is a realistic approach to the
whole preblem of echo ranging.

The prediction manual for submarines (sec refer-
ence 6) is similar in basic plan to the manual for suv-
face ships. Prediction methods are not completely
uniform, but the differences are a resalt of the special
qualities and nceds of submacines, The submarine
has a much wider varicty of uses for the BT than does
the surface vessel. Perhaps the most important use is
for predicting baliast adjustments so that diving can
be accomplished as quietly as possible and with s
minimum of Tost time. From the standpoint of acous-
tics it i5 used to determine various things such as'the
best depth for evasion, ping ranges and listening
ranges on surface ships, and to a lesser extent maxi-
mum echo runges at periscope depth and at various
other depths for use in evasion.

Each of these acoustical predictions is a separate
probleut in which refraction plays a role but is more
or less modified by other factors of a non-oceano-
graphic nature. In some respects, the submarine at
periscope depth is in a more favorable position for
ccho ranging than a surface vessel. Self noise can be
reduced to a low level, and its deep projector and its
stability in heavy weather reduce quenching and
pitching effects to a minimumn. However, both the
greatest range at which a submariner can obtain an
ccho from a surface vessel, and the greaiest range at
which he ean hear the pings of a surface vessel orying
to echo-range off him are affected by the speed of the
surface vessel, though in diflerent ways. Prediction of
maximum listening ranges must include allowances
for submarine and target ship speed as well as wind
force.

The submariner’s knowledge of refraction condi-
tions and his practical utilization of them have been
iimited by the fact that the temperature element was
mounted on the conning tower, so that at periscope
depth it was impossible to deterniine the temperzture
structure in the upper 20 feet of water. Thercfore,
submariners have not had the knowledge that would
permit them to make full use of the short periscope
depth ranges that occar when there is a pronounced
temperature decrease in the upper few feet. This,
combined with the desirability of great depth for in-
creased evasion time, means that in most cases a sub-
marine will go deep when being attacked. However,
new installations providing a temperature element
on the periscope shears will allow more accurate de-
termination of relraction cunditions and enlarge the
choice of cvasive tactics.

Prediction methods presumably will be improved
in many small ways in further editions of the manu-
als. In many cases the available information has not
been so complete as might be desired. In time this
situation will be corrected and the accuracy of pre-
diction methods will be increased. There is great
need for elaboration of acoustical methods in shaliow
water. It may very well prove impossible to predict
maximum echo and listening ranges in shallow water
with any degree of precision, for it is too complex a
subject to resolve itself easily inio a few basic rules.
However, there are tactical considerations such as
selection of proper receiver settings and signal length
and manipulation of tilting beam that can lead to
great improvements in sonar performance. Predic-
tions for echo ranging in deep water should alsc be
improved if possible, particularly in respect to ranges
on a target at known depth. This becomes important
with the advent of accurate depth-determining gear,
since good predictions of range at the depth of the
iarget will modify and improve the tactics of reattack.

Far miore important than these minor revisions of
existing methods are the changes and additions that
must be made in order to keep abreast of current
Navy deveiopments. New gear requires careful study
to determine how oceanographic factors affect its
operation. Within the short space of World War 11,
there were several major developments in sovar
equipment, and one of theie in particular, the tilt-
ing beam, has created new functions for the BT
which are actually more important than those for
which it was originally intended, Submarine listen-
ing methods are expected ts improve a great deal,
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This applies both to the equipment itself and to re-
duction of self noise. In general, listening has not
been studied nearly so thoroughly as echo ranging,
and its full potentialities and the rules governing its
use will not be developed for some time.

New tactics may also have oceanographic implica-
tions that are an important part of the statistical
examination of their chances for success and niay
modify their use or determine whether or not they
may be used in a particular situation. All such devel-
opments require changes in the existing manuals.

2.2 SONAR CHARTS

Early in the development of B's methods, only a
few ships were equipped with the instruments and
there was no possibility of making ail necessary in-
stallations within less than a year or so. The need was
apparent for some sort of information to aid sonar
personnel in understanding the effects of oceano-
graphic factors on echo ranging and in knowing ap-

proximately what kind of sound conditions might be

expected in different parts of the oceans, The answer
to this need was the sonar charts, which show average
echo rangiug conditions for all the oceans at differ-
cnt scasons of the year.

Since their beginning the charts have gone through

“everal revisions and have changed in both their

form and in the purposes for which they are used.
With the increase in the number of BT installations,
ships are no longer dependent on charts for all of
their information on sonar conditions. However, the

charts have been incorporated in the prediction pro-

cedure and are used in conjunction with the BT o
determine how often lowerings need to be made, to
indicate layer depth whenever tactical conditions
prevent a deep lowering, and for various other pur-
poses. ‘They are equally applicable to submarine op-
erations, though the Submarine Supplements dis-
cussed in Section £,3 have in cortain strategic areas
replaced them with similar but more detailed infor-
mation, /And finally, since they are the best available
information on what kind of sonar conditions can be
expected at any given place and time, it is expected
that the charts may serve a purpose in planning naval
operatiors,

The construction of these charts requires a nice
balance between a purely statistical analysis of the
available bathythermograms and géneral oceano-
graphic knowledge, The data on the winds are on the

whole adequate, but the distribution of bathyiher-
mograms and oceanegraphic stations Jor aay one
month is still most unsatisiaciory, Even when the
observations from three months are combined, there
are very large areas without a single observation.

It the observations were evenly scattered, both
geographically and with time, a purely statistical
treatment might not be seriously misleading. How-
ever, in any given area, even as large as a 5-degree
s(quare, it often happens that the available data are
mostly from a single month and are not well distrib-
uted. The result is that it is still advisable to use a
certain amount of art in drawing the contours, even
in the case of the Northern Hemisphere oceans for
which roughly 200,000 bathythermograms and
oceanographic stations are now available, Except for
the Southwest Pacific, there are less than 1,000 obser-
vations in all three Southern Hemisphere oceans com-
bited. Figure 1 shows the positions where bathy-
thermograms have thus far been obtained. Surpris-
ingly, it has turned out that general oceanographic
knowledge is on the whole adequate for this particu-
lar purpose. The charts construcied before the bathy-
thermograms were available in quantity differed only
slightly from the newest editions as far as accuracy of
oceanographic information is concerned.

In successive revisions the sonar charts have gone
through an evolution parallel o that of the predic-
tion manuals. In the beginning they were based

entirely on refraction, and the range contours on the

charts simply represented average layer depth based
on the known wind and current systems. In Jater
editions other factors have been considered,

‘T'he charts have been expanded to contain the
periscope depth range chart, and the assured range
and layer depth chart. The first of these shows the
average percentage of time that the periscope depth
range is reduced to less than 1,500 yards by unfavor-
able temperature gradients niear the surface of the
water or by strong winds of force 7 0. more on the
Beaufort scale (relationship of the Beaufort scale to
other velocity scales is shown in Figure 2).2

“The Beaufort scale was originally devised by Admiral Sir
Francis Beaufort in 1805 on the basis of how mach canvas a man
o' war of that time could carry under different winds. A at-
tetnpi o place the tcale on a more objective footing was made
hy Dy. G. C. Simpson, whose revised scale was accepted in 1026
by the Imernational Mewoorological Commitiee. It is this re-
vised scale which is prescited graphically in Figure 2. 1t relates
the Beaufort numbers to wind neasurements made with au
anctometer mounted in an open situation at a height of 83 feet
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Fioure 2. Beaufort scale of wind force compared with
other velocity scales.

The assured range and layer depih chart shows the
average range on a submarine which is at 1the best
depth for avoiding detection (which may be peri-
scope depth or just below layer depth), and it also
shows the average layer depth, The range contours
on this chart give the average range as indicated by
temperatiire gradients when the wind is less than
force 7. In regions where strong winds frequently re-
duce the assured range to less than 1,500 yards, the
percentage of time this ocenrs is indicated, This type
of chart depends primarily on large-scale oceano-
graphic features which can on the whole be judged
rather well from a knowledge of the seasonal eycle.
It will be improved considerably when wore is
known about the details of geographical variations
in the seasonal thermal cycle.

These two types of charts have been constructed
for both winter and suwmmer conditions in all the
oceans. Winter in the Northern Hemisphere is de-
(10 metors) above sea level The height is important, since when
the air is stable tie,, with colder air undevlving warmer ain) the
wind velocity may vary greatly with altitude. Such a situation
15 common when the sea surface is moch colder than the air, us
off certpin continental coasts in the sunmer time, Under such
circumstiunees, the reading of an anemometer mounted on a
naval vessel's masthead is not necessarily a velisble indication of
the effective wind foree by the Beaufort seale.

fined s December throngh February and summer as
Juvoe through Angust. The same months are used in
Southern Hemisphere charts, but the seasons are of
cowrse reversed. For the North Pacific and North
Atlantic there are also three smaller charts that show
graphically the monthly variation in the average
periscope depth range, assured range, and layer
depth. Thus, in a general way the sonar charts show
the whole seasonal temperature cycle for these areas.

Future sonar charts will be improved with the
gradual acquisition of more BT recovds. There are
very few arcas in the oceans that have as yet a com-
plete yearly cycle of BT obscrvations, and there are
very large areas where observations for only one
month have been obtained. In such eases it is neces-
sarv until more records have been obtained to base
the charts almost entirely on general oceanographic
knowledge, wind observations, and a scattering of
hiydrographic stations. Collection of usable records
will also be accelerated by more acenrate data accom-
panying the bathythermograms, Without the correct
position, time, and date a BT shide is uscless for pur-
poses of analysis. Many of them have heen discarded
because the positions were miissing or obviously in-
correct. Perhaps other errors not so obvicus have es
caped attention and have been responsible for some
ol the variability on the charts.

It has been apparent in the preceding discussion
that sonar ranges are dependent not only on various
purely oceanographic factors but also on winds,
weather, and climate in general. These relationships
will be discussed in some detail in the chapters that
follow, although it will be seen that our knowledge
about them is as yet by no means complete,

24 SUBMARINE SUPPLEMENTS

Submarine Supplements to  the Hydrographic
Office’s Sailing Directions for particular areas and
seasons have been issued 1o provide submariners with
local information about diving and sonnd condi-
tions. Although their general function is somewhat
similar to that of the sonav charts, the scope is nuch
broader. "F'he Supplements contain charts of average
diving and ccho ranging conditions, but they also
discuss the oceanography of the region in respect 1o
effects of weather and seasonal climate, so that the
uselulness of the charts is increased by providing real
understanding of local conditions. Previous experi-
ence of submariners in the area is also made available
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14 METHODS FOR PREDICTING SONAR AND DIVENG CONDITIONS

by including excerpts of action reports that discuss
the practical utilization of existing oceanographic
conditions.

“The first Submarine Supplement, covering the Bay
of Biscay arca, was issued by the Hydrographic Office
in june i943, and it was followed shortly by a second
one on late summer conditions in the japanese Em-
pire arca. Their veception by submariners was favor-
able enough to justify plans for expanding the pro-
gram and publishing Supplements for all areas of

! strategic importance.

The type of information in the different Supple-
nients naturally has varied somewhat, depending on
the occanography of particular regions. In regard to
sonar conditions, the most important feature has

i heen data on the best depths for avoiding detection
by echo ranging activities, and this has been sup-
plemented with material on assured ranges, maxi-
mum echo ranges at periscope depth, types of bottom
in shallow water areas and their sonar significance,
listening conditions, and local acoustic phenomena
such as biological noise. Diving problems have been
emphasized somewhat more than sonar conditions.
Material on this subject has included ballast changes

required for diving and cruising in the area and
salinity corrections to BT data. (

‘The Submarine Supplements have not been in-
tended for immediate tactical use. Figures on average
conditions and probable variations are poor substi-
tutes for explotatory dives, although they are useful

; cnough when an emergency prevents such dives from

! being made before beginning offensive or defensive

ance of conditions and a general knowiedge of the
appropriate type of operations to be used proves ad-
vantageous from both the tactical and strategic stand-

; points. Strategy of laiger scope, of planning a sub-
marine campaign according to optimum balance be-
tween desired objectives and necessary risk will also
utilize oceanography of the type discussed in the
Supplements, which show the areas and seasons most
favorable to submarine operation.

These publications, like the sonar charts, have
been something in the nature of an experiment. It
has not been certain throughout their developinent
what information was needed most, nor were the
available observations so complete as might be de-

i sired, The difleroic Supplements have thercfore
" been variable in quality and in manner of presenta-
tion, and revisions are nceded to make thein more

o PR3 % st r
p 't g ST e e gl A oY
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action. On the other hand, an understanding in ad-

comprehensive and more uniforn in general style
and content.

As in the case of prediction manuals, further de-
velopments in subsurface warfare will necessitate
occasional revisions of the Supplements. Statements
previously made about changes in response to modi-
fications of sonar equipment apply equally to all
these publications. Also it scems likely that subma-
rines in the future may operate at greater depths than
at present. This wonld require extensive revision of
all charts and considerable changes in both strategy
and tactics,

24 BOTTOM SEDIMENT CHARTS

Submarine warlare in coastal waters made it ap-
parent early in World War 1 that there was great
need for study of the problems of echo ranging in
shallow water and the development of rules for hoth
prosuhniarine and antisubmarine forces. Accord-
ingly, the production of bottom sediment charts was
begun, which showed the distribution of different
kinds of sediments with notes on the way in which
they might be expected to affect sound ranging. This
work was begun at a time when information on the
acoustic qualities of bottom scdiments was very in-
complete. Indeed the whole problen of echo ranging
in shallow water is a dificult one that has not yet
been solved in all its detaiis.

The difficrent kinds of bottom that were shown on
the first charts were picked more or less arbitrarily.
It was known that botiom reflection and scatiering
could materially increase or deerease echo ranges in
shailow water and that in general a smooth hard bot:
tom extended the range, while a rongh bottom short-
ened it, But the details of aconstical clagsification of
these bottoms were not known, nor where the bouu-
daries should be drawn between them. A detailed
geological map would obviously be too complex for
the purpose at hand, therefore it was necessary o
group the many types of bottom that occur under
the sea into a few general classes. As it later turned
out, the choices were fortunate and, as experimental
data have accumulated, only slight modifications of
the range predictions have become uecessary for the
six major bottom types now in usc,

In examining the effect of bottom structure on
echo ranging, it is important first of all to consider
the composition of bottom scdiments. It is the tex-
ture of the sediments that largely determines how
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BOTTOM SEDIMENT CHARTS : 15

much of the sound that reaches the hottom will be
absorbed and how much will be reflected back into
the water. The softer the bottom is, the more sonnd
will be absorbed. "Thus a soft mud bottom will not
reflect enough sound to return an echo from a sub-
marine, and ccho ranges can be predicted, as in deep
water, according to the refraction pattern. A sandy
bottom, on the other hand, may reflect nearly all the
sound, so that there witl be Hitle correlation between
refraction and the range obtained.

In the bottom sediment charts, the criterion estab-
lished for estimating the relative firmmness or sofiness
of the bottom was grain size,® as determined by me-
chanical analysis. The classification has been reason-
ably satisfactory from the acoustical standpoint ex-
cept in the case of mud, in which it is now apparent
that texture alone is not an adequate critevion. Two
mud deposits with the same particle size may behave
very differently with regard to the absorption of
sound, one absorbing it completely, the other noi at
all. It is suspected, although not proved, that mud
which gives some extension of range by reflection
contains considerable clay, which imparts firmness 1o
the structure. Tests of the plasticity of critical de-
posits are needed to determine this theory. Ounce the
problem has been sclved by 2 proper combination of
acoustical tests and laboratory amalysis, the classifi-
cation can be altered accordingly. If the percentage
of clay in the samples proves to be the answer, many
such areas could probably be located by geological
inference aad this information placed on the charts.

The construction of bottom sediment charts neces-
sitated the synthesis of material from several sonrces
~navigational charts, occanographic surveys, acous-
tical rests, and general geological knowledge of the
way sediments ave transported and how they are re-

» The size Himits were set arbitrarily as follows:
MUD  — 90 per cent smaller than 0.062 mm.
SAND AND MUD — Between 10 and 80 per cent smaller
than §.062 mm,
— Less than 10 per cent smaller than 0.062 imn and
90 per cent smaller than 2.0 mum,

SAND

STONY — Rounded or angular picces of rock more than
2.0 mm and less than 10 an which appear torep-
resent glacial drift or other transported material.

ROCK  — Rocks of a size greatér than 10 am or pieces bro-
ken from rock ledges or where hottom photo-
graphs show projectingrocks ov rock ledges.

CORAL — Caleareous nuasses of cornd, algae, or ether lime
secreting organisms, as shown by sampies or bot-
tom photographs.

lated to bottom topography. Perhaps the best way to
widerstand how this was doue is to review the history
of the charts.

yrior to the war, hundreds of bottom samples and
cores in all types of sediments had been taken by the
Scripps Institution of Oceanography and the Woods
Hole Occanographic Institution in the course of
their work in submarine geology. Mechanical apal-
yses had been made on most of this material, so that
considerable information was available for the con-
struction of charts that could be used for acoustical
work in local areas. Where coverage by actual
samples was not complete enough, additional ones
were immediately taken. The first bottom charts of
the east coast included the casterly end of Long
Island Sound, Block Island Sound, the approaches
to New York, and Massachusetts Bay. These were
used in experimental sound ranging by the Colum-

Navy Underwater Sound Laboratory at New London
and for ambient noise surveys off New Yoik and in

Block Island Sound. On the west coast, similar charts,

were made for the vicinity of San Diego and San
Francisco Bay and were used by the Universitv of
California Division of War Rescarch at the U. 5.
Navy Radio and Sound Laboratory, San Diegp, for
acoustical tests of the bottom. During these charting
programs, close contact was maintained between the
east and west coast groups so that the classification of
sediments and the methods of chart construction
would be comparabie in every respect.

Acoustical tests in areas such as the San Diego
offing, where bottom types varied widely in relatively
short distances, vequired great care in demarcating
bottom zoncs and keeping within the zones during
tests. In some areas where abundant bottom samples
showed sand, or sand and mud, dredging revealed the
presence of scattered rock ledges, and in these areas
the reverberation level was distincily bigher than in
other zones where such ledges did not occur. Thus it
was apparent that very carcful sampling was required
for acoustical work on the boiton, and both dredge
lines and bottom samples were needed along the
course.of proposed sound field runs.

In rocky arcas, dredging often proved slow and
taborious, and photographs of the bottom taken with
an underwater camera? were fouud to be a better
method, These photographs, of which examples are
shown in Ghapter 9, were quite adequate for the pur-
pose when taken at closely spuced intervals, and often
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Pif mu (”ima showing areas covered by bottom sediment charts,
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revealed useful details of bottom topography that
could not be determined by bottom samples,

As soon as the preliminary program of charting
and acoustical tests in local areas had progressed far
enough fo provide a scientific basis for further work,
a general charti mg program was begun. Quuside the
areas where san::les were obtainable, it was neces-
sary to depend nrmmpaiiy on bottom information
collected during government hydmgmphic SUIveys
mgezhcr with the small amount of material reported
in various oceanﬂgmphw investigations. The surveys
varied greatly from place to place in detail and relia-
hility, depending on the importance of the region to
navigation and on the country that conducted the
survey. In all these cases involving transfer of infor-
mation from pavigational charts to charis of sound
ranging conditions, judgment needed to be exercised
on two counts: first, to attempt o compensate for
lack of adequate information on the mw;gaiwmﬁ

" charts by judging the sitaation according to what is

known about particular areas that have been sur-
veyed by more thorough methods; second, to simplify
the charts by using in some cases a classification that
is functionally correct from the sound ranging stand-
point although not necessarily accurate geologically.

The methods used in this work will be described in
detail in a later chapter,

During the course of several years’ work most of
the imporiant strategic areas have been charted, in-
cluding the coast of the United States, the Philip-
pines, the Japanese Islands, the cast coast of China,
French Indo-China, Malaya, the eastern side of the

‘Bay of Bengal, parts of the East Indies, and selected

areas off the European and African coasts. The loca-
tion of these charts is shown in Figure 3.

The bottom sediment charts are used for range
predictions and are incorporated in the classitication
schemes in the manuals. They are therefore an im-
portant part of the general tariical considerations
involved in the spacing of vessels and the operation
of sonar equipment so as to obtain maximum efii-
ciency, They are equally important to submarines in
the latter respect and can also be used in choosing
favorablc operating areas. It scems probabic, how-
ever, that the full value of these charts will not be
realized until work now underway has been com-
pleted. This will include not only general improve-

‘ment of the charts along the lines already discussed,

but also modifications of sonar equipment intended
specifically to improve performance in shallow water,
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Chapter 3
TRANSMISSION OF SOUND ”W SEA WATER

31 PROPAGATION OF SOUND WAVES

OUND waves propagated in a homogencous medi-
Sum radiate outward {rom the source in straight
Jines. If the sound source is consiructed so as 10 be di-
rectional, then mwost of the sound will be projected in
the form of & conical beam with its axis perpendic-
ular to the face of the pm;ecmr This situation is

shown dmg,l.xmmanmiiy in Figure 1, in which A, B,

and C ave successive sound impulses (pings) which
can be visualized as sections of the cone that consti-
tutes the highly directional and most intense part of
th{: emitted sound. Sound of weaker intensity wiil be

3{1‘&7;!’!' at greater angles as indicated by dotied
lmu, in the figure and will return an echo from a
target at close range as indicated by the enlarged en.
velope of the sound impulse at A, but the greater the
range the smaller will be the angular width of the
cffective cone, which with standard Navy sonar gear
is approximately 10 to 12 d&g‘mes wide at ranges
greater than 800 yards.,

%11 E’géi@r@ﬁﬁ”&cting Transmission

Because of divergence, the intensity of sound de-
creases with increasing distance from the sound
souirce. Except for some small loss by absorption, we
can assume that the total amount of encrgy in the
sound pulse is the same at ranges A, B, and C. But as
the cross sectiopal area of the beam increases, the
amount of sound that will be intercepted and turned
back by a target of unit size decreases. Since the in-
crease in the diameter of the pulse is proportional to
the range, the increase in its area is proportional to

'l..IL F
~ 4
T A ' I_.-"“‘ :
-\.\ Il j f, .‘.' .'|'I
o fwlimm =
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the square of the range. It follows then that within
any area of constant size within the sound pulse, the
intensity decrease will be xm»:,rsdy pmgmrsmmi to
the square of the range.

When the sound striking a target is scattered back,

then the reflected sound traveling away from the
target suffers intensity loss by divergence in the same.

way as does the outgoing sound pulse from the pro-
jector. Therefore. in passing from target to receiver
the intensity of the echo decreases as the inverse
square of the range, Combining these two losses, the
total decrease in intensity between the m:tming
seund pulse and the cchio that comeés back is propor-
tional 1o the inverse fourth power of the range. For
every tenfold increase in range, the intensity in the
direct beam will be decreased to 17100 of its original

value, and the echo intensity by the titne it reaches

the receiver will be reduced to 1/19,000. Absorption
of spund by the water makes this decrease in sound
intensity even more rapid, particularly at long
ranges. All this explains why the sound of a ping at a
range of 10,000 yards may be louder than an eche

from a target at 1,000 yards, and why echo Tanges are

distinctly limited by the power of the gear. It also
makes it clear thata v ery great increase in sound out-
put would be required to produce a moderate in-
crease in echo ranges. -

The strength of an echo depends on the size of the
target as well as on range, Thus a large vessel returns
a strovger ccho than a small aue, and for a ship of any
given size the beam aspect presents a better target
than bow or stern,

These are a few of the simple properties of sound

e

Ficune 1. Diagrammatic drawing of outgoing ping showing shape of beam pattern and divergence of sound rays,
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18 TRANSHISSION OF SOUND IN SEA WATER

Proure 2, Diagrammatic drawing of outgoing ping showing effect of refvaction.

iransiission in a homogencous medium. However,
the sea is far from homogencous and, moreover, in
echo ranging the source of the sound is quite near the
surface, which mmphmins the sitnation by reflecting
and scattering sound. The ph}:s;cai characteristics of
sea water—its temperature and saliaity, the number
and size of the particles suspended in it, and the dis-
turbances of its surface—vary widely from place to
piace and from time to time, All these affect trans-
mission, and underwater sound is therefore subject
not only to expected divergence and alsorption, but

also to varying degrees of reimmon, reflection, and

smttf.rmg

REFLECTION

Reflection occurs both from the ocean bottom and
from the underside of the sea surface. If these surfaces
are smooth, extension of range may result through
reinforcement of the direct sound beam. If they are
rotigh, sound will be scattered in all dircerions, and
that part which is returned to the location of the
original sound source, therchy interfering with echo
recognition, is known as reverberation. The bottom
effecty are important cnuug’h to he regarded as the
mmml!mp factor in echo ranging whercver the
depth of water is less than abot 100 or 200 fathoms.

Surface reflection and scattering are usually less sig-
& = o I8

nificant in standard echo ranging. However, at short
ranges (less than 1,000 vards) reverberation from the
surface forms the principal hackground in echo rang-
ing and may be the controlling factor in the detection
of small objects whenever the sea is not calin,

HEFRAGTION

Variations in the temperature and salinity of sea
water can profoundly affect sound transmission be-
cause they produce variation in the speed of sound as

it travels from one point to another, and this in turn

causes refraction of sound waves. It was shown in the
introductory chapters how discovery of this phenom-
ciron led to the deve clopment of the bathythermo-
graph [BT] and accompanying prediction methods
as instruments of naval warfare. At this time it is
worth-while to discuss the principles of the simple
refraction theory as it was fizsi developed, since it
provides an adequate framework for the essential
facts on underwater sound transmiission and the way
in which maximum ccho and listening ranges are
affected by temperature gradients, It should be kept
in mind, however, that while the theory is in approxi-
mate agreement with the most important observed
results, subsequent experiments have shown it to be
an incomplete explapation. Discussion of these Jater
modifications of the refraction theory is beyond the
scope of the present work but will be taken up in
other volumes of the Summary Technical Report of
Division 6.

Sound waves travel in straight lines only in a me-
dium in which the speed is everywhere constant. In
sea water the speed of sound generally vavics with
depth., Suppose, for exanmple, the speed increases with
depth, In that case every ray of the sound beam will
be curved toward the snrface. The more rapid the
change of speed with depth, the more strongly the
rays will be curved. This bending of the sound rays is
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BOUND VELOGITY W FEET PER SECOND
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Froere 3. Effect of temperature. salinity, and pressure on the speed of sound in sea water,

called refraction. Tt will aid in imderstanding refrac
tion 1o imagine that the lower part of the beam, in
the example just cited, keeps getting slightly ahead
of the upper pari, because of the slight difference in
speed in the water at the levels at which the two parts
of the beam travel. 1t is a fundamental law of wave
motion that the rays, which indicate the_{hicgumx of
travel, are always perpendicular to the wave fronts,
A wave front is the surface ocey pied by the frontof a
sound signal at any instani. Because the lower part of
the wave front keeps gaining on the upper, the beam
will curve upward.

H the speed decreased with depth, the beam would
bend downward. Refraction always causes a sound
ray to shift its course toward the water in which the

speed is lower. This condition is illustrated in exag-
gerated form in Figure 2.

VELOCITY OF Sounn

The speed of sound in sea water depends on the
temperature and compaosition of the water. In gen-
cral these quantities vary both horizontally and ver-
tically, but only the latter is of any great significance.
While horizontal changes in the s upeed of sound will
cause changes in the time required for a signal to
travel Eetween twoy points, this effect is small and
never serions in ccho ranging. But changes in velocity
with depth, even slight ones due 1o warming of the
surface water on a bright, calns day, defiect the sonnd
beam from the horizontal plane and may cause it to
overshoot or undershoot the target.

in ccho ranging work, in which only the upper fow
Lundred feet of water are involved, temperature is

gencrally the mest important factor causing varia-
tions in sound velocity, The chemical content of sea
water, of which salt is the major constituent and the
only one which need be considered, is relatively uni-
form in the open ocean and is therefore less inpor-
tant than temperature in determining sound veloc-
ity. Furthermore, as wiil be shown later, in layers
where vertical salinity gradients exist there is nearly
aiways also a vertical temperature gradient. Another
minor factor is pressure, which increases proportion-

ally with depth, The effect of these three variables on
ﬁ,iml speed of sound is shown in Figure 8. It will be
noted that they all changc the velocity in the same
direction, An increase in temperature, salinity, or
depth (pressure) causes an increase in the velocity of
sound.

GRADIENTS

In sound transmission the vertical velocity gra-
dient is more important than the velocity itself, since
it is the change in velocity with depth that determines
how much refraction will take place. The velocity
gradient is readily determined from the gradients of
salinity and temperature. The salinity gradient is de-
itned as the rate of increase of salinity with depth, in
parts per thousand (%/,0) per foot. The temperature
gradient is the rate of increase of teinperature with
depth, in degrees Fahrenheit per foor. These gra-
dients are therefore calied positive if the quantity in
question increases with dnpih negative if it decreases.

It will be seen later that in the great majority of
cases temperature gradients in the sea are zero or neg-
ative. Morcover, except in certain localized areas
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20 TRANSMISSION OF SOUND IN SEA WATER

temperature gradients comwrol the sound velocity
gradients. With a zero gradient n temperature
(mixed layer), echo ranges are long because the sound
rays are very nearly straight, having only a slight up-
ward curvature due to the pressure effect. On the

other hand, with a strong negative gradient near the

surface, echo ranges will be short because the sound

beam is refracted sharply downward. In the ocean it

is common to find a mixed layer overlying a negative

temperature gradient. In such cases the echo rauge

on a target in the mixed layer will be long, but the
part of the sound beam that enters the negative gradi-
ent will be refracted downward, resulting in reduc
tion of range.

There are two phenomena which may cause re-
duction of range by refraction. With a strong nega-
tive temperature gradient from the surface down-
ward, each ray of the sound beam curves down in a
great are, and beyond the horizonial limits of the
beain is a so-called shadow zone into which nio sound
petwtmte«s other than by scattering. An ccho-ranging

vessel will not be able to detect a target in the shadow
zone, but as soon as the latter comes within the direct
beam the echoes will come in loud and s:k:ar. This &
the situation illustrated in Figure 2, in which the
submarine at A is in the direct beam and the: one at
ﬁ is in the shadow zone,

- Wich slighter mgram'c temperature g gradients and
gemerally with any gradient underlying a mixed
layer, the shadow zone is not very clearly defined. But
downward refraction at any depih below projector
level mag&,ﬁmiﬁs zhe normal divergence ol sound
rays, And since the intensity of sound within the

beam is inversely proportional to the divergence of .

the sound beam, refraction under these conditions
has the effect of reducing ccho intensity and thereby
reduging the range. Thus a target in the negative
gradient beneath a mixed layer may be within the
direct beam but still be unﬁmectable because the
cchoes are too weak to be heard against the back-
ground of reverberation and ship’s noise, This is
known as layer effect.

Botrom EFFECTS

As stated previously, sound transmission in shal
low water is complicated by bottom effects. Wherever
the depth iy greater than 200 fathoms, the bottom can
be neglecied in echo ranging. In contrast, where the
water is less than 100 fathoms deep, the bottom sedi-

mens frequently become the liniting factor in deter-
mining maximum range. Between the 200-fathom
contour and the 100-fathom contour is a zone of un-
certainty as far as the eflect of the bouwom is con-
cerned. However, the bottom usually slopes so steeply
between these two contours that only a small fraction
of the ocean area is involved. .

What makes the situation particularly dificult in

shallow water is that both the texture of the sedi-

ments and the topography of the bottom are acousti-
caily important. The bottom scatters some sound

b'zd« toward the source, giving rise 10 rexerbcrarmn*

above which the echo must be recognized, and it may
also act as an efficient reflecting surface for extend-
ing sound into areas where the intensity would other-
wise be too low to return an echo. Thus n smooth,
hard bottom can increase the maximum range over
what would be expected under the same refraction
cenditions in deep water, but a rough bottom may
cause such loud reverberation that the echo cannot
be remgnized. '

Jariations in echo and reverberation intensity re-

' mhmg from multiple reflections frequently result in

the so-called skip distance effect. Contact may first be
established at relatively long ranges through bottom-
reflected sound, but at snedium ranges where the di-
rect sound beam sirikes the bottom, reverberation
may be strong enough to ma?’. *he echo, Then at
short ranges the echo level may be higher than the
reverberation level, and contact will be regained. If

thet target is close to the botiom, skip distances are
uncommon, Such a target will be struck by the sound
beam at approximately the same range at which the -

bottom is struck as well, Thus, maxima in echo
strength may be expected at the same ranges at which

the bottom reverberation will also be strong, If the

reverberation is strong enough to mask *he echo at
one particular range, it will mask the echo ag all
!mx;;:r ranges as well, Whether bottom reverberation
is streng enough to mask an echo depends prmmmly
on the bmmm material, and alic on the depm of the
water, the strength of he echo, and the refroction pat-
tern. The range at which masking by reverberation
is first likely to occur is equal to about four to six
times the depth of the water, provided that strong
negative temperature gradicnts are present. The
range over which such masking may persist for a
shaliow target will vary, depending in part on the

sediment, bat comrmonly it s about 500 to 700 yards.
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PROPAGATION OF SQUND WAVES 21

When the water is isothermal to the bottom, the
range at which masking by reverberation is first likely
is more nearly ten times iie water dcmh,

Except over soft mud bminms, which absorb
pearly ali the sound reaching them, or where there is
strong upward refraction, layer effect is absent or
much reduced in shallow water because the low in-
tensity parts of the direct sound ficld are more or less
filled with bottom-reflected sound.

OTHER FACTORS

False cchoes are relatively frequent in shallow
watcer, although well-trained operators should neaxly
always be able to classify them correctly. False echoes
may be of several varietics: cchoes from schools of
ﬁsh, bottom srr&guiam:es, or wrecks, and sharp local
rises in the reverberation level under conditions of
strong downward refraction.

The ambient noise level will vary in shallow wazer,
not only because of noise of biological origin and
noise from waves, but also depending on the prox-
imity to the shore, especially if the surf is heavy. In
addition, the noise level will depend somewhat on
the reﬁeﬂmg quahueﬁ of the bottom.

‘Therefore, in general it can be mmﬁudfd that
sound caﬂdatqu;§ in coastal waters are highly variable

and tend to be pogr except over a smooth, sandy

botsom. These factors have in general been favor able
to submarines. Since shipg}mg must converge off the

miain ports and since much cargo is carried coastwise,

it is frequently possible for submarines to liein waxt

in particular arcas that are oceanographically suit-
able. These advantages are partly offset by the fact
that effective air coverage is more easily maintained
near land; nevertheless, submarine activity could
continue in coastal waters, especially where favorable
oceanographic factors coincide with a high density
of shipping. It is apparent therefore that both pro-

submarine and antisubmarine groups must recognize

and understand the problems of range prediction in
shallow water. ,

These, then, are the major factors involved in the
transmission of sound in sea water, The BT fills the
obvious need for 2n instrument to measure the tem-
perature gradients in the water. The prediction
manuals serve to convert this information into a
form that is tactically usable. However, there always
remains the question of how long the observed condi-
tions will remain. reasonably constant, or to put it
another way, how often BT readings will be required
and what sound conditions ave likely to be the next
day and the day after. These questions are partially
answered by the sonar charts, but the latter are of lim-
ited value in the same way that a chart of average

weather conditions is limited in its value for predict-

ing the weather tomorrow. Use of the charts and of
BT predictions in general will therefore be muci@
improved if it is tempered by judgments based on

some understanding of physical oceanography and -

weather and the interrelations of hoth with sound

conditions. The basic principles of this knewiedgc’ i

will b& wmmar:md in E’arta 2 aﬁd 3.
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Chapter 4
SUBMARINE DIVING PROBLEMS

4.1 INTRODUCTION

E‘N THE chapters that follow therc are numerous
references to submarine diving problems in con-
nection with particular cceanographic conditions, Be-
fore the development of the submarine bathythermo-
graph [BT], the submariner had no method for de-

termining quickly and easily the oceanographic

characteristics of the waters in which he was operat-
ing. Diving and maintaining trim at the desired
depth were largely a matter of trial and error and
were therefore costly in iime and effort. The diving
rules developed in connection with the BT have
greatly simplified these operations. The whole sub-
ject is covered in detail in Volume 6B of Division 6.
In the meantime the subject will be outlined broadly
by way of introduction to oceancgraphic considera-
tions discussed in other chapters of this volume,
Asubmerged submarine has two methods of chang-
inf depth, which may be used singly or together.
First, it can change its buoyancy by rﬂgulatmg the
amount of sea water in its ballast tanks. Flec}d.ng bal-

last makes the submarine less buoyant so that it sinks; -

pumping ballast makes it more buoyant; and it rises.
Second, the elevation of the diving planes can be
changcd so that as the submarine moves through the
water it planes up or down. A modification of this
wethod is to ballast um“:qudﬂy fore and aft. The hull
then lies at an angle in the water, and the planing
effect s produ{:ﬂd without changing the diving
planes.

It is of the greatest importance in submarine oper-
ation to be able to change depth cfficiently. It often

takes an appreciable amount of time to flood or

pump the requisitec amount of water. During offen-
sive or defensive operations a delay of a few minutes
caused by faulty judgment as to the correct ballas:

chanige may be costly, Tiie noise involved in diving

operations is also an important consideration when
Ggmmtmg among enemy ships that may be maintain-

- ing a listening watch,

With these considerations in mind, it is evident
that optimum efficiency in diving opcrations means
achieving the best possible balance between speed in

completing the change in depth and quic ooss of
22 RESTRI
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operation throughout. It implies knowledge before-
hand of what ballast changes will be needed and
when, so that the submarine will not ai any tim# be-
come dangerously out of trim and require a sudden
burst of speed or other noisy operation to keep it
under control,

42 DENSITY LAYERS

Maintaining efficient diving operations would be
simple if the buoyancy of sea water were everywhere
uniform. Since it is not, the variations in density that
occur make each dive a &epamte problem requiring
slightly different tactics, These are considered briefly
below.

- If, for cmmpﬁm the submarine is in trim at peri-
scope depth, its overall density 1is :appm imately the

same a5 that of the surrounding sca water. Conse-

quently, it has no great tendency cither to rise or sink,

and such small movements as occor are rf:adsiy cor-

vected with slight ghanges in the angle of the diving

~ planes. As the vessel travels at periscope depth it may
move into water of greater or less density. An increase

in temperature makes the water expand so that it s
lighter. The Eemu} also depend& on its salt mmem
(sw Section 5, 1). Such cimngea in dezmzy require re-

ballasting to Emﬂg the submarine back into trim.

However, these lateral ﬁensn} changes are s relatively
slight in most cases, and it requires ng great effort to
keep the vessel on a horizontal course.

1f a submarine in trim at periscope depth dives in
water of uniform density, it ;;rmiu;zﬂy gets out of
trimt because the increasing pressure at greaterdepths
compresses the hull, making the submarine less buay

.ant, Therefore under these conditions a submarine
must pump baltast during the dive in order to main-

tain trim. The amount of witer to be pumped out

depends on the size of the azzhmamm and on its com-

picssibility, the Iatter varying with the type of con-
struction and, to a kssu extent, with individual
vessels..

The case aboye is one of the rater exa mples of a

_diving operation, because the water is not often of

uniform density down to the maxirawm depth of
submarine opcration.
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Figung 1. Submarine bathythermogram showing effect of
temperature gradients on ballasting operations,

45 TEMPERATURE VARIATIONS

It was pom{ea:% out in the introduction that the
temperature may. decrease from the surface down-
ward or in the water underlying a mxxed surface
layer. With decreasing  temperature the density
would increase downward. The ita may be thought
of as a series of horizontal layers one bdaw annthu,
in which the dsﬁm;ty is cither umfm'm ur nmeases
downward bya gnmer or lesser am(mm :

~Alayer of increasing demsw gives a diving subma-
rine more suppm*z and tents to counteract the com-
‘preuswn effect, It is conceivable that the two effects
\ \‘xmy ]ust balarme. s0 that a dmug submarine will re-

main in trim all the way down. On the submarine

BT card (Figure 1) are ps'mte:i isoballast lines, which

show the amount of temperature change with depth
that will, by its effect on the density of the water,
m:act}y balance the tomprewan t‘f?{l{:t of a subma-

rine of the type for which the card was pr eparad In
any layer where the temper ature-depth trace parallels
the isoballast lines, the diving submarine will remrain
in the same staic of trim throughout the Tayer. If the
termperaturc is more nearly uniform, so that the trace
crosses the iSObalﬁd&t lines toward the right, a diving

stbmarine will get he&vmw and will have to pump
ballast to regain trim. In a stmng gradient, that

crosses toward the 1€f§, z: wwill be hgh& and will have

10 flood btﬂﬂ&ﬁt.
- As is alveady apparent from pmvmus d:scuﬁswns,
it is common to find tes npemmrc conditions in the

sea of the kind shown i in Figure 2, in which there is

a surface Jayer of mixed water and an undgrivmg
layer with a wh'zrp decrease in temperature. Suppose
a submarine is in trim at periscope d{wpth (?t;smﬁn
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Froure 2. Subniarine bathyihermogram showing diving
operations in a mixed layer with an uuderl)mg nc;,atwa
g,wdn:m,

A) and makes a dive with no ballast changes. As it

goes through the mixed layer it gets heavier and

sinks more rapidly. But the temperature gradient

below gwes it more buoyancy again, and it finally
comes to trim at Position B, wheze the temperature
trace intersects the same isoballast Iine that passed

| through Position A, This 15 an example of & very

quick and efficient dive that makes full use of a

knowledge of the temperature conditions. It would
be much less efficient to dive in mm, pumping while
in the mixed layer and flooding again below it. How-
ever, if there were no temperature gﬁdacm below.
the mixed lay@r, it would be more cfficient as well as
safer to remain more or less in trim all tha‘: way down,
Thus, the corred t diving procedure dme:nds on
knowledge of the vertical temperature structure of

- the water. The ewmpkz deseribed above is unmuaiiy

smxpie since it is not commonly possible to dive with-

out making any ballast fh'mges at all. Nevertheless,
the general principle holds in almost any case, that .

it is possible to dive more efiiciently in water of
known wmpgmtmc structure than in an unknown
situation because when the diving officer. knows the
mm* amount of ballast charmge that will bc needed

he can make the propér Miwsimcms at an even rate
thlm:g,h the entire operation and wili not be smp}}e&

‘by a aharp dﬂns:ty gradient or forc ed to increase the

noise output of the submarine in the effort to get
through the layer. The time mus saved during a dive
may be as nmuch as 10 or 15 minutes.

In order to obiain proper knowledge of the tem-
perature structure of the water, it is necessary for the
submarine to make frequent exploratory dives, Den-
sity conditions are best deali with in an emergeney
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24 SUBMARINE E)!Vlhﬂ PROBLE:.MS

if a recent BT record is available. Haw ﬂftcn such
dives are necded depends on the variability of tem-
perature conditions where the submarine is operat-
ing, and for this purpose sonar charts and Subma-
rine Supplements provide the submariner with infor-

mation about local variability. In offensive and de-

fen<ive operations, however, this mfm mation about
average layer depth is obviously less useful than the
mere. mmp!ate and specific knmv}edg‘e obtained by a
recent exploratory dive,

The use of BT vecords for the control of dwmg

makes no allowance for vertical density changes due
to salinity structure. Throughout the greater part of

the deep oceanic regions variability of salinity is an
insignificanc factor, but there are local areas, partic-
wlarly in shallow water, where it is important. In
such places temperature records must be used with
discretion and supplemented where possible by sal-
inity data in the Submarine Supplements or by gen-
eral oceanographic knowledge of the kind described

in subsaqumt chapters and dealt with more specidi-
rally in the volume on diving control previously re-

ferred to, More adequate information can be ob-

tained by ihc use of the sahmty-mmpcm;.&d BT
‘Whether or not it will be useful enough to justify
installing such a mmphe:a:e(i and buiky instrument

will perhaps depend on. the location of future stra-
tegic areas,

Further re,&"emnsce to the sahm&y{mﬂgwmﬂmd BT

may bf_ found in Section 1.3 on “The Bathythermo-
graph for Submarines.”

14 PROGRESS OF FOREIGN NATIONS

It is not known whether foreign nations have de-

~veloped diving control to the same degree as our own

Navy, but it can at least be assumed that they under-
stimd the advamage of making use of density layers

and have charts of average conditions similar to those.

in the Supplements, This much, as stated previously,

‘has been determined from a captured German sub-

marine, and the usefulness of density layers is too
obvious to c&m;&e any submariner. For them it is a
fortunate coincidence that from both the acoustic

and diving smmipmm% émsxty hyers provide the

best possible protection in evasion. The so-called
“layer effect’™ has been mentioned, which reduces
the echo and listening ranges on a submarine sub-
merged well below the top ofa densszy layer. Itis also
appareat that a submaring in the middle of such a
layer reqtsm*s little afmm to maintain constant dnp&h.
1f it rises it will be in water of loss buoyancy and will
tend to-5ink again. EE it goes. deaper it will encounter
niore buamm w"atm Hmﬂz, it is not oﬂiy easy to
maintain quict pperation, m*uzpmg, o baiammﬁ
with the moior stopped, but alse it is casier to main-

tain control of the ship during a depth-charge attack.
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51 THE PRIMARY SUBDIVIS

u tent, ihe ocean a5 a

Chaptet 5

THE m@m VERTICAL Tﬁmﬁfmm STRUCT URE
OF THE OCEANS

SIONS

; @ LTHOUGH in this report we are concerned only

with the phye;:al characteristics of the water

down to the greatest depth in which a submarine can !
operate, it is advisable at the outset to consider briefly

the vertical structure of the water column as a whole,

‘The main ocean basins average some 2,500 fathoms

(15,000 feet) in depth. Until recently submarines
seldom descended to depths greater than 500 feet, but
the lower limit may now be approaching twice this

depth. Nevertheless, in the open ocean even 1,000

feet is only a small fmcnan of the depth of the whole
waier column.
- From ms sy siamﬁpmxm, the upper one or two

thousand feet is the most interesting part of the

ocean. Tt s the part that is most affected by winds and

weather, by seasonal dmxxgeg in temperature, and, by
- geogr aphical variatio.s in climate. The surface
- waters of the ocean are therefore hxghiy variable. :
~This wrmbxisw presents many pmbiems of joint in-
* terest to the science of oceanography and to the prac-
- tical appima&mm of meanagraphy to wbwrf&m_
”waridm,,,,, =
By contrast the deep waters of the ocean are Si’diti.
B hie most violent storms have little £ﬁe¢:t at ﬁcptbs

greater than abﬁm 1,500 feet. Seasonal and gﬁ:agmpi“x

ical variations. are shgm But speaking in the absolute.
sense, no pfxrt of the ocean is completely static. Water
movement in the great depths takes ;:oiczca as n very
slow drift of large mass of water, in contvist to dza ;
more rapid and localized surface currents, but §i§‘g€§.\v
 which temperature decreases very slightly and uiti-
formly with depth; and a third lager of transition
'bmween, known as the main thermaocline, T, he term

volures of water are transported by this ineans. Such

movements are directly related to mtexchangcs b
fwe'en surface and deep water, which in tarn play a
;mrt in detemmzmg the temperature pattern of the

upper water, Therefore, it is hardly possible to un-
derstand cither verical t
oceanic circulation withiout considering to some ex-
whole.

T he basic thermal structure of the ocean

ical of 'winter conditions in mid-latitudes. It is cdsen-
tially a three-layered system: ' relatively warm and

temperature Stiucture or

‘ n is 3135%'-_
trated in its simplest form in ‘hgur* 1, which is typ
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Fioure L. Basic thermal structure of thfz peean--typiea !
7 winter mudumm i mid latittidles. .

sm&}c&w mﬁace Lzyvzr whzch vt very nearly the 215

tem;}ammre as the air above it, and which is stirred
by the wmd so that the remperature chauge.,s Iml
with ﬁi,pih a very deep mass oﬁf mich colder water in

ther. mszzin iein oceanography is us:.d for any Ra}ﬂr in
which tumps?mmrc decreases marku‘iiy wuh depth,

This i3 a stable situation, that 15 1o A, éensaiy also.

increases with th;h £

The mnccpz of stability as a function of the den-
sity appears frequem}y in any ¢ discussion of ogean
e};.jmg;h}, and it is important (o understand just what

is involved. The density of sca water is dependent on

its tcmpermuw sali content, and the pressure of the
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Knudsen? Gmphxmily th:‘: wlatmn&hnp can be repre-
_sented as in Figure 2. 1t can be seen that the effect nt,_’i statement that waters of different a;gwgsg}s tend i0-
pressure is slight, and it vaua!iy cin be ncg!emed in  form stable horizongal Ia}'em. Hﬂweven it is also evi-

at the bottom. This i 52 stable smmmon since work i is  being hea ted. As it decr eases in density it f*xgmwi
: ;,'rigmred by wind pr fm ces pmducsug tm’buihaacﬂ in (md sp:mada nov thwz{rd and stmthward a}cmgg zhmm

28 . THE RASIC VERTK@CA& TH}:‘.RMAL S’X’RUCTDR,E 63’ THE GCEANS

: DENS!TY o e SR SO ordcr 10 deprcss the hght water or raise thc heavier
3G 1020 J ui‘)?f} .' ’f’sa sufficiently to mix them to homogeneity, The effec-

E T - tiveness of the res;cxauce of stable layers to vertical
I 407 IS WEITES VIR : turbulence i is indicated bv the form of the tempera-
L 50e J,rf / ff f, ,; ff .-"U:"r{’f . ture curve in }éxgure 1, in which the depth of the 13 “
%EG‘ T . ’ mixed layer is a relatively smaii p:m n[ um whele :
LT TR o -  water column, A ; |
” 70° ,j;j'ff; ;::/ j:_.r‘ E:: ) I PSP Continuing a.hc d:scussmn of the f&xmgﬂe, thref:», 1
& B s /j IV __/’ f Zf, ~layéred wiriter ocean, Figure 8 shows a diagrammatxc“ !
B VA T A | L« B B A e sketch of a north-south pmfx!e :hmugh the North J
"'D"_Qc,e Voo b4 by R B === Atlantic, The relatively warm surfiice layer is roughly 2}
SALINITY "% : g ‘Ims-sﬁapad in profile, being deﬁepest in mid-latitndes. 1
l;‘uwn 2 I'I:eu of pemperatire, sahm!%, .md pressurs o The gherm@dme‘ 100, is di.t’fpi?st and thmke&t in mxd« e }

g ens:s)' i o

fatitudes, and it *mex’ccpts the surface in a narrow
: ‘ band, just beyond the poleward limit of the warm
surrmmdmg water, Bms,agj nwma&es when the sal- smfaca Jayer. In latitudes higher than about. 50°
inity or pressure increases, but it decreases when the the entire water column is relatw&iy cold, and this
water. expm:ds with inaeasing tmn?emmre When water is continuous wnh the cold deep layer that
these propertics are known, the density can be deter- madf:r}ze:‘s the ther mm'}sm, further south, «
mined readily from standard tables such as those of To a certain de_gree:, the distribution of the three

primary layers is in &gm«cmfem with the previous.

<

oCeanogr aphic stumes;'l CIPEratune ; and mlmny are. dent that the hqm» do not achieve s:&mpkme stability,

the factors q.rdamriiy considered, am’é in most m:s(‘:s, velse they would he 'hmzad at all laritudes from the

wmp&ramm is more important. : cquator o the p{;a{s ami with umfarm fhu,k ness. One
- Water masses of different density tend to arramgc} “of the mam reasons for thislack of umiﬂvrzmsy is the

thf*maelws in more or less hamoma, strata with the  variation in temperature and amount of solar m«d;a{

hghmst water at the mrfare .fmd the most densc water  tion at mﬁ’ermt iautude‘e. In thee tropics the water is

S Leﬂ’wwa e el B e O
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THE PRIMARY SUBDIVISIONS 58

face, gradually f:cm{mg as it 1pprmmhes ingh lati-
tudes, As the warm surface water is drained off from

the tropics it is replaced by underlying cold water

-~ that flows in undemeath from the polar regions.

Thus it is apg:sarent that the deep water laver of all
the oceans js ultimately derived from high Tatitudes

~and has much the same characteristics of. wzﬂmziv and

temperature as the surface waters of ﬁm&e regions,
Ata latitude of about 50° North is a zone, plC*
tured daagmmmancally in Fxgum 8, where there is

“a considerable amount of mixing imfweeﬁ arctic
water and the warmer water from the south, It is a

confused region, h}dmgraphmaﬂy speakmg, with

- much e&tﬁy muvemem between masses of water of
conirasting tempuamm and sahmzy, so that some-

‘times the warmer waier near the ssm‘facﬁ overlies the
mkiu‘ %awr arzd sometimes the co%cier water overlics
the vmmaﬁr ‘%ater ’l‘hc surface water mmed 16 this

regmn fmm thc tropicy xs more mhm: than zhc polay
water, As it geis colder in. high latitudes it bﬁmmes‘ ‘

dense enough to sink and become part of the main

44444

 thermocline, At the po;m; of sinking the surre inding
 surface water converges to take its place. Because of

 this characteristic, the region aroind 50° North is
 called the subarctic conveigence (a similar zone in
. the Smaihcm }iumsphm ¢ iy kmwn as the subanm

lic conver, geﬂm} In the thmm:xﬁmz: as in the dwp

iavpr, there 15 a slow drift of water from its pmm of
“)ngm in h:gh iazztudm icw&m the tmpxs:&. , :
‘The basic vertical teniper. ature structure and the
. gireulation of the ocean have been descrﬁwd ag phe-
. nomena of hcaungand cm}}mg and of water mave-
L »mmm' produced b
1  that this basic piciure is mgﬂ;ﬁeﬁ by anum-

these ehanges ift aemxtv‘ It wili

ber of i’zzcwm, in pmmﬁar by the winds, by the

j'eamhs rotaticn, by ﬂw configuration of the ocean
_ basins, and by the seasons. These facrors will be con-
- siden eei Em‘thm* in the appropriai~ places. In the
meantithe, the review of the temperature structure is|
‘ ummary of pmmgai zmgﬁsranm:s;f
/ .and an. examnmusﬁ of some of the t*cmg}emwre ab-‘

mx;m‘s md w;ﬁ:

-*ssrm:mm that have been. tnade.

From the. standpoint of é‘:ubsufﬁiﬂﬂf warfare the

-afoz"cmem;mw& weneraix?atmns conéerning the dis-

. tribution of the. “three gmmary thermal layers may
- be roughly summmzed as follows:

1, In winter bi‘:VOﬂd a latitude of about 58° iun

‘mid-ocean, and again in midlatitudes, the water

will be virtually isothermal down 1o the lower limit

- “of submarine oper ation.

 deeprsea reversing thermometer, Pairs

2. The main thermecimc approaches ﬁae surf'we in
the equatorial region, becmmng shallow enough: to

affect submarine Opemueu iy shertening the range

on a submarine that is submerged below the isother-
mal layer. The same is true near the edge of surface
currents, such as- the Guif Stream, that t transport

:ﬂ;:nr*ii waier to higher latitudes, Theth ;f:};a&;észm R
the mixed iaf er in shﬁ central basins of the oCeans.

and the ihmmng at the pempherv are larg gely the re-
sult of the wind s;}«sigmfs of the carth, whmﬁ predm:e
surface currents in the ocean, érwng the water in a

great, ez:!dy in mid-datitudes in each ocean and tend-
ing to concentrate the wann. surface layer in mid-

ocean, Th& %ﬁ‘ms of zh»w wind-dri wven eddics is to im-

prove sound ranges in the middle of the basins and

vodiice ther at thi periphery.

8. In the sn%apniar conyergences, where the warm

water and che misi water are in close cmmct, ﬁiﬁ Con

ditions ave mmhk. wmeumu positive t«:mg}emmm
gradients, same&mms negat*% tempemmre grudmm’a'

am encaunterei!

Fﬁﬂ@%"ﬁﬁg‘ this %Emzah of the mrtam& tempemmm, '
'cixsmbumm in a somewhat dxagmmma;:c and ideal-
ized ocean isa samp}é of the ebservations from which

- this sﬁmpiﬂ pxamw has hee:x dﬂm

d
msmxmem of: physxmi ocea nagmy_y‘

ments are u.«,ualfy Towered. 1In series. c:m

closes, securing a mm;:ie of "wa&«zr from the: same

‘ (i@;ﬁh Thus, an meamgrapim station, as it is ca H»ec:i :

consists of “pairs of temperature i‘t?’édmg%. usuaﬂy at

,;gpgm;yimmﬁiv 100-mcter (850 fect) depth intervals

and a water sample fmm cach éepth which is ana-

Eym:i Is}r Ssﬁi*!iw zwd of ien for mrmua &ﬂmh u:i whal ;
stances 8§ weﬂ

By usmg ik
pairs it is possible to overcome the difficulty that is
catsed by the current or the drift of the vesiel W%mh
ardinarily prevent the wire supporting the instru.

ment from hmagmg vertically. In each pair of theér-
mometers one is protected by a gi.am case from the

pressure of the water. Because of the mmpxessxbmsy
of the ﬁiasa of the unprotected instrument, it will

record 3 somewimx; h:giw temperature than the pro-
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The standard
has been the
fthese instru-
& wire cable,
- the thermometers: %»:.,mg atmc&ae{% toa Arame | known

as awater-bottle. The mechanism js tripped by
,memngw sent down on the eable, shich causes the
thmnnmesm; 10 turn upsnﬁc dawsx, %areﬁ:mg the -
b mf:z’mry eolumn so that it recordy zhe temperature at

the depth of rewrﬁai At the same time the bﬂtﬂe_ﬂ
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i
£

rM

b oelasmoi o hedn e o ¥

s st et

RO

, > R -
b basr g et o st e S e S omE R
i LA i oy



S

il

(e
%
G

Sy

e

THE OCEANS

a0 THE BASIC VERTICAL THERMAL STRUCTURE OF
2SR50
'S!‘l/illlex;l';r
1000
- ’g A = =
Lt
¥ 3000 E
£ 5000 .
&4
[
o
o 55°N 44°W
, 9LI93
To001 2 53°N 44w | 7
} ti)ﬁi.i%ﬁ
a 58°n 35%W
¥ z 14JL,1935 |
;a)‘»i,\six4g11';z‘xx\ia;nz

I'mmw 4, imaperammdﬁpﬁ: crrves fm fu,g.,!s medm
in winter. Ll 5 ;

tected instrument with which it is paired. From the

- differences in wadmg of the two

- depth can be caleulated with a v,s
gree of awm‘aey

~ When good (}uahty deep-seca rwerszgw ﬁ‘%t’i‘il%ﬂﬂi*
 cters are used at sufficiently close depth intervals and

“the depths have been corrected for the rhz‘mgmg

»angic of the 51@9;}0)‘%&&@‘ w:x*r;, cable, a smooth ::une;
jmmng &he abserved ;msms ona s*mgmmtm&dapth

plot gives a reliable. pictire uf the major features of
the vertical thermal structure at the station in ques-
tion. anﬁrnmatfﬁy, in the p‘asi it has not always
been possible to use reversing zhemuameif.ﬁ at suffi-

‘uamig» close dc:pth :;ttarmiﬁ, gspu"m}iv near t!w,
- has a salinity close to 84.8 9/, and water of such 2

,Vsa};mw is ot §mmd at the surlace over Wifie areas in \
winter where the tempermure Fﬂ!a to nmch below

surface.
ons. admnmges, in its standard form it records ihe

[l thermore, the ?wm izontal disty zbuzxﬂn of BT observa-
: tions is as yot inadequate. Therefore, many of the
temp&:muzmdepm curves given below are primarily
bmed onrev emng ifier mﬁmemr obscrvations, but are

;ﬁ‘ Wﬁﬁ’iﬁ%}z&“ﬁl\ﬁ&mmmw i s Vg S e

50 dmml as to agree near the surface with the amxl ;
instruments: the ;
yi, s‘ausfacmry dc» ‘

Hia a

indeed e&xﬁmgaa}iy isothermal, Sur face. zunpa,mturm

- ‘While the brzéiryéhwmaqmizh {E i} has very ﬁbv:- :

mmp{mmm down 10 depth of only 450 feer. Fur. ,

Rh*ﬂ RE{LT?D
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able §§i ddm fron the area it ameman

H gh La&mdeg

Umiﬁrmnateh wry tow d@im are J%’a!k&biﬁ: fyom
high latitudes i in ‘midwinter. Some of these are p}ai-
ted in Figute 4 and show that the water column is

close to 52 ¥ are frequently. wwumewd in the open
ocean, and cven lower close 10 the land. But what
{m*mq the bottom water in low latitudes is not the
coldest water pn"ozixxa‘eci each winter m::sr the surface
in high latitudes, butthe densest. T ‘his is waier which

%56&

512 M’zﬁ%amuﬁe@

Many winter stations have been ﬂccupam} near the
(emc:s of the gzum wmc‘»cin\ en eddies, A sclection
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~ is shown in Figure 5. It will be seen that the miauvelv
warm, isothermal surface layer extends down to-
~ about 1,000 or 1,500 feet. The miin zhermmime, in
4 wiuch temperature dc«:raase*; by about 28 ¥ occuples
o othe ﬁﬁ?ﬁifnbﬁf%&’@&ﬁ ag}pmxsm:}te}y 1,000 feet and
e b{}(} f’ew while below in the deep water iemperas

, s&um m‘ﬁ%uis&i
50° 40° 30° g0°

15000

Ficre 7. Nort'-south iemperature-depth profile in mid-Atlantic in wintér

o

RESTRICTED S

‘ aof zhe main thermoeli

Rl m B g

 THE PRIMARY sﬁmnv}sﬁim‘ e S A

ture decreases at a fzurly umfm m rate of about i I"”

per 1,000 feet,
Bad Tropics

Fzgnm 6 shows scve:‘ai saatums fmm low latitndes.
It will be secn that in the trapics the lower limit of

the main thermocline is-at about 2,160 mei, some;
i 5%{} fect less than in mid- L‘lﬂlmdf‘s and :hat it ex-

tends up 1o within about 300 feet of the surface, Be-
cause of the higher surfaae &ampemmres the total
tempfs.amﬂe drop DEYOSS, %w main thermocline’ is

about 15 ¥ greater than i in mid- iamudes, The rate of

decrease. of &mp{fraturﬁ wst%‘a depth is also much

greater, espermiiy in the uppsr third of the main

thermocline. As pointed out above, hmmx% of the

small seasonal range in sufoice temperature in the

tropics, summer observations wotld show much the
satne tempcmtuw dgygh dmr:b&tmﬁ“

514 N@ﬂhﬂ%@mﬁ ’i"&m?&mmmnﬁ}@p&
: E’mﬁﬁe in Mid-Ocean

‘reconstruct the surface iawm Thxs

gﬁz of. the main
currents ‘which an!y @i}ghﬁy cﬁim* the averagﬁ ciepth

In Figure 7 ihc avea;idbi d,a a’; .,fm'm tifm I}é}m‘m and
ﬁé@ﬁ%‘?ﬁ LA"W?H@&

o mﬁ 30 4}:- 59 sa-

- ; RN (e smie i e F A g

: Unfm mmmﬁ it is ampasssble to «ehaw th herm'ﬁ:
. structure of any {}i’ the oceans in north-south profile
* based on nudwmmr acmnﬂgmphm stations alone. It
~ is necessary to combine siations ‘made at crhﬁ"ereent; .
~ seasons of the year and to rely largely on BT data to
is justified b&ﬁaus& <
i b&:}aw the ds'gnh of wmd-mmﬂ&, seasonal tempera-
“tare. changes are rcias;vd} smail and result mainly
i fmm seasonal ch@nges in the stren
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q\"'imf: mark% 0&? appwmmm}v ﬁm hmaza éi; tha: m’;m
me*mudpw &*i&i aﬁ%e position of the suh;m%&r con-
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bemh Aldzmc haw been combined into a mxd -0cean
profile. In both hemispheres winter conditions are
shown. In other words, scuth of the equator the tem-
peratures near the surface are typical of the July-
August period. It will be seen that the Southern
Hcmisphere haif of the section is essentially a mirror
image of the northern half and that both are in agree-
ment with tiw more dmgr anunatic %aguac 3, dlsuss.acd
above, \

~ Such g!{impks as h%& i‘){;%:i’ ‘made to construct
similar north-south pmﬁies of the other oceans all
show the same basic subdwssamw a deep mass of rel-
' md} cold water, h%mg but a slight and mzarlv

 uniform degrease of temperature with ¢ depth; a main’
ihm‘mmime at nmi «depths, except in hzgh latitudes;

and aﬁmvﬁc the main ihcmmch;m in winter a layer of.
wiamfe}y warm water of varying thickness in which
there is virtually no mmpem@ura* dx.aszg,,e w:zh d&pth.

gL @@@gmgmgmi “’%fm'mu@m @f ﬁ%w
Pmmm*y anm

i }sxgwﬁ 10 which is for June, §uiv, and August. A
“precise definition of Ea;«w dcpm is difficult, but it is
mzm}iy the dt’:plh to the miost prominent break in the

E pmsaxeai ﬁmdg&mi

tmm;xmt suT .,z
 ning out’ the “warm surfa.::ﬁ layer ] hat the, thermo-
 cline and deep water iawr are drawn ‘up near the
- surface, Tlhis p rocess 15 known ag: u};wdlwg, and

in ¥ € : ”imw«; z&w é.vemfm L.ym‘ :
é&pth dvmng Hacemiwr, fanu:&rg, and F@hm;uy, and

‘cmptmtzm dcpﬂ; curve. This is commonly at the
top of the seasonal thermocline, if present; otherwise,
at the top of the main thermocline. The charts for
the winier season (Figurc 9, Northern Hemisphere;
Figure 10, Southern) show the geagmpiucai details of
some of the features that have aimady heen men-
tioned: a mixed | ‘ayew of 300 feet or more in each of
the central basing ih mi latitudes, # shallower layer
toward the contincnts on each side and 1oward the
equamr However, as. there is no marked change in
layer depth in the region of the sub;miax‘ converg-
ences, the sonar charts shmv htrla mfidfme of this
phenomenon,

in the part of the ghamﬁ depicting the summer -
season layer daptm are, of £ourse, shai%mwey hecause
of seasonal warming of the sw{am waters, and the
charis no. longer show the p«mtmn of the main &hcz*-;
‘macline. Discussion of this | part of the charts is post-
poned mm% ihe wammi igzmgmamre wdf: lms been
described,

The lower pﬁn af ti*ae main thcmwdme zmd the
\un&m‘hmw deep water are of less interest from the
,than ii&e mi‘fam myer. Hnw

gx‘; o ‘e‘}m tempemmm»é&pﬁa cuwe T

= E;-eiwm s?m mkﬁﬁiﬂ of the main thermoclineand the.

. At no pﬁam is. tbﬁm g Qhaxp bﬁ:ﬁeé&: whem :
nds and the sther. %x:gm&s Bust for pmmcai

ip‘%ﬁﬁp{ﬁﬂs the lower limit of the main thermocline can

%}e %i At ga t&z‘x&g}emmu ai a%mm %2 Fe heiew - whie ci

V . @Quaﬁﬁrmi z*itgm@v; ihe deiﬁth of ’:ﬂ‘é«e %i{i&’gma
ihﬂrm is. gemfaﬁ} aimm 2,000 §¢'&£»&, amgmxgh ina

mim ”&'ﬁmy fmm &hc Lmd mm« :

- where ”mcmi& toa pronounced nlﬁga’ee, the «ﬂ-{iﬁgrce ,
fmthcrm'mmf rise to wzthm 800 feet of the surface,

To the north and sonth of ¢ equator ti‘w 4i-
dgzgree isotherm s}ﬁpeg downward (‘rvac‘nﬁg ite great.
est depths, 8,600 o 4,000 f&i*i, in the central basing in
mrid-Jatitudes. It shoals: toward the’ persphery of the
wind-driven eddies and comes to the surface in
baghwr iﬁmuﬁm in the suh;m!ar c()iwergreemm.

"‘RﬁfiTR i&fx’rm
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52 DIURNAL AND SEASONAL CHANGES

541 Heat Fxchange at the Sca Surface

Since the temperature of the earth as a whole is not
changing appreciably, it is clear that the total
amount of heat received from the sun must exactly
equal the amount lost by radiation back into space.
But though the total heat budget must always bal-
ance, the solar radiation and the loss of heat by radia-
tion from the surface (called back radiation) at any

one place and time seldom do. At any given place

and time the surface of the planet is cither warming

or cooling, Local variations notwithstanding, the in.

tensity of solar radiation is largely a function of lati-
tude and season, and the difference in temperature
between the tmpics and the poles would be much
greater than it is if it weve not for the relatively frec
circulation of the atm(}sphere and the oceans, This
canses the }argc-smle\ transfer of water mentioned

carlier, and Iocaily it gives rise to convection currents.

and largely controls the immediate dem}s oi the sur-
face layer.
Since the surface of the sea is an xmcrhc& beiween

air and water, the heat exchange involves other fac-
tors besides radiztion. Conduction may be in either

direction é@pendmg on whether air or water is
Warmer. ﬁvapcmueﬁ (aﬂd its opposite, condensa-
tion} and . pmczpzmmn affect not only temperature
but saimuy as well, and so influence the density of the

water in two ways. In the ease of evaporation, the two
factors always work fogether; ev ap&mn@sﬁ makes the

water denser both by cooling it and by i increasing its

‘salinity. ?recxpimtma, on the other hand, always
makes the water fresher, and so tends to make it less

: e:keme, huf it may either warm or cool it according to
 the temperature of the rain. Figure 11 shows a h&zhy-. :

thermaogram taken a few hours after a hefavy rain.

Here the rain was ewdamiy colder than the sea and

there is a strong gmsmw wemperature gmdwm be-
ween the layer of cqmﬁ fresh, rain-diluted water amti

~ the warm, daity water ms&%:memh :
Of the processes just mentioned all but solar mdm _

tion mﬂufmw dnwti} cml} the surface film, In the

absence of mixing, only conduction and diffusion,
which are rﬂatmﬁv ineflective, can carry downward

the changed wz*fmze a@ﬁxdaimm S@%ax* radiation, how-
ever, his some gmm«e; of penetration. The depth of
g}ene&m-,wn varies with the wave length of the radia-
tion, being greatest in the visible part of the spec-
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Figure 1, is‘m;vmcrm%mm ﬁhumng positive iemperi-
ware gradient at the surfare due to tain,

trum 4nd much Jess for infrared and ultraviolet rays.
In general, for any water o uniform transparency
the rate of absorption for any pammlar wave length
will be constant; that is, if a certain per cent of the
entire amount of energy of that wave length is al-
sorbed in the first inch of depth, the same per «at of
the remaining energy will be abmﬂ}ed in the second
inch, and so on. This characteristic is illugtrated in
Figure 12, in which the percentage of light pene-
tration is plotted on a logarithmic $m3£ against
depth. The fact that the data for each kind of water
follow very nearly a straight line is Jindicative of a
constant rate of absorption. Light penetration de-
pends to a large dr&grec on the transparency of the
water. Pure water is hzgﬁﬁy transparent, but the sea

_ismoxe or less turbid; it containg opague particles in

suspension that absorb almost aii the radiation that

‘strikes them. Henee Figure 12 shows a g}eater dapi‘h
of light penetration in the clear waiers of the ceritral

Adlantic than in the more torbid coastal waters,
Sinee heat is produced when radiant energy is ab-

sorbed, the data on light absorption give an idea of

the gmmm characteristics of surface heating.. How-

ever, it is important to note that by far the most sig-

nificant part of surface heating is &cmmphsht*d not
by visibie light but by infrared radiation, which has

Hess power of penetration and a much in;,her .:bsmp

tion rate. Thus, if ‘abu}rptmn curves for infrared
radiation were shown in Figure 12 (which is for
visible light enly) they would be much more nearly
horizontal, and would cross, say, the 50 per cent line

only a few fret below the surface even in the clearest
water, Further, it is obvious that the absorption curve
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34 THE BASC VERTICAL TBERMAL STRUCTURE OF THE OCEANS

PERGENTAGE OF SURFAGE LIGHT
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Froune 2. Absorption of visible light by sea water.

for toral incideny solar energy will not be linear, since
it combines all wave lengths present. Fi igure 13 shows
the absorption of tet=! solar energy as computed for
several differeut xinds of ocean water. In the absence
of convection or turbnlent mixing the temperature
gradient produced by solar heating can be expected
approximately 1o follow such an ahmrpzmn curve.
The heating will be greatest at the surface and will
decrease rapidly with dept!  ‘The maximum depih

at which a measurable increase in water temperaiure .

oceurs will be perhaps 10 to 30 feet,

This situation is nearly always modified by vertical
mixing which tends to distribuze the heated surface
water downward. Thus the observed temperature
increase at the surface is less than would be predicted
according o radiztion measurements, and the in-
creage at lower depths is greater, Indeed in 70 or 80
per cent of the observations that have been made,
vertical miiing has been sufficient to distribute heat
completely uniformly, so that there is no observable
temperature gradient.

DurnaL WarmNG

The daily variation in the temperature of the
superficial layer of water that occurs as a result of
heating during the day and cooling at night is known
as diurnal warming, An example of the kind of di-
urnal warming that ocenrs during calin weather is

- was destroyed. E

PERCENTAGE OF TOTAL IHCIDENT SOLAR ENERGY
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Fioure 13 Absorption by sey water of total incident solar
energy.

shown by the series of bathythermograns in Figure
14. In the carly morning the temperature of the water
was essentially uniform. During the middic of the
morning surface heating became strong enough o
create a slight negative gradient in the upper few
fect. Heating progressed during the day, and the
mgame gradient reached its maximum develop-
ment in the late afternoon. Then copling processes
and vertical mixing gained the upper hand produc-

‘ing a shallow mixed layer which appz;m:m!y deep-

ened z!urmg the mgm until the negative gradient
Early the following morning the water
column was again essentially isothernial except for a
slight positive temperature gradient at the surface.
The latter occasionaily happers when surface cool-
ing is pronounced and the weather iz calm, '

Figure 15 shows a similar series of bathythermo-
grams taken during a 2-day period. The general fea-
tures of diurnal warming are similar to those previ-
ously shown, but the figure serves o illustrate minor
variations in the form of the negative gradient and
the depth of heating wcb a5 are commonly en-
countered.

Somectimes during very c.alm weather the negative
gradient formed durmg the daytime is not com-
pletely destroyed at night. Then the next day’s sur-
face neating is superimposed on the residual gradient
from the previous day. Figure 16 shows an example
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Foure 11, Bathythermograms illustrating diurnal wariiing.
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Frovre 17, Bathy thermograms iHustrating diurnal warming,
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36 . THE BASIC VERTICAL THERMAL STRUCTURE OF THE OCEANS

of the very strong temperature gradients that cau
vesult from such a situation. Vertical mixing is re-
duced to a minimum, par:ly because of calm weather,
and also hecause turbulence decreases with increas-
ing stability. These temperature curves therefore ap-
proximate very closely the theeretical curve for the
penetration of solar radiation.

By contrast, Figure 17 shows a series of bathyther-
miograins taken on a day when there was a gentle to
moderate breeze which maintained a shallow mixed
layer separated from the main body of isothermal
water below by a small thermocline. With still
stronger winds the mixed layer would extend decper,
and generally when the wind force is 4 (Beaufort) or
more, the downward distribution of heat takes place
rapidly enough to prevent the formation of shallow
negative gradients,

Smail amounts of diurnal warming oceur fre-
quently with little or no effect on sonar performance.
However, the establishment of negative gradients at
or slightly below projector level can cause marked
reduction of echio ranges. The amount that the range
is reduced depends not only on the total decrease in
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257 OBSERVATIONS

PERCENTAGE OF PERISCOPE-DEPTH PANGES LESS
8 3

s;m CHAERAVATIONS

Fioure 18, Dinrnal frequency of reduced rapges in vasi-
0us areas.

temperature in the water above target depth, but also
on the form of the temperature-depih curve. In gen-
cral, however, a temperature difference of 0.4 ¥ or
more between the surface and 30 fect will seriously
reduce the range, and this has been chosen as a defini-
tive value in the Navy manuals.

From the standpeint of subsurface warfave it is
important 16 know under what conditions range re-
duction can be expected. Since dinrnal warming is
most pronounced in e afternoon, it is expected
that range reduction will be most frequent at that
time, This is iHustrated in Figure 18, which shows the
percentage of periscope depth ranges less than 1,500
yards determined by the prediction rules used for the
Sonar Charts. According to these rules, a temperature
decrease of about 0.4 Fahrenheit in the top 50 fect of
the ocean reduces the periscope-depth runge to less
than 1,500 yards. To compute the data required for
Figure 18, all the available bathythermograms have
been used for eight oceanic areas, whose positions are
charted in Figure 19. The maximum frequency of
short ranges occurs at about 1600 local time in all
the arcas, and the minimum frequency is at night.
There are also geographic variations in the fre-
quency distributions, short ranges being more com-
mon in coastal waters than in deep oceanic areas in
the same latitude, and more common in high and
mid-latitudes than in Jow. The frequency of range
reduction is also greater in summer than in winter,
and the difference is more pronounced in the higher
latitudes, where there is a well-defined seasonal
climatic cycle, than in the tropics where the weather
is more uniform throughout the year,

A complete analysis of diurnal heating would re-

quire consideration of all the processes of heating.

and cooling at the sea surface. The variability of
these pragesses depends on Tocal weather and climatic
)
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Fioure 19, Positions of areas used in Figure 18,
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DIURNAL AND SEASONAL CHANGES a7

TEMPERATURE DECREASE O 7O 30 FEET
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g Frouvee 20, Effect of wind on diurnal wanming,
! factors; hence these factors can be nsed to predict using the average cloud coverage and the average

diurnal heating. The variables which appear to be
most significant are the noon altitude of the sun,
wind force, the degree of cloud coverage, the differ-
ence in temperature l)f:twgg& air and water, and the
humidity of the air,

Tu the spring of 1942 a 25-day study?® of solar heat-
ing was made in the Gulf of Mexico. Hourly BT

lowerings were made during all this period and de- oo ;

4 tailed meteorological records were kept. The prin- ;

cipal conclusions drawn fmm these data can be sum- 10w -9 :

: marized as follows: a _% Ja %f i
2 1. During spring in the Gull of Mevlco the etfect S “150 >
L of the wind on the downward penetration of heat can ] <70 &
’ be plotted as in Figure 20. This diagram shows the 7 u% =100+ B &
t gmgam ¢ temperature difference to be expected as the o ~504+ 7 Jal
; wind sircugth and the heat balance vary. eri o 480 o
2. At the time these observations were being car- 8 R 0T & das <
ried out, a negative gradient of 0.3 degree was con- 2 50-- o a
¢ sidered critical, To pmdua such a gradient with a e 2 Sk %
; force 4 wind the excess incoming heat, between the 3 Ehy Ipes 26 i
: hours of 0800 and 1160, must exceed 200 calories per U, 1804 B i &
square centimeter, With a force 3 wind the minimum 2 "z g 10 B

1 heat value is 110 and with a force 2 wind it is 100. T 200+ = LR :
i 2 : : Ire o de0 B

: 8. On no day was the residual heat sufficient to z 250-L ¥ 3

{ produce the critical temperature gradient with a Ofi- q-10 1 :

,“ force 5 wind. 300-- B TR !
] 4. The heat balance can be calculated from hourly . 2‘__‘ %g
-3 X

meteorological observations made during the morn-
ing, or it can be estimated with somesvhat less accu-
racy frem such a nomogram as shown in Figure 21,

SRS

difference in temperature between the air and the
water during the morning.

5. On only two days did the morning observations
fail to forccast the afternoon temperature gradients
as well as could be known by computing the heat
balance for the whole day. On these exceptional days

Froure 21, Nomogram for determining heat balance in
the Gulf of Mexico,
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THE BASIC VERTICAL THERMAL STRUCTURE OF THE OCEANS
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Ficure 22" Temperature-depth curves from a Pacific

weather station ithustrating diurnal warming.

overcast skies in the morning changed to clear in the
afternoon.

Similar series of bathythermograms have been
taken at a weather patrol station in the northeastern
Pacific (40°N, 150°W). They serve to show several
additional characteristics of diurnal warming which
should be included in the present discussion. Twen-
ty-four daily series of bathythermograms were ana-
lyzed. Each serigs consisted of observations covering
the period from 0600 to 2000 local time, plus at least
one from the following morning. In each case the first
observations showed cither completely isothermal
water or isothermal water underlying a slight posi-
tive gradient. Then there developed at the surface a

negative gradient which sometimes reached a depth
of nearly 50 feet. By the following morning this had
completely disappeared and the water was once more
isothermal or slightly cooler at the surface. For each
series the temperature was measured at 5-foot depth
intervals and plotted in Figure 22 as the average dif-
ference between the temperature at each depth and
the temperature at 50 feet. ‘Thus an average picture
is obtained of the amount of heating and cooling
over a period of several days.,

Figure 23 piresents the same measurements in a
different way. Here the average increase in tempera-
ture above that at the 50-foot depth is plotted against
time, for each 5-foot level. ‘T'his makes it possible to
compare casily the amount and rate of temperature
increase at different depths. The figure shows that the
greater the depth, the later the hour when the water
reaches its maximum temperature. This is because at
any considerable distance below the surface the gain
in heat is not so much from absorption of radiant
energy as from dewnward conduction by vertical
eddy motion, which takes place increasingly slowly
at greater depths and causes a progressive-lag in the
rate of heating,

Thus far the discussion has largely centered
around the simplest cases of diurnal warming, in
which the negative gradient represents the cffects of
I day's heating. From the practical standpoint, how-
ever, it is important to consider all cases of surface
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