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SOUND TRANSMISSION IN SEA WATER
CHAPTER I

INTRODUCTION

During the last 20 years or more commercial and naval ships have made increasing use
of a varlety of instruments iIn which the transmlsslion of sound in sea water plays an im-
portant part. Throughout this development the englineers and physicists have devoted
most of their attentlon to the instruments, both sending and receiving units, for from
the beginning it seemed likely that through improvements in design and construction very
great gains would result in the usefulness of such equipment. This has proved to be the
case, and the Instruments have now reached a high state of technical perfection, yet from
the standpoint of naval tactics the great fluctuations in the effective range of some
types of underwater sound equipment has been disappointing.

While improvements in oscillators or projectors (sending elements) and hydrophones
(receiving elements) still continue, it now seems clear that one important part of the
problem, namely the role played by the sea water, has perhaps received too little atten-
tion. Especially when sound must travel horlzontally and near the surface, the distribu-
tion of temperature and dlssolved salts at depths of less than 100 fathoms determines the
range. At some seasons and In some areas these and other physical characteristics of the
water can be very favorable to lateral sound trensmission, and at other times or in other

regions the reverse may be the case.

One result 1s that i1t has been difficult to make a reliable comparison of the per-
formance of different types of equipment. Another is that full confidence cannot be
rlaced in supersonlc methods of detecting submarines, unless the sound transmitting
qualities of the water are known to be good. This report is an a ttempt to summarize ex-
isting knowledge in a manner which willl throw light on these difficulties, and also to ex-
plore therproblem in such a way as to provide a basis for future investigations. Special
attention will be given to the possibllity of predicting the effective range of super-

sonle signaling methods .In varlous parts of the ocean and at various seasons.

In studylng the transmission of sound in sea water two fislds of science must be
utilized, physics and@ oceanography. The physics of the.problem is relatively well mown,
but the oceanographic factors seem, untll now, to have been generally overlooked. Thus
in this preliminary report the latter will be emphasized. In order to round out the dis-
cussion & brlef summary of the development and uses of the various types of sound equip-

ment has been included.
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DEVELOPMENT OF THE ART OF SUBMARINE SIGNALING

1. HISTORICAL BACKGROUND

Leonardo da Vinei (1452-1519) knew that water was a particularly good conductor of
sound. He recorded the fact that ships could be heard "at a great distance™ by usé of a
trumpet-shaped tube, one end of the tube belng placed in the water and the other held to

his ear. Presumably the sound heard was the splash of galley oars.

To signal between boats, the native fishermen in Ceylon produce a sharp sound by
striking an earthenware pot, known as a "chatty", held underwater. This sound can be

heard at considerable distances by placling the ear against the hull of the boat.

In 1826 J. D. Colladon and J. K. F, Sturm made the first rellable measurement of the
speed of sound in water In ILake Geneva. They used a 140 1b. church bell, held 10 ft. un-
der water and struck with a hammer, as a sound source. The flash from a charge of gun-
powder which exploded when the bell was struck, signaled the instant of origin of the
sound. The detector was a large ear trumpet held with one end in the water. They were
able to signel to distances of 14000 yards in water which averaged 70 fathoms in depth.
In 1841 Colladon repeated his experliment using a very much heavier church bell, and could
st1ll detect the sound at a distance of 35000 yards. He stated that the use of sultable
equipment would permit ranges of several hundred'kilometers under favorable conditions.,

He was thus the first to recognize and clearly polnt out the possibility of practical use

of underwater sound slignallng.

In 1888 M. Banare published "ILes Collisions en Mer™ in which he discussed fully the
status of underwater sound technique. He developed an underwater microphone and gave a
method for using the sound shadow of the ship to determine the bearing of the sound
source. At about this time several Brltish and Germen investigators mede étudies on un-
derwater sound but none of them developed apparatus sultable for practical us&. By 1898
it was evident that submarine signaling was feasible, but the apparatus which would make
it commercially avallable had not been perfected.

2. EARLY DEVELOPMENTS

Starting in 1898 A, J. Mundy and E. Gray, later joined by J. B. Mlllet to form the
Submarine Signal Company, deyeloped a system which could be adapted to commercial use.
In this system, the sound from a submerged bell could be heard at a considerable distance
by means of a submerged microphone, but the microﬁhones could only be used when cast
overboard from & motionless vessel iIn a calm sea. TFollowling this, Gray mounted the micro-
phones in & fish-like housing and obtained satisfactory performance while towing it be-

hind a moving ship.



!ipfgg ment was Introduced by Gray and Mundy in 1902. It consisted of
placing the mierophones In water filled tanks bullt Inside the hull well below the water
1ine so that the hull formed one side of the tank. When such tanks were placed on both
sides of the hull it was posslble to determine the approximate bearing of the sound
source. Specially designed submarine bells were constructed for use on lightships, the —
first being installed on TLlghtshlp No. 54 1n Boston Harbor in 1803. The service given by
this bell proved so valualle an aid to navigation under conditions of poor visibility that
within a few years the system was adopted on many important lightships of the United
States and 2lso in other parts of the world. This system was installed on a number of
naval vessels for signaling purposes, but the bell was not a particularly suitable instru-

ment for sending signals in Morse code.

Many other investigators sought to find sound generators more suitable for sending
Morse code. Water sirens, both the rotor and the oscillator type, were tried. wWater-
blown orgen pipes and large underwater electromagnetic telephones were tested, all withw
out success.

3. THE FESSENDEN OSCILLATOR

In 1912 R. A. Fessenden of the Submarine Signal Company produced an electrodynamilc
oscillator which, in contrast with previous electromagnetic types, exerted great forces
on a diephragm on both the "push"™ and the "pull" phases of the cycle. Thls device greatly
increased the range of underwater sound signaling and permitted rapld transmission of
~Morse code. At the outbreak of war in 1914 1t became standard equipment for our sub-
marines and following the war 1t replaced the bells on many lightshlips, glving remarkable
improvement in range and quality of the signals emltted. The Fessenden osclllators used

in the United States had a frequency of 540 or 1050 cycles per second.
4. ECHO DEPTH SOUND

When suitable transmitters and receivers for underwater sound became available it
was a natural step to apply them for measuring the depth of water by timing echoes from

the ocean bottom.

In 1914 R. A. Fessenden tested his oscillator during the 1ce patrol cruise of the
Coast Guard cutter MIAMI, in an effor% to obtaln echoes from icebergs. He detected sig-
nals from the ocean Bottom, and the travel time of the echoes could be used to calculate
the depth of water. In later tests he was able to measure echoes from 3000 fathoms off

the Azores.

Following the world war development of echo sounding equipment was achieved by pro-
viding one of the Fessenden oscillators with an arrangement for accurately timing the
echoes. This development was largely due to H. G. Dorsey. Various other systems have

since been invented in Ameriea, France, Germany and Great Brltain, which are similar to
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this system in that they use sound in the audible range of freguencies (usually agout BOLEﬁE}
to 1000 cycles per second). They differ only in detalls of the methods for generating,

recelving and timing the sound waves.

In June 1922 the U.S.5. STEWART conducted an epoch-making test between Newport and
Gibraltar. While malntaining a constant speed of 15 knots she averaged 100 echo soundings
per day. A Fessenden type oscillator was used for transmitting sound signals and e Navy
Sonic Depth Finder, developed by H. C. Hayes, was used for timing the echoes. Depths as
great as 3200 fathoms were measured without difficulty. During November and December 1922
the U.S.S5. CORRY and the U.S.S. HULL made hydrographlc surveys from San Franeisco to Point
Descanso, Mexico, the results of which were shown on Hydrbgraphic O0ffice Chart No. 5194.
These voyages were of greatest sclentiflc interest and opened 2 new era in knowledge of

oceanlc depths.
5. HIGH FREQUENCY SOUND

The proposal to use supersonic waves (20,000 to 100,000 cycles per second) for sub-
marine signaling was put forward by an Englishman, B, Richardson. He pointed out that at
these frequencies 1t would be possible to produce directional beams of sound which could
be directed 1like the beam of a searchlight. To produce such a beam, elther the source of
sound 1tself or a suitably shaped reflector must have dimensions several times as large
as the wave length of sound used, and this is practical only when the waves are short.

Richardson was unable to produce a sultable generator for sounds of high frequency.

About 1915 two Frenchmen, P. Iangevin and M. Chilowsky, began experiments on produc-
tion of high frequency sound by means of the mechanical action between the plates of a
condenser, but this system could not be made to give sufficlent intensity for practical
use. The problem was simply one of transforming high frequency electrical oscillations
into mechanical oscillations, and it was solved when Langevin thought of using the plezo-
electric propertles of quartz. If plates cut from these crystels at sultable angles are
used &8s the lnsulator in a condenser and subjected to electric flelds, they undergo
changes in thiclmess. Conversely the same plates will generate electrlec charges on the
condenser if they are subjected to mechanical pressure. A "plezo-electric sandwich" was
constructed by placing a mosaic of thin quartz slabs between two plates of steel which
were used as the plates of a condenser. By sultable choice of thickness of quartz and
steel the resonant frequency of the "sandwich" could be given any desired value in the
supersonic range. In 1924 a device of this type, about 4 inches in diameter, mounted in
the hull of a ship with one steel plate in contact with the water gave a directional
sound beam with sufficient power to transmlt signals 4.9 miles, to obtaln echoes from
floating objects at 2200 yards, and to take soundings up to 245 fathoms. The same unit
was used as a transmitter of the sound beam and receiver for the echo. It was not qulckly

taken into general use because the apparatus appeared too complicated for use at sea.
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Rochelle salt crystals exhiblt the phenomena of piezo-electricity more strongly than

7

quartz and can be used to construct efficient sound projectors suitable for high fre-
quency operation. These projectors have the advantage that they can be made to work ef-
ficlently without taking advantage of mechanical resonance, which 1s necessary in the case

of quartz. Many of the projectors in use today are Rochelle-salt units.

Some of the projectors in use at present operate on the principle of magneto-
striction. When placed in a magnetic fleld, a magneto-strictive metal changes its dimen-
sions., High frequency changes in magnetic field, produced by high frequency electric

currents, are used to set nickel tubes or plates into vibration at supersonic frequencies.
6. SUBMARINE DETECTION

For several reasgons supersonlc waves are far more useful then sound of lower freguen-
¢y 1n detecting submarines. High frequency sound transmitters and detectors are strongly
directional In their action, and they are less disturbed By nolses origlnating in the ship
or in the movement of the ship through the water. PFurthermore a smaller target will serve
as an efficient reflector for supersonic waves than for those of audible frequencies.
Finally, when a supersonic detector is used In listenlng for sound generated by a sub-
marine, 1t exhibits the same directional propertles which 1t possesses in its application

in echo ranging.

When water condltions are sultable for effective transmission of sound, supersonic

methods are highly effective for submarine detection.

Supersonlc echo ranging has been used by submarines travelling below periscope depth
for determining both the bearing and the range of a target. For listening to sounds gen-
erated by the target, it 1s often preferable to use a detector sensitive to the super-
sonlc components of these sounds Instead of one designed to recelve the low frequency
components because the former can be made with far more directional sensitivity than the

latter.
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PHYSICS OF SOUND IN SEA WATER

l. THE SPEED OF SOUND IN SEA WATER
General Statement

The speed of sound in sea water depends on the temperature and composition of the
water. 1In general these quantitlies vary from tlme to time, from place to place, and with
the depth beneath the surface. Variatlons in the speed of sound play a most important
part in echo ranging and in other methods of signalling In which sound 1s transmltted hori-
zontally through sea water. Obviously changes In the speed of sound will cause changes in
the time required for & signal to travel between two given points, but in echo ranging
this effect is small and never serlous. The important point is that changes of velocity
with depth, even slight ones due to warming of the surface water on a bright calm day,
deflect the sound beam from the horizontal plane and may cause it to undershoot or over-
shoot the targét. These deflections of the sound beam are far more important than any

other factor in the horizontal range of underwater sound.

The increase in the speed of sound per foot increase In depth 1s called the vertleal
velocity gradient. It usually varles with depth. It 1s the factor whlch determines the
deflections of a sound beam, and 1t is therefore the most important property of the water

frem the viewpoint of echo ranging.
FPactors Which Determlne The Speed 0f Sound.

The speed of sound at any point in the ocean may be calculated if the temperature,
salinity and pressure of the water at that point are lmown. The temperature is determin-
od by lowering a sultable thermometer to the desired point. The salinity, which is de-
fined as the number of grams of salt in 1000 grams of sea water, can be determined chemi-
cally, electrically, or by use of a hydrometer, provided a sample of water from the point
in question is available. The pressure depends primarily on the depth beneath the sur-

face, and may readlly be calculated.

In echo ranging work, where depths greater than a few hundred feet are not involved,
the temperature is far more important than elther of the other factors 1n determining the
speed of sound. A temperature variation of only 0.1°F per hundred feet of depth can pro-
duce a marked influence on the range of a sonic beam, and changes many times larger than

this are commonly present.

The salinity of the water in the open ocean is reasonably constant and does not 1ln-
troduce serious changes in the speed of sound.  In coastal waters there are frequently
larger variations in salinity due to the presence of river water which has not become
thoroughly mixed with the sea water, but in nearly all situations thus far examined the

temperature exerts more influence than salinity in determining the speed of sound.



o R e 9
DECT:A;S_se!MEth Q’xanges caused by pressure &re not large because the depths involved in
echo ranging are slight. Although the pressure effect 1s small 1t is quite important in
cases where the temperature and sallnity are both constant, as in a thoroughly mixed sur-
face layer. It will be shown later that in such cases the rays of the sound beam are bent
upward into circles whose centers lle approximately 280,000 ft. or about 47 nautical mlles
above the surface. Thils sltuation is favorable for sound ranging, and meximum ranges will
be obtalned provided the mixed layer extends deep enough so that the lower rays of the

beam do not run out of it before recurving.

A1l three factors change the velocity in the same direction. An increase in tempera-
ture, sallnity, or pressure causes an Increase in the veldcity 6f sound. For purposes of
comparison the following list shows the changes in temperature or salinity which produce
velocity changes equal in magnitude to that caused by the effect of pressure alone:

' 19F in 76 fm at 320F
1°F in 61 fm at BOOF
1%F in 48 fm at 68OF
1l part per thousand salinity in 39 fm.

Calculation Of The Speed 0f Sound

The two graphs in Figure 1 may be used for computing the speed of sound in sea
water. The main part of this graph gives the speed in feet per second at zero depth and
at any desired temperature and salinity. The auxiliary graph gives the correction which

must be added to allow for the effect of pressure at a point beneath the surface.

In echo ranging work the vertical velocity gradient 1s more important than the
velocity itself. It 1s most convenlently computed from the gradlents of salinity and

temperature. The salinity gradient is the rate of increase of salinity with depth, in

parts per thousand ( 0/oo) per foot. The temperature gradient 1s the rate of increase

of temperature with depth, in degrees Fahrenheit per foot. The vertical velocity gradient
in feet per second per foot, may be computed from the formula: ’

Vertical veloclty gradlent = 0.01824+-(K x temperature gradient)4(4.3 x salinity gra-

dient), where 0.0182 1s the gradient due to pressure and X, the coefficient of the tem-
perature gradlent, may be read from the graph of Figure 2 for the mean temperature of
the range involved. These gradients are positive if the quantity in question 1ncreases

with depth, negative if 1t decreases.

The graphs for computing the speed of sound are based on tables published in the
"Hydrographic Review" Vol. XVI, pp. 123-40, 1939, by S. Kuwahara.

Sample Computations

(a) Depth = zero From Figure 1, Temperature and salinity, . . 5022.0
Temperature = 75,2°F, " " PPESSUT®, « « ¢ s+ o o o o 8 . 0.0
Salinity = 36.5 °/oc Sound speed . + + « « . . . . 5022.0

Find the sound speed ft/sec
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eth, -EQSO ft. From Fiﬁu.re 1, Temperature and salinity,. . . . 5001.1
Temperature = 70,7°F " PreSSuUr® .+ « « + o 4 o s 0 o o o 4.1
Salinity = 36.5 °/oo Sound speed . . . . 4 s o 4 . . .
Find the sound speed- ft/sec
{(c) Temperature constant From Fiﬁure 2, Temperature effect . 0.0
Salinity constant " Salinity effect . .. 0.0
Find the vertical gradient of sound Pressure effect . .. 0,0182
speed- 0.0188
ft/sec/t

(d) Temperature, 42,5°F at surface, 40.0°F at 65 ft.
Salinity, 32.3 °/oo at surface, 32.4 %/oo at 65 ft.
Find the vertlcal gradlent of sound speed by assuming constant temperature and
salinity gradients from surface to 65 ft.

Temperature gradient = 2.5/65 =-0.0384°F per ft.
From Flgure 2, X at 41.3°F = 7.5
Gradient of sound speed due to temperature = 7.5x-.0384 =-0,288

Salinity gradlent & 0,1/65 = 0.00154 °/oo per foot
Gradient of sound speed due to salinity = 0.0015 x 4.3 = 0.006

Gradient of sound speed due to pressure = 0,018
GRADIENT of sound speed (in ft. per sec per ft.) -0.264

_30° _40° 50° 60° _70° 80° 90°

FIG. 2. GRADIENT OF THE SPEED OF SOUND.

It is computed by the equation:

0.0182+(K x temp. grad.H(4.3 x sal. grad.).
The temperature gredient 1s in degrees Fahrem
heit per foot and the salinity gradient is in
parts per thousand per foot.

Measurement of Temperature and Salinity

Surface water. For the water at the surface a technique for the measurement of tem-
perature with simple apparatus has been evolved which 18 well known and widely available.
The salinity also could be determined for surface water to useful accuracy by means of a
relatively simple apparatus. From these two measurements the speed of sound in the Qur-
face water could be derived. This value alone would have practically no value for pre-
dicting the performance of echo ranging apparatus because the variation of speed with
depth is the controlling factor.

Nansen bottles and reversing thermometers. This is the standard apparatus for

oceanographlc research at the present time. The Nansen bottles with reversing thermome-
ters attached are lowered to the deslired depth by means of a wire. A Mmessenger" i1s then
released at the surface and allowed to slide down the wire. The messenger causes the
frame which holds the bottle and thermometer to invert itself, closing the water bottle
and breaking the mercury thread in the thermometer in such a way that the reading of the

thermometer will not change whlle the apparatus 1s being hauled to the surface. Thus a
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reading of the temperature and a sample of water for salinity determination are obtained

from any desired depth, Usually two thermometers are attached to each bottle, one having
its bulb protected and the other having its bulb exposed to the water pressure, The dif-
ference in the two thermometer readings indicates the depth, giving a more accurate value
of depth than can be obtained from the length of wire paid out and i1ts inclination at the
surface, In actual practice ten to twelve water bottles are attached to the wire at sult-
sble intervals, giving data for a number of depths for a single lowering. While this tech-
nique yields accurate oﬁservations, its drawback is' that the ship must be stopped for half

an hour or more each time readings are obtained,

The electrlcal reslistance thermometer., This thermometer consists of a resistor whose

change in resistance with temperature is accurately known. The resistor is lowered to the
desired depth by means of an insulated cable and the resistance is measured on board ship
by means of a suitable bridge circuit, The principal advantage of this type of thermo-
meter 1s that the temperature can be read at meny different depths during a single lower-
ing., This type of thermometer has not been widely used for sea water temperatures, its

principal disadvantage being that it is difficult to read the galvanometer at sea,

The bathythermograph is an instrument for obtaining a continuous record of tempera-

ture against depth, It conslists of a pressure responsive element which moves & small
glass slide parallel to the length of the instrument, and a temperature responsive element
which moves a pen across the slide, The instrument 1s convenient to use and has given
satisfactory performance to depths of 500 feet while operating from a vessel moving as
fast as 14 knots, It seems to be the ideal instrument for detailed measurements in the
first few hundred feet of water, its greatest advantages being that it measures tempera-

ture continuously and that it can be used while the ship is under way,
Regional And Seasonal Charts 0f Water Conditions

The easiest way to find out how sound speed varies with depth at a given time and
place would be to read it off a suitable chart., The need for such charts is new and the
data necessary for their preparation are not plentiful because oceanographers have not
concentrated their attention on the first few hundred feet of water, The sections and
diagrams in Chapters IV and VI include most of the informatlion which is available at the
present time, and they can serve as a valuable guide, Additional date are belng collected
for use in the preparation of a more extensive set of charts, In Chapter V methods are

given for determining the performence of underwater sound apparatus from these charts.
2, DENSITY OF SEA WATER, STABILITY
Factors Which Determine The Density

The density of sea water may be considered as the ratio of the weight of a given vol-
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ume of sea water to the weight of an equal volume of distllled water at 4°C. The values

of density observed at the surface fall between about 1.020 and 1.030.

The factors from which the density of sea water is determined are temperature, salin-
ity, and pressure. The’density Increases wit!: lncreasing salinity and pressure, but de-
creases with incressing temperature because water expands when heated. TIn the range of
depths involved 1n echo ranglng, the effect of pressure upon density is slight, but the
effects of temperature and salinity arevimportant and must be understood before one can

grasp the princlples governing variations of sound speed in the upper layers.

By the use of the graph in Figure 3 the density of sea water under surface pressure
may be determined for given values of temperature and salinity. An auxiliary graph for

allowing for the effect of changes iIn pressure is shown at the bottom of Figure 3.
Calculation Of Density Of Sea Water

The following calculation of the density of the water is given for the temperatures
and salinitles observed at a station in coastal water in 41 fathoms off Block Island,
April 13, 1938. The temperature decreases down to 20 meters but lnereases from there to
bottom, becoming higher at the bottom than at the surface. The salinity increases all
the way to the bottom, 1ts effect upon density more than offsetting the effect of the
rise in temperature of the lower part of the water column. This example confirms the

general rule that density increases all the way to the bottom.

Depth., Temp. Salinlity Density

meters fathoms oC oF o/00 at surface at actual
pressure e ssure
T 0.55 5.84 42,5 32.39 1.0W%U25m_
10 5.47 5,09 41,2 32.31 1.02556 1.02560
20 10.94 4.46 40,0 32.47 1.02575 1.02585
30 16.40 4.55 40.2 32.56 1.02581 1.02596
40 21.87 4,85 40.7 32.74 1.02592 1.02611
50 27 .34 6435 43.4 3339 1.02626 1,02650
60 32.81 6.59 43.9 33.49 1,02631 1.02660

The densitles are calculated in two ways: first the potential density, which 1s

the density the sample would have Iif brought to the surface, and second the actual den-

sity, which 1s the density of the sample in place. In much oceanographic work the poten-

tial density is the quantity considered, because 1t indicates directly whether the water
from one level would be heavier or lighter than its surroundings if it were transported

to another level.

This discussion of density has not been introduced for use in calculating the speed

of sound because the equation velocity =Velastleity ¢ density is not convenient for use

in this calculation. It has been Included to enable the reader to understand stability
of the water column, the vertlcal circulation which occurs when the stability is destroy-

ed, and the vertical distribution of temperature to which this circulation can lead.
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Stabllity

The densities calculgted in the above example 1llustrate the stabllity of the water
column. In other words the lighter water is at the top and the heavier water is at the
bottom. Sea water 1s such a free-flowing fluid that it always adjusts itself in this
way. The degree of stabllity 1s measured by the rapidity with which the potential den-
sity of the water increases with depth, and the more stable the column becomes the great-

er 1s its abllity to resist vertical mixing by the action of the wind.

If a water-column is warmed at the top by the sun or by warm a2ir, the surface densi-
ty 1s dimlnished and the stabllity is thereby increased. If the top of the column is
cooled, the density.of that part increases and the stability decreases. If the process
of cooling 1s continued untll the stability becomes slightly negative, convectlon begins,
the water from the surface sinking until it reaches a level where it finds denser water
beneath it. Thls action produces a thoroughly mixed surface layer which is very favorable
for echo rénging provided 1t extends sufflciently deep. As is shown in the oceanographic
dlagrams of Chapter IV, Flgure 13, for example, the homogeneous layer becomes deeper and

more suitable for echo ranging in winter than in summer.
3. REFRACTION OF SOUND WAVES
Refraction Described

Sound waves travel In straight lines only when iIn a medium in which the speed is
everywhere constant. If there existed a large body of water in which the speed of sound
was the same at every point, the beam from a sound projector would be a conr with its axis
perpendicular to the face of the projector. In an actual body of water the speed of souml
will vary with depth. Suppose for example the speed increases with depth. In that case
every ray of the sound beam wlll be curved toward the surface. The more rapld the change
of speed with depth, the more strongly the rays will be curved. This bending of the sourd
rays 1s called refractlon. It will aid in understanding refraction to imagine that the
lower part of the beam, in the example just cited, keeps getting slightly ahead of the up-
per part, due to the slight difference in speed In the water at the levels at which the
two parts of the beam travel. It is a fundamental law of wave motion that the rays, which
Indicate the direction of travel, are always perpendicular to the wave fronts. A wave
front is the surface occupled by the front of a sound signal at any instant. Because the

lower part of the wave front keeps gaining on the upper, the beam will curve upward.

If the speed had been decreasing with depth, the beam would have bent downward. Re-
fraction always causes a sound ray to shift its course toward the water in which the speed

1s lower.

Snellts Law Of Refraction

Snell's Taw is used in the study of optics to calculate the bending of light rays
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‘when they pass from one transparent substance to another. The bending depends ° ;
ferences in the speed of llght in the two substances. Snell's Law may also be applied iﬁ
calcﬁlating the bending of sound rays when they pass through successive layers of water In
whicﬁ the speeds are different. ‘Suppose the speed in the water depends only on depth and
not on horizontal position, as 1s usually the case. Snell's ILaw, when applied to a sound
ray such as that shown in Fiéure 4, states the following:

Vo/cos 1, = Vy/cos 1 = Vpfeos 15 = Vafeos 1= Vo o 0 oL o v o w e e ... W(1)
where 1 1is the inclination of the ray to the horizontal at any point, and V is the

speed of sound in water at the same point. If Vg5 1s greater then V,, equation {1) shows
that cos 1, must be greater than cos 1,, or 1o must be less than i;. If Vo 1s also at a
greater depth than Vi, the ray is bent upward. Vy represents the speed at the point where
the ray becomes horizontal, and it can be seen from equation (1) that this is the greatest
speed at any point on the entire path. The point at which & ray becomes horizontal is
called the vertex of the ray. For the rays shown in Pigure 6, the vertices are at the

points G, F, P, E, C and B.

Ve ____ SURFACE

Flg. 4. SNELL'S LAW OF REFRACTION. Vo/cos i, = Vi/cos 1] = Vg/cos 1p = Vz/cos 13 = Vp
Theory of Circular Sound Paths

General statement. In any layer of water in which the vertical velocity gradient is

constant (see definition, page 9) 1t can be proved by Snell's Law that the paths of all
sound rays are circles. The centers of all the clrcles for a given layer lie on a hori-
zontal line whose distance from the surface of the layer is Vo/g, where Vo is the speed of
sound at the surface of the layer and g 1s the vertical gradlent. It may be of aild to
the memory to think of the line of centers as the elevation at which the speed in the
layer would become zero 1f the layer 1s imaglned to extend that far and to have the same
gradient throughout.

Positive gradient. A schematic diasgram showing the paths of the sound rays in a lay-

er where the vertical veloclty gradient 1s positive appears in Flgure 5. It is seen that
the radius of any one of the clrcular paths ls given by

Rz=Vo/ (B €COB Bg) ¢ ¢ o v ¢ ¢« s o ¢ o o o o o o s v oo o.(2)
where R is the radius of the path and @ 1s the inclination of the ray to the horizontal

at the surface of the gliven layer.
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Flg. 5. REFRACTION WITH POSITIVE GRADIENT. The rays are all circles with centers Vo/g
above the surface of the layer. A shadow zone for direct rays is formed by the bottom of
the layer.

It can also be seen from Flgure 5 that if the layer 13 of limited thickness, term-
inating for example at the line AB, the direct rays for all ranges beyond the point mark-
ed € willl suffer interference. The type of interference suffered will depend on the
nature of the underlying layer. If the layer beneath AB has a negative vertical gra-
dient of sound speed so that all sound rays which enter it are curved downward, no direct
rays wlll reach the surface at ranges beyond the point ¢, producing a shadow zone as

indlcated in the figure.

In =2ll schematlc sound ray diagrems in this report (Flgs. 5, 6, 7 and 11) the gra-
dlent has been exaggerated for the sake of graphical convenlence. For éxample in ngure
5 the projector depth is actually about 15 feet while the radius of one of the circles is
about 50 miles. This simply means that the gradient used in the drawing was enormously

larger than those which actually occur.

When constructing the ray diagrams for actual water condltions 1t 1s necessary to
make the vertical scale of the section much greater than the horizontal one. This dis-
torts the circular path into ellipses, and they cannot be drawn with compasses but must

be constructed from the graphs in Flgures 29 and 30.

Negative gradient. TIn case there is a negative gradient, which remalns constant

throughout a given layer, the paths of the sound rays will be circles wlth centers below
the layer as shown ln Figure 6. The direct rays for all ranges beyond the ray marked ¢

are cut off by the surface of the water, glving rise to & shadow zone as indicated.

Inspection of the dlagrams indicates that direct rays reflected from the surface
will be far more effective in carrying sound into the shadow zone in case of a positive
gradient in the upper layer {(Fig. 5) than in the case of a negative gradient in the upper

layer (Flg. 6).
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Flg. 6. REFRACTION WITH NEGATIVE GRADIENT. The clrcular rays are concave downward,
and a shadow zone for direct rays 1s formed by the upper surface.

Negative gradient above a posltiye gradlent. In Figure 7 schematic diagrams for the

sound rays are drawn for the case where the top layer of water has a negative velocity
gradlent while the second layer has a posltlve one. The variation of speed with depth is
shown in the small graph at the left side of the figure. All rays from the projector are
curved downward at the start, and the top portion of the beam is cut off by the surface,
ceusing a shadow zone starting at the range A. The beam which enters the second layer is
limited at point B by the angle of the cone of the projector, and at the point C by
the "shadow"™ of the surface at A. The rays which enter the second layer are all bent up-
ward. Those which enter at sufficiently small inclinatlon are curved back and reenter
the first layer, but those which enter with too much Inclination reach the bottom of the
second layer before recurving completely. The axls of the beam leaves the projector hori-
zontally, enteérs the second layer with minimum inclination and hence recurves to reenter
the first layer at the minimum distance (point E). The part of the direct beam which re-
enters the first layer 1is limlted on its two sldes by the shadows of the bottom of the

second layer at F and G.

From Figure 7 it can be seen thet, for ranges beglnning near E and extending for a
considerable interval, a sound detector placed at the same depth as the projector P would
be in the direct beam, although the detector would have been out of the beam over a con-
siderable interval of lesser ranges. This slituation explains satisfactorily many cases
where the signal strength first falls and subsequently rises as the dlstance 1s Increased.
Several aétual cases of this type have been observed and are described in & later section
of this report. These cases are fully explalned by consideration of the distribution of

temperature and salinity in the water.

Natural '"channels" for sound conductlon. The graph at the left side of Figure 7 in-

dicates the speed of sound versus depth. The dotted line HK sets off a portion of the
water which acts as a natural channel for conducting sound. The velocity at H 1is equal

to that at X, and is greater at these polnts than a2t any point between them. Any sound
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" ray (for instance the axis of the beam) which becomes horizontal inside the region HK
wlll be refracted back and forth across the level of minimum velocity, never leaving the
channel. From Snell's Law of Refraction (Equation 1, page 16) it is known that the point
at which any given ray becomes horlzontal 1s the point of highest speed on that particular
path, so the only rays which can become horlzontal in the chennel HK are rays which orig-
inate from a projector inside the channel. Any ray which originates outside the channel
must obviously enter the channel with an inclination greater than zero if it enters the
channel at all. A ray always increases its inclinatlion when it goes into water having
lesser sound speed, and the speed inside the channel is lower than at the boundaries H

and K, so the Inclination of the ray 1s greater inside the channel than at the point of

entry .
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Thus a channel, as deflned above, serves as a good conductor for soundswhich origi-
nate inside it, but not for sounds which originate outside. From Snell's Law it may be
seen that if a ray enters a sound channel through the top side it will pess entirely
through the channel, having the same inclination at the bottom that it had at the top, be-
cause the velocitles at top and bottom are equal. These channels are responsible for
"skip distances" as, for example, in Figures 34-38. The sound channel HK in Flgure
7 may be subdivided by consldering separately the part LM, which constitutes a sound

channel with the projector outside. As may be seen from the drawing and from the preced-

Ing discussion, no ray has 1ts vertex Inslde the channel IM, and the only rays which
recurve toward the surface are those which originally have vertices in HL. The zones

HL and MK together form a sound channel with the projector inside it. They are

responsible for returning the sound to the upper layer beyond the range E.
Reversibility Of Sound Paths

The refraction of sound waves, in all cases discussed so far, depends only on the
velocity distribution in the water. Such refraction is governed completely by Snell's

Law, and 1t is Important to know that all paths computed for sound rays by this law are
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completely reversible. If sound proceeds from a projector to a target, undergolng re-
fraction on the way, 1t can return to the projector along the same path. Furthermore the
principle of reversibility of paths leads at once to the conclusion that if a target is

in a shadow zone relative to a given projector then the‘projector 15 in a shadow zone
relative to the target. In other words, if refraction conditions prevent a destroyer fram
obtaining echoes from a given submariné, these refraction conditions will also prevent
that submerine from obtaining echoes from the destroyer. (This statement makes no allow-

anece for the fact that the destroyer may be a more efficlent reflector than the submarine).
Focussing Effect

By reference to Figure 7 1t can be seen that refraction sometimes causes the sound
beam to be concentrated into a relatively small cross sectlion at certain distances. For
instance the beam in the reglon between points F and G 1s more compressed than at
slightly greater distances. This corresponds to the actlon of an imperfect lens and un-
doubtedly affects the intensity of echoes. 1In comparison with other effects this one 1is

relatively minor, and at the present stage it will be 1gnored except 1in speclal cases.
convective Refraction

The refraction of sound waves in water can take place Iin two ways, elther by the va-
riation of the speed of sound in the water or by the effect of currents. The effect of
currents, which 1is known as convective refraction, may be comparéd to the effect of wind
on the propagation of sound in air. 1In general the speed of the wind is least near the
surface and gradually increases with height up to such heights that the retarding effect
of surfece friction becomes negligible. If a sonic beam 1s transmitted downwind
speed of the wind is added to the speed which the sound would have if the air was at rest,
so the effective veloclty of sound increases with height. This curves the sound rays to-
ward the surface and permits receptlion of the sound by a detector at the surface at a
great distance. For transmission to windward the speed of the wind is subtracted from
the true speed of sound in air, resulting in a decrease in the effective speed of sound
with increasing height. Thls curves the sound rays upward and causes them to pass above
s receiver located at the surface, reducing seriously the range at which signaeling 1s
possible. The important way in which convective refraction differs from velocity refrac-
tion is thet it 1s not reversible, for the wind aids transmission downwind but hinders it

in the reverse direction.

There are two sifuations in which this type of refraction may occur in water, but it
will never be as serious ln water as in air because the speed of flow 1s always a much
smaller fraction of the speed of sound in water than it is In air, In wind driven cur-
rents the veloclty is maximum at the surface and decreases Gownward. A sound beam trav-
elling to windward would be curved toward the surface by convective refraction, while one

travelling to leeward would be bent away from the surface. At the present time there are
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depth, and the time lag between the action of the wind and the establishment of the cur-
rent to permit evaluation of the importance of convective refraction in underwater sound
work. About the only positive statement which can be made 1s that the wind drift will be

confined to a shallower surface layer in stable water colurms than in unstable ones.

Near the boundaries of the major oceanic currents there are obviously lateral and
vertical varlations In currents capable of causing convective refraction. At present
there are so many other complications in these reglons that effects due to convective re-

fractlon have not been isolated.

Difference between upwind and downwind performance would not be noted in echo rangling
because the distance between target and projector is always traversed by the sound beam in
both forward and backward directions. If the convective refraction aids transmission of
the projected beam it will impalr the transmission of the reflected beam, and vice versaz.
Differencé between upwind and downwind performance may be expected however in all under-
water sound signaling where the beam traverses the path in only one direction. Whether

this effect 1s large enough to be glven serious conslderation is not known at present.

4. SUMMARY

l. Varlatlons in the speed of sound, caused by variations in the temperature and
salinlity of the sea water, are the controlling factors in determining the horizontal
range of sonic apparatus. The effect of these variations is to deflect the sonic beam
In a vertical plane so that in some cases it mlisses the target. In the open ocean the
vertical salinity gradient i1s small and the speed of sound is therefore determined pri-
marily by the temperature. In case the temperature 1s constant in the upper layer, the
slight Increase ln speed due to the increase in water pressure with depth becomes im-
portant. By means of graphs, Figure 1 and 2, the speed of sound and the rate of change

of speed with depth may be calculated if the temperature and salinity are known.

The most practlcal Instrument for measuring the temperature of the water to depths

of about 75 fathoms is the bathythermograph, for it can be used from a moving ship.

2. By means of Figure 3 the denslty of the water may be computed from temperature,
salinlity and depth. The distinctlon is made between potential density and actual density.
The densities are calculated at a typical station in coastal water to show that the bottom
water 1s more dense than that above it, even though its temperature is higher. Heating
the water at the surface produces stability of the water column, while cooling it des-

troys stability and leads to the formation of a surface layer of thoroughly mixzed water.

3. The paths of sound waves are bent inte curves when there are vertical gradilents
In the water. Thls process 1s known as refraction, and the amount of bending may be

caleculated by use of Snell's Lew. In any layer of water in which the vertical velocity
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gradient has a constant value, all sound rays are circles having centers a fixed dfstance

from the surface of the layer. Schematic ray dlagrams showing the effects of refraction

in typical cases are dlscussed.
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DECLASSIFIED CHAPTER IV
OCEANOGRATHY OF THE SURPACE LAYER
1. INTRODUCTION

Physlcal oceanography ls the subdivision of the earth sciences which deals with the
structure and eirculation of the ocean. In the development of this rather obscure field
of knowledge the United States has played a leading part, but since about 1900 considera-
ble research has also been published from the northern European countries. At the present
time the subsurface distribution of temperature and salinity (or saltiﬁess) has been well
examined only in the North and South Atlantic, where observations have been secured at
varlous depths between surface and bottom at as many as 6000 stations. In the Pacific
and Tndian Oceans much less detall 1s avallable except along the west coast of the TUnited
States, in the Dutch East Indles and near Japan. It 1s for this reason that the dlagrams

which follow have. largely been constructed from observations made 1n the North Atlantiec.

In splte of the lack of data from the central areas of the other oceans, 1t is pos-
sible to learn a good deal about the sound transmitting qualities of their waters through
a study of the North Atlantic. The basiec pattern of the currents and the seasonal varia-
'tions of temperature 1n the superficlal layer varies but little from ocean to ocean. The
North Paciflic and the North Atlantic are particularly similar in these respects, while tie
South Atlantic, South Pacific and Indian Oceans are also closely comparable. Thus, pro-
vlided we compare geographlcally analogous parts of each of these oceans, a knowledge of
the sound transmitting qualitles of the waters in the Atlantic will enable us to predict
the general conditions elsewhere. For example, the waters near Japan are very similar
in structure to those off the eastern coast of the Unlted States, while conditions in the
eastern part of the North Pacific resemble those off the European coast. These important

considerations will be more fully discussed in Chapter VI.

The main ocean basins average some 2500 fathoms in depth, but near the continents
is usually found a shallow (less than 100 fathoms deep) shelf of varying width. This is

known as the continental shelf and over 1t the vertical structure of the water and the

causes of the currents are somewhat different than in deep water. North of Cape Hatteras
the continental shelf bordering the eastern coast of North America 1s broad (40 to 200

miles wide) and well developed. It 1is usually narrow off mountalnous coasts such as the

coast of California.
2. THE BASIC VERTICAL STRUCTURE OF THE OCEANS

With very few exceptions the deep oceanlc waters can be subdlivided into three prin-

cipal layers: 1) a relatively warm surface layer which 1s subjeet to dally and seasonal
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changes in temperature and salinity, and to wind stirring; 2) & layer of transition at

mid-depths, the main thermocline layer, in which temperature decreases rapidly with depth;

and 3) the much colder deep water layer in which temperature decreases only gradually with

depth. This basic structure is illustrated in Figure 8; however, the relative thlckness
of the three layers varies from one part of the sea to another. 1In general, the surface
layer and the layer of transition at mid-depths are relatively deep in mid-latitudes (A)
and shallow near the egquator (B), but in high latitudes there 1s a less pronounced verti-
cal thermal structure (C). Indeed in midwinter in very high latitudes the water may be
completely mized, surface to bottom.
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Tn this report we will be dealing meinly with the structure of the surface layer,
for only where the transitlon layer at mld-depths 1s especlally shallow and sharp does 1t
enter the sound ranging problem. The thick layer of the relatively cold, deep water,
which in the main ocean basins constitutes from 70 to 85% of the water column, can be
completoly neglected as a factor in horlzontal sound ranging. On the other hand, inside
the 100 fathom curve, as will be shown below, the relatively cold but saline bottom water

often does play a part.

Tn the deep ocean, as has already been explained, the temperature decreases with
depth, although not at the same rate in each of the three primary layers. Tn deep water
the concentration of dissolved salts, which is customarlly expressed in parts per
thousand ( ©/oo), also in goneral decreeses with depth and in a menner qulte parallel
with temperature (Fig. S9A). This 1s in contrast to typleal coastal waters on a broad
contingntal shelf (Fig. 9B). Especlally in mid-latitudes and off the eastern coast of
the continents a layer of minimum temperature 1s usually encountered at mld-depths during
the spring and summer. But more important, over the continental shelf the salinity (for
definition see page 6) increases wlth depth. This contrast results from the faect that
in the open ocean the basic structure of the water layers is the result of the currents,

while near the land it is the distribution of temperature and especially salinity which
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is oftten £§1LF21J§J?“In the deep ocean the energy for the currents comes mainly from
the general wind system, whille along the coast the currents result also from horizontal
density gradlents maintained by the inflow of fresh water from the land. This impqrtant

distinction will perhaps become clearer as the discussion proceeds.
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Thus far we have stressed the vertical changes of temperature and salinity in the

ocean, for these are quite tangible characterlstics of water. However, 1t is the density
(for definition see page 11) dlstribution resulting from the thermal structure and from
the distribution of dlssolved salts which 1s of fundemental significance in oceanic cir-
rulation. Warm waters are of course less dense than cold waters and fyesher waters are
lass dense than more sallne waters. The relationship between temperature, salinity and

density over the range normally found In the sea 1s 1llustrated in Figure 3, Chapter TIII.

Obviously 1t 1s to be expected that density will increase with depth nearly every-
where In the sea,.in which case the water is sald to be stable. Unstable conditions,
where heavier water overlles lighter water, are very rarely encountered, except near the
surface during the winter months when slight instabillity, resulting in excellent sound

ranglng conditions, may at times prevaill.

In the deep ocean the vertical distribution of density 1s very closely controlled
by temperature, in fact from the polnt of vlew of salinity alone the water-column is un-
stable. On the other hand, over the continental shelf both temperature and salinity con-
tribute to the stability, which consequently ls often very great. This 1s illustrated in
Figure 10 which shows the denslty distribution derived from the two pairs of temperaturé
and salinity curves given in Figure 9. As wlll be explained below, the ecurves for the
coastal water (B) can only be considered typical of the spring months, for outside the
tropics the whole water-column over the continental shelf is usually subject to seasonsal

veriations in temperature and salinity.
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The slope df the density-depth curve 1s a measure of stability. Where the curve is
nearly vertical the water has llttle stability and gt depths where it approaches the
horizontal the water 1s very stable. It will be noticed in the examples glven that the
coagtal water (B) 1s very much more stable at mid-depths than the oceanic water (A). For
example, at a depth of 12 fathoms in the coastal water the density increases with depth
about 80 times as rapidly as 1In the most stable part of the offshore water-column, and
this contrast would be even more marked 1f midsummer observations from coastal water had

been used.

Stablillty (the rate of change of density with depth) is an important factor in the
sound transmlission problem for 1t 1s thls characterlstic of the water which resists the
downward penetration of wind stirring. Were the waters less stable, even & moderate wind
would be able to maintain a relatively deep homogeneous 1ayér at the surface, a condition
favorable to the horizontal transmission of sound. Especially over the continental shelf
and 1n summer the stability 1s so high that only & very shallow layer of wind stirred

water 1s found at the surface.

As already explained, In the open ocean the density-depth curve is c¢losely parallel
to the temperature-depth curve and largely dependent on it. 1In addition, except near.
iand, the vertical range of sallinity in the surface layer is relatively small. Corse~
quently in oceanic areas it 1s usually permissible as a first approximation to estimate
stability and density from the temperature distribution. On the other hand, 1n coastal
waters, where denslity throughout most of the year is largely controlled by the salinity-
depth distribution, temperature observations alone can glve an Incorrect picture of sta-

bility (compare Figure 9B with Figure 10B).

3. EFFECT OF TEMPERATURE, SALINITY AND PRESSURE ON SOUND

The speed of sound in sea water, as has been explained in detall in Chapter III,
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fvériésuﬁith the ﬁemperature, salinity and pressure. The higher the temperature, sallinity,
or pressure, the greater will be the speed of sound. Since the magnitude of the tempera-
ture effect 1s conslderably greater than that of the other two factors and since tempera-
ture ordlnarily decreases with depth, in most areas the sound veloclity will do the same.
The pressure 1s of course a function of depth, and therefore in thoroughly mixed water the
speed of sound will increase wlth depth. Because allowance for the effect of pressure cen
be made by calculation and because varlations in salinity are relatively small, in most

parts of the sea 1t can be considered that the speed of sound is approximately known if

the temperature distribution has been observed.

In Iinterpretlng the oceanographic diagrams which follow in terms of sound transmis-
sion, 1t 1s also necessary to realize that as sound travels in water in which there are
vertical veloclty gradients the beam 1s bent slightly in the direction of the lower
velocities (for particulars see Chapter V). Thus in water in which the speed of sound
decreases .with depth, a sound beam which starts out horizontally will be deflected down-
ward., Thls is the case in all layers where stability exists due to a decrease of tem-
perature with depth. On the other hand, where the water 1s homogeneous, as in the wind
stirred layer at the surface, the pressure effect will cause an increase in speed with
depth and therefore & sound beam which starts out horizontally in this layer will be bent
slightly towards the surface. From this it follows that the horizontal range of sound in
the superflcial waters 1s much greater in mixed water then in layers where the temperature
or salinlty decreases rapidly with depth. Good sound water is water which is thoroughly
mixed and thus has no stabllity. Poor sound water 1s water which 1s thermally stable or
in which salinity decreases rapldly with depth.

As the discussion proceeds the lmportance of these considerations will become more
apparent, but before going Into more detail 1t 1s advisable further to examine the basic

structure of the ocean.
4. THE BASIC HORIZONTAIL STRUCTURE OF THE OCEANS

Horlzontally the water in general changes much more gradually in temperature and
salinity (and therefore In denslty) than 1t does vertically, yet the horizontal structure
can by no means be neglected when one examines the ocean from the point of view of sound

ranging.

The density of the surface water 1s least near the equator in the doldrum belt, be-
cause of hlgh rainfall and high temperature, and increases quite rapldly both north and
south to the horse latitude belts (roughly Lat. 30°) where the temperature is still quite
high, but where the salinity is at a maximum because of rapid evaporation (caused by the
relatively dry alr) and small rainfall. With increasing latitude the density continues
to rise, because of lower temperatures and in spite of increased rainfall, The broad

features of the changes of temperature, salinity and density with latitude in mid-
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Atlantlc are shown for the surface in Figure 11A. As will be dlscussed below, near the
borders of strong currents and near the coast the horizontal gradlent of temperature and

salinity In the surface layer is sometimes so abrupt as to interfere with sound ranging,
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Flg. 11. The curves marked A show the changes wlth latitude of temperature, salinity and
denslty at the surface in mid-Atlantic. 1In the lower part of the dlagram (B) the tem-
perature-depth distrlbution along the same profile i1s shown, with the vertical scale of
course much exeggerated.

In Flgure 11B the basic structure of the deeper layers of the Atlantic is given in
north-south profile. Thils diagram 1s introduced to show that near the equator and at
about Latitude 50° the permanent thermocline layer is near enough to the surface so that
1t can affect horizontal sonlc signaling results. The same 13 in general true in the
western part of the oceans. For example, along the northern edge of the Gulf Stream and
the Japan Current the main thermocline 1s particularly sharp and shallow. This basic
horizontal structure of the oceans, with a relatively deep surface layer in mid-lati-
tudes and in mld-ocean, 1s the result of the major current systems driven by the anti-
cyclonic winds. WNorth of the equetor the main currénts circulate clockwise with an axis
at about Latitude 30°, while south of the equator corresponding great eddies rotate in an
anticlockwise dlreetion. At the center of these great swirls, for example near Bermuda,
the main thermocline is relatively deep and gradual, while all around the edge of the
currents, especlally in the west where they are swift, the main thermocline 1ls shallow
and sherp. From this it follows that in general sound ranglng conditions are better in

mid-ocean and in mid-latitudes than slsewhere.
5. THE SEASONAL THERMAL CYCLE OF THE SURFACE LAYER

Ne;ther the deep mass of colder water nor the permanent thermocline layer is affect-
ed by the local climate. However, above the main thermocline there 1s everywhere a more
or less marked seasonal cycle of temperature which is of major importance to sound

ranging. Where the surface layer 1s deep, &8 in mld-ocean, these seasonal thermal
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changes extend down to 150 fathoms or more. But near the equator, where the surface
layer is shallow, the seasonal temperature change 1s 3light and unimportant to sound

ranging compared with the permanent thermocline.

In Figure 8, curve A was constructed from observations made during the winter months
when the surface temperature is at a minimum and when the depth of wind stirring 1s at a
maximum. In midsummer, due to the absorption of heat near the surface a secondary ther-
mocline develops at depths between 10 and 50 fathoms so that temperature-depth curves have
the form shown in Figure 12A. This greét increase in thermal stability so near the sur-
face (comparable to the stability of coastal water in summer) results in general in poor
sound ranging conditions durlng the spring and summer months, for, as was explained in
Chapter IIT, whenever the temperature decreases with depth at & rate in excess of 1°F in

40-60 fathoms sound is deflected downwards.
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The extreme lower 1limlt of the seasonal temperature cycle variles from one part of
the sea to another, and as might be expected the total range of the cyele varies with
latitude, being of course small near the equator and large in high latitudes. However,
there are qulte large areas in which the seasonal thermal changes iﬁ the surface layer are
rather uniform. For example, the whole Sargasso Sea with Bermuda near its center ex-
hiblts much the same pattern of seasonal temperature changes in the upper layers. 1In
Figure 12B a number of temperature-depth curves from various months are shown for the up-
per 150 fathoms in this area. As already explained, as a first approximation these tem-
perature-depth curves can be Interpreted ln terms of density and therefore of stability.
Starting in late February, when surface temperatures are at a minimum and when wind
stirring extends down to 150 fathoms or more, there is no stabllity above the permanent
thermocline. Then as spring commences the upper 20 fathoms or so begin to warm up and a
secondary thermocline 1s establlshed. As soon as this is formed stabllity develops at
depths vital for sound ranging. As more heat 1s absorbed the secondary thermocline in-

creases in intensity and depth, for the heat 1s also mixed downward gradually by turbu-
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lence. By summer only 5 to 7 fathoms of mlxed water may overlle the very stable layer.
During the autumn, when the surface begins to lose heat, the slight tendency for insta-
bility at the surface greatly increases the effectiveness of wind stirring and the

thickness of the homogeneous water at the surface increases rapidly. By mld-October as
much as 20 fathoms of mixed water will be found at the surface and sound ranging condi-

tions rapidly 1lmprove thereafter.

This sort of seasonal gain and loss of heat can be 1llustrated more clearly by
another form of dlagram (Fig.l3) in which lsotherms (lines of equal temperature) are
plotted with depth and time as coordinates. In such a dlegram (assuming that the salinity
gradients are slight and therefore that temperature can be interpreted in terms of sound
transmission) where the isotherms are vertical there is no stabllity and the pressure
effect will curve the sound beam slightly toward the surface; where they have a hori-
zontal component the water is stable and sound rays which enter this layer wlll be bent
sharply downward. Thus, provided the vertical sallinity gradlents are slight, the broken
curve on this diagram Indicates the lower llmit of good sound water in the Sargasso Sea
area month by month. It 1s hoped that before long observatlions will be avallable to con-

struct similar dlagrams for many other areas.

0 JAN.  FEB. MAR. APR  MAY JUNE  JULY . OCT. NOV.  DEC.

n
[e]
T

N
[41]
o

4 >63 g4l

(4
Qo

DEPTH IN FATHOMS
[
@
[¢)}
=)
@

(o)
(3]

H
(o]
T

D
o
T

50
Fig.1l3. Seasonal cycle of temperature at depths of less than 50 fathoms in the western

Sargasso Sea, based on frequently repeated observations obtained at approximately Lat.
350N, Long. 87°W. The broken curve shows the lower limit of wind stirring during the
part of the year when a secondary thermocline 1s present.

In offshore waters the wvertlcal salinity gradients are Indeed relatively small. For
exemple, if a diagram similar to Figure 13 were constructed to show the seasonal cycle of
salinity in the upper 50 fathoms of the Sargasso Sea, nowhere on this dlagram would the
salinity change with depth at a rate in excess of .025 °/oo per fathom. Moreover, this

extreme gradient would be located in the secondary thermocline layer where its effect on

sound speed 1s completely masked by the vertical temperature gradient.

To illustrate how closely a knowledge of the seasonal temperature cycle enables one
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to estimate vertical gradients of sound speed in the open ocean, the temperature observa-

tions used In constructing Figure 13 and the corresponding salinity determinations have
This shows the seasonal

The

been used to derive a seasonal sound speed diagram (Fig. 14).
variations In sound velocity at depths of less than 50 fathoms in the Sargasso Sea.
observations came from a point about 100 miles northwest of Bermuda (see Fig. 20), but,

as will be explained below, the condi tions there are typical of a verv wide area.
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Flg. 14. BSeasonal changes of sound speed (in feet per second) at depths of less than 50
fathoms in the western Sargasso Sea, computed from the temperature observations from
which Flgure 10 was constructed and from the salinity determinations made at the same time.
Inside the broken curve the velocity gradient is negative, elsewhere it is positive.

The interpretation of Figure 14 in terms of horizontal ranging will be fully

analyzed in Chapter V. It will suffice for the present purposes to explain again that

in the parts of the dlagram where the sound velocity increases with depth (positive

veloclty gradient) a sound beam will be bent slightly towards the surface and good sound

ranging conditions prevall. On the other hand, in the parts of the diagram where the

veloclty values decrease with depth (negative veloclty gradient) sound will be deflected

downward and the range will be restricted.

During the winter months, when the upper 50 fathoms of the surface layer are well
stirred by the winds, the sound velocity lines are slightly slanted because of the effect
of pressure, but it willl be noted that this slope is such that the veloclty increases with

depth. Elsewhere in the diagram the lines of equal sound veloclity have an almost identi-~

cal trend with the isotherms in Figure 13, showing the very close control which tempera~

ture exerts on the speed of sound in sea water. It 1s clear that for the whole Sargasso

Sea area temperature observations alone are sufficient to prediet the sound transmitting

qualitlies of the water.

At the present time adequate data for such diagrams are unfortunately not available

from many representative parts of the ocean. Except for the Sargasso Sea, it 1s only
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possible to show the complete seasonal cycle In coastal waters. Figure 15 has been con-
structed from observations made at 2 point about 60 miles south of Montauk Point, Long

Island (see Fig. 20). This dlagram 1s representative of the seasonal temperature cycle

of the waters over the continental shelf between Delaware Bay and Nantucket.
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Fig. 15. %easonal c¢yele of temperature, in coastal water off Montauk Point (approximate-
1y Lat., 40° 38', Long. 71° 381). Within the broken curve the water is stable from the
point of view of temperature. Elsewhere it is completely mlixed by the wind or the water
column is unstable from the point of view of temperature alone. The bottom is at 45
fathoms.

While the general form of this dlagram is simllar to Flgure 13, representatlve of the
Sargasso Sea, 1t wlll be seen that the temperature changes are more extreme near the
coast and that sharper vertical stratification 1ls produced in summer. The temperature
minimum at mid-depths during the spring months should also be noted. Since we are here
dealing with coastal waters, a temperature dlagram may not give the full plcture of the
variations in stabllity or of sound ranging conditions. As mentioned above, in coastal

waters the vertical gradient in salinity often contributes more to the stabillty of the

water-column than does the temperature.

Unfortunately 1t 1s difflcult from the avallable salinity observatlons off Montauk
Point to construct a satisfactory diagram showing the seasonal cycle of salinity which
accompanies the thermal changes given in Figure 15. The main trouble is that in summer
the salinity of the wind stirred surface layer is quite variable, depending on the wind
direction. At the point where the observations were made, offshore winds cause the
salinity of the surface water to fall, whlle onshore winds have the reverse effect. Dur-
ing the perilod of the secondary thermocline the surface salinlity at times may be as low
as 30.5 ©/oo and at other times it will rise to 32.4 °/oo, depending on the wind direction
but such changes are accompanied by only slight temperature variations. Withln the
éecondary thermocline (the area enclosed by the broken curve in Figure 15) the salinity
increases from about 32 9/oo at a depth of 10 fathoms to as much as 34.6 /oo at the bot-
tom (45 fathoms). This large increase in salinity wlth depth during the season when the

thermel stability of the water-column is high, has a beneficial effect on sound trans-
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mission, for such a distribution of salinity will cause less reduction of sound veloclty
with depth than would be expected from temperature alone. However, off Montauk Polnt the
vertical salinity gradient 1s never great enough to counteract the control of sound ve--
locity by the temperature. Nearer the bottom and during the summer months the increasing
pressure and the increase In salinity with depth combine with the temperature gradient to

produce‘a positive veloclty gradient.
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Fig. 16. Seasonal changes of sound speed (in feet per second) in coastal water off
Montauk Point, computed from the temperature observations used in Figure 15 and from the
salinity determinations made at the same time. The broken curve encloses the water in
which the velocity gradient is negatlive, elsewhere 1t 1s posiltive.

This is brought out by Figure 16 which shows the seasonal cycle of sound speed de=
rived from the temperature and salinlty data avallable for the waters 60 miles south of
Montauk Point. As mentioned above, Flgures 15 and 16 are typlcal of the condltions over
the continental shelf between Delaware Bay and Nantucket. It must be added, however,
that in shallower waters, within 10 or 15 mlles of the shore, the tidal stirring is often
sufficient to considerably lengthen the part of the year when good sound ranging condi-

tions prevail.

Between Cape Cod and Nova Scotia the continental shelf is wlde and partly blocked
off from the offshore water by the relatively shallow Georges Banks. This area 1s called
the Gulf of Maine, and except for the bank water and the waters of the Ray of Pundy where
strong tides keep the water column homogeneous even 1ln summer, the seasonal cycle of
temperature and salinity in thls region 1s everywhere comparable to the conditions shown
in Pigure 17. These dlagrams were constructed from monthly observations obtalned at a
point about 30 miles east of Cape Cod where the depth is about 130 fathoms. While the
thermal cycle (A) is much the same as off Montauk Point (except that no layer of minimum
temperature appears in spring), the seasonal variations in salinity (B) are more regular

and the total vertical salinity gradient in mldsummer 1s somewhat less.

The basic interchange between coastal water and offshore water is well illus-
trated in the Gulf of Maine salinity diagram (Fig. 17B). Over the continental shelf rel-

atively saline water penetrates btowards the land along the bottom, while fresher
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water spreads offshore at the surface. Turbulence 1s continually at work to reduce the
contrast between surface and bottom salinities. Thus in the spring, as soon as thermal
stabillity develops, lower salinities appear at the surface.. At this season the rivers

flowing into the Gulf of Malne are of course in freshet, and as the much diluted waters

from bays and estuaries spread offshore, they intensify the thermal stability due to

surface warming.
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Plg. 17. Seasonal cycle of temperature (A) and salinity (BR) in the Gulf of ﬁaine. The
observatlions were obtained at a2 point about 30 miles east of Cape Cod where the depth 1s
approximately 130 fathoms.

In Figure 18 the temperature and salinity observations from which the diagrams in
Figure 17 were constructed have been converted to sound velocity. It will be seen that
in the Gulf of Maine temperature data alone is sufficlient for s prediction of the sea-
sonal variations in sound velocity. At no time in the upper 50 fathoms i1s the increase
of salinity with depth sufficiently marked to overcome the control of the secondary
thermocline on the sound velocity lines. It will be remembered that this was also the
case off Montauk Point (PFlgs. 15 and 16). Apparently in coastal waters, as well as in
offshore watgrs, the vertical gradient of salinity 1s unimportant from the point of view
of sound transmission. But until more data 1s available we cannot be absolutely sure

that thls will be the case on all continental shelves and at all seasons.
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Fig. 18. Seasonal changes 1n the speed of sound (A) in the Gulf of Maine, computed from
the data used in the construction of Figure 17. The broken curve encloses the water in
which the veloclty gradient is negative, elsewhere it 1s positive. In dlagram B the

maximum range for a direct sound ray has been calculated for the months in which negative
gradlents appear.

In order to give the seasonal sound velocity diagrams (Figs. 14, 16 and 18A4) a more

practical meaning in terms of range, Flgure 18B has been constructed. The method by

which these curves were celculated will be explained on page 54. Assuming that the

depth of the sound projector 1s at 13 feet, the maximum range for a direct sound ray has

been computed for three different levels. During December, Jamuary and February a direct

sound ray will reach a tatget in the upper 60 feet at ranges of over 8000 yards. As soon

as the secondary thermocline 1s formed 1n early spring the range 1s sharply decreased and

then diminishes more gradually until midsummer. In the autumn the range increases again

but more gradually, following the Ilncrease In thickness of the wind stirred layer at the

surface. This correlatlon between the depth of the homogeneous layer at the surface and

the maxirmum range of the direct sound ray also applies to Figure 16 for the waters off

Montauk, and to Figure 14 for the Sargasso Sea, It is to be regretted that at the present

time we have llttle reliable evidence to indlcate how closely under ordinary conditions

the 1imit of submarine detection corresponds to the maximum range of the direct ray (see

page 72).

There are unfortunately very few parts of the sea where sufficient oceanographic ob-
servations have been secured at all seasons to warrant constructing such diagrams as have
been gilven here for the waters of the western Sargasso Sea, and for the coastal waters off
Montauk Point and in the Gulf of Maine. 1In order to demoﬁstrate the seasonal change of
temperature and salinity due purely to the loecal weather, the reglon must be relatively
free from currents, while most oceanographlc observations have been made 1in order to study

currents. Moreover, data must be avallable from every month and at closely spaced depth

intervals. In coastal areas temperature and salinity observations have usually been ob-
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tained in the course of fisherles investigations. Thus most of these data are from the
spring and summer months when the lmportant biological changes are in progress. On the
other hand, for the offshore waters of mld-latitudes few observations have been made in

winter, while in low latitudes few cdata are avallable from the summer months.

However, 1t is hoped that during the next year or two our knowledge of the seasonal
cycle of the surface layer will be greatly extended 1n sufficient detaill so that it can
be rellably interpreted in terms of sound transmission. Once such information is avail-
able it wlll be possible to predlct the general sound transmitting qualities month by

month in the areas free from marked lateral gradients of temperature and salinity.
6. THE DIURMAL TEERMAL CYCLE OF THE SURFACE LAYER

We have seen how the slmple three layered ocean lllustrated in Figure 8 really only
holds true for the midwinter months, for superimposed on this sort of temperature-depth
curve in the upper 50 fathoms or more is the seasonal cycle illustrated in Flgure 13.
Thus at most seasons of the year the wind stirred layer at the surface of the open ocean
1s separated from the permznent thermocline layer by 2 secondary thermocline of varying
intensity and of varying depth. This sort of structure is, unfortunately, strictly true
only during the night, for there is a daily (or diurnal) thermel cycle which is superim-

posed on the seasonal cycle.

The importance of this daily gain and loss of heat to supersonic ranging methods is
not yet clearly understood, nor has it been accurately observed In many parts of the sea.
It is known that, with a light wind and under certain circumstances to be discussed more
fully below, during the rmorning a2 third thermocline can develop at a depth of 2 few
fathoms. As the day progresses this gradually deepens and loses 1lts intensity up to
about four o'cloeck in the afternoon. From then on until early morning the surface 1s
losing heat and the divurnal thermocline rapidly dissipates in the same menner as the
secondary thermocline deepens and decreases in intenslty during the autumn. In short, un-
der certaln conditions of wind end weather the diurnal thermal cycle is comparable to the

seasonzl thermal cycle, although on a much smaller scale.

The diurnal cycle can be illustrated by a series of observations obtained on a day
when the winds were light (less than force 3) off Quantanamo, Cuba. Several tempersture-
depth curves of the upper 15 fathoms are given In Flgure 194, which 1s comparable to Fig-
ure 12B. Tllustrated in another way, the diurnal cycle can be shown as in Figure 19E in
which case the diagram is comparable to Figure 13, but with the time scale reduced to 24

hours and with 1sotherms drawn for each fifth of a degree.

The depth to which this diurnal cycle extends depends not only on the strength of the
wind and on the time of year, but also on the cloudiness and on the humldity of the air
within a few feet of the sea surface. It is belleved that the diurnal cyecle 1llustrated

in Pigure 19 is rather extreme both in the amount of heat absorbed and in the degree of
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stabllity which developed at depths critical to sound ranging. With more wind and clouds,
and less humld alr the dlurnal cycle can only be observed with extremely sensitive ther-
mometers. 1In short, during much of the tlme and over most of the ocean the daily galn anmd
loss of heat in the surface layer 1s probably not sufficlently marked to interfere seri-
ously wlth sound ranging, nor is this diurnal cycle ordinarily accompanied by a marked
varlatlon In salinity. Eefore discussing the factors involved more fully it is advisable

to continue the discussion of larger scale phenomensa.
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Fig. 19. Temperature-depth curves (A) of the upper 15 fathoms showing the diurnal heat‘
iicgfnge during llght winds off Guantanamo. The complete cycle 1s shown dlagramatically

From the oceanographic data thus far presented the following general conclusions
concerning the effective range of horizontal sound transmission in sea water can be
drawn: ‘

1) Sound ranglng conditions should improve gradually during the early autumn end by
November or December a sufficiently Weep wind stirred surface layer 1s usually present in

mid-latitudes so that the secondary thermocline is below the depth of submerine operation.
The conditions will remain good until mid-March or later when, because of the warming at
the surface, sufficlent stabllity develops to greatly lessen the lower limit of wind
stirring. This sequence of changes applies of course to the northern hemlsphere, for
south of the equator the seasons are reversed.

2) To a somewhat lesser degree the diurnal interchange of heat between the sea and
the atmosphere, especially when the wind 1s light, may during the daytime produce some
tlrermal stabllity at depths critical to sound ranging. Thus, in general, conditions
should be better at night and in cluudy weather than during the part of the day when the
sun 1s high.

3) While over most of the ocean the depth of the wind stirred surface layer is
largely dependent on the seasonal and diurnal temperature cycles, in other areas the ef-
fect of the currents is equally important. Thus in any attempt to estimate the horizontal
range of sound near the surface it 1s also necessary to take certaln geographlc factors

into account.
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7. HORIZONTAL STRUCTURE OF THE SURFACE LAYER

To 1llustrate the geographic factors which enter the sound rangling problem the sur-
face layer of the western half of the North Atlantic will next be examined in the light

of modern physlcal oceanography.

The‘permanent currents in this area are shown diagramatically in Flgure 20. They can
at once be subdivided into two groups: a) the currents in deep wgter, such as the Gulf
Stream and the Northern Equatorial Current, which derive their energy from the general
wind circulation over the whole ocean and b) the currents flowing over the continental
shelf and along the continental slope, such as the Labrador Current, which are caused by
the inflow o? river water. As already explained, in the first group (with certain minor
exceptions) the salinity decreases with depth, while In the second grouﬁ (except in mid-
winter) the salinity inereases with depth and therefore adds to whatever thermal stability

may be present..

within a current, turbulence 1s of course greater than in relatively motlonless
water. Thus within a current, turbulence caused by the flow is added to the wind turbu-
lence and a deeper leyer of mixed water 1s usually present at the surface than on elther
side. The surface layer over a current may also differ somewhat from the surface waters
on either side due to the actual transport of the water, especlally where the current has
a pronounced north-south trend. As might be expected the surface layer of a current flow-
ing towards the north i1s warmer than the water on either side, and one flowing towards
the south is colder. For this reason the edges of the currents having north-south com-
ponente consltute boundaries in the horlzontal structure of the surface layer as shown
by the broken lines in Figure 20. Within each of the geographic subdlvisions thus indi-
cated the horizontal sound ranging conditions will be_more or less uniform and will have
comparable seasonal and dlurnal cycles. However, at the edges of such currents, es-
pecizlly along the left hand edge in the northern hemisphere (right hand edge in the
southern hemisphere), the two contrasting water masses do not blend readily, at times
producing a complex thermal structure which can greatly interfere with sound transmission.
Thus in general the boundaries of each subdlvision in Figure 20 (shown by the broken
lines) are rather uncertaln for sound renglng. On the other hand, In the east-west flow-
ing currents of low latitudes, such as the Northern Equatorial Current, the horizontal

gradients of temperature and salinlty are much less marked.

It will be noticed that the boundaries In Figure 20 are in general parallel to the
coast so that as a véssel proceeds offshore from a port north of Cape Hatteras she will
pass through three rather narrow bands of water, in each of which the sound ranging
conditions may be more or less different. On the other hand, In an along shore dlrection
a vessel will keep the same sort of water for a considerable distance. It 1s therefore
convenient to examine the vertical and horizontal structure along profiles which are

roughly at right angles to the current system, for example, along the line (shown in
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Fig. 20) extending from Montauk Polnt, Long Island to Bermuda.
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Flg. 20. Diagramatic representation of the main currents of the western North Atlantic.
The stream lines represent the direction of flow at depths below the limit of local wind
action. 1In the case of the Gulf Stream the lateral boundarles (broken lines) are some-
what further apart than 1s the case at any one time, for the current varies slightly in
position.

Included will also be found the location of the three areas for which complete sea-
sonal data are available:western Sargasso Sea (A), coastal water off Montauk Point (B)
and coastal water in the Gulf of Malne (C).

The winter temperature conditions in the upper 50 fathoms along thls sectlon are
shown in Figure 21. At this season of course there is little stablility in the surface
layer and sound ranging conditlions are at their best. Near the coast the waters are
mlxed, surface to bottom, although temperature Increases slightly in an offshore direc-
tion. As a result the isotherms in this area are nearly vertical and no sharp lateral
contrasts occur at the surface until a polnt somewhat beyond the edge of the continental
shelf has been reached. Here the closely packed i1sotherms on the diagram mark the off-
shore limit of the relatlvely cold and fresh coastal water. It will be noticed that be-
low 20 fathoms along this slanting boundary the water 1s apparently unstable. However,
thls increase of temperature with depth 1s more than counteracted by the relatively low

salinity of the coastal waters. Between this point and the Gulf Stream is a band about
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80 mlles wide, known In oceanography as the slope water area, In thls zone at other

seasons, as will be shown below, a compllicated structure 1s found, but in wintér the sur-
face layer 1s well mixed to a sufflclent depth for good sound ranging. It will be seen
from the diagram that in midwinter temperatures are about 10°F. higher in the slope water

than in the coastal water.
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Fig. 21. Temperature distribution in January along a profile extending from Montauk Point
to Bermuda. Tt should be notliced that the depth scale 1s so exaggerated 1n this and 1in
the next two diagrams thet closely packed, vertlcal 1solines do not indlcate lack of sta-
bility. On the contrary, at the contact between the slope water and the Gulf Stream for
example, the warm water usually overlies the colder water for a dlstance of 10 miles or
s0. :

The slope wzter in turn is separated from the still warmer Gulf Stream water by
another sharp zone of thermal transition, but on the southern edze of the current there
1s a less marked change as one enters the slightly colder Sargasso Sea. Thus the four
subdivisions shown In Figure 20 can be clearly made out from the midwinter temperature
profile (Fig. 21). But in all four types of water the isotherms of the upper 40 fathoms
are so nearly vertical (or indicate an increase of terperature with depth)that little sta-
bility could have prevailed. Thus with the possible exceptlon of the layer between 40
and 50 fathoms in the slope water and in the Gulf Stream and at the three boundary zones

one would judge that in midwinter ercellent sound ranging conditions must prevéil along

this 600 mlle sectlon.
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Fig. 22. ‘Pemperature distribution in August along a profile extending from Montauk Point
to Bermuda. ‘
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D El("lﬁb’%ﬂsﬁm&«.eﬁ:‘l En 1tions along the same profile (Fig. 22) are in sharp contrest, for
in this case many of the isotherms have a fairly horizontal course, Indicating stable
condltions. Thls results from the development of the secondary thermocline, caused by
the warming of the superficlal layer. It wlll be seen that over the continental shelf
the surface water ls about 26°F. warmer than the bottom water and that the greater part
of this gradlent 1s at depths between 5 and 21 fathoms. This layer of maximum stability
increased in depth slightly in an offshore direction, but north of the Gulf Stream the

layer of mixed water at the surface was nowhere more than 12 fathoms thick.

The offshore limlt of the coastal water 1s marked by the outward bulze of the rela-
tively cold water at depths between 25 and 45 fathoms. It will be noticed also that be-
low this layer of minimum temperature, just as in winter, the water appears to be unstable

from the point of vliew of temperature alone.

In the slope water band the isotherms, especlally those between 580 and 640, ha&e a
rather wavy'course; This results from a large clockwlse eddy which was present north of
the Gulf Stream at the time thls section was occupied. Such éddies are frequently met
with in this band.

The northern edge of the Gulf Stream 1s clearly marked by the closely packed iso-
therms at a distance of about 210 miles from the coast. Over the current the thickness
of the wind stirred layer at the surface, with temperatures higher than 829, increased to
15 fathoms. It will be noticed that the Gulf Stream water was only about 2° warmer than
the water at corresponding depths in the Sargasso Sea and that in the latter area the
éecondary thermocline was much less sharp than north of the current. Nevertheless, south
of the Gulf Stream sufficient thermel stabllity exlsted everywhere below a depth of 12 or
14 fathoms so that it is belleved that very indifferent sound ranging conditlons pre-

valled.

The midwinter salinity distribution has a similar pattern to the thermal structure
shown in Flgure 21, because in each of the four zones wind stirring had penetrated down
to at least 40 fathoms. Therefore, from the polnt of view of sound ranging 1little would
be gained by adding a dlagram to show the salinity observations obtained at the time the
temperature data were secured. Such & diagram would only show that the coastal water had
a salinity of about 33 ©/00, the slope water 35 ©/co, the Gulf Stream 36,4 /00 and the

Sargasso Sea 36.6 ©/oo.

On the other hand, 1in mldsummer the vertical salinity gradients are by no means in-
significant as shown in Pigure 23. From this dlagram it can be seen that in the coastal
water the surface salinity was about 1 part per thousand less than near the bottom, while
in the slope water band there was a difference of as much as l.2 parts per thousand be-
tween the surface and 50 fathoms. 1In the Gulf Stream and in the Sargesso Sea this ver-

tical salinity gradient was much less, amounting to only about 0.4 parts per thousandg.
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In addition, in thesé two water masses the increase in salinity with depth was more

gradual.
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Fig. 23. Salinity distribution I1n August along s profile extending from Montauk Point to
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It was earlier stated that In general In the open ocean salinity decreased with
depth. Why then does the Gulf Stream water and Sargasso water in Figure 23 show the
opposite gradient? Considering the whole offshore water-column the salinity does decreaser
with depth, but in the surface layer some exceptlons are found. The explanation in ‘this
case is that the observatlons come from summer when the surface salinity is slightly
lower than in winter. 1In offshore waters the salinlty near the surface is determined by
the balance between evaporation and rainfall., In the western North Atlantic the rainfail
is relatively constant throughout the year. However, in winter evaporation is much more
marked then in summer. ©Not only are the winter winds much stronger, but they are a great
deal drler than ln summer. This marked seasonal cycle in evaporation causes a seasonal
variatlon 1In surface salinity, the change In the Sargasso Sea area being from 36.6 °/oo
in winter to 36.2 °/ooc in summer. It is for this reason that summer sections, such as
Flgure 23, show & slight increase in sallnlty with depth, but from the point of view qf
sound transmission thls favorable factof is completely masked‘by the secondary thermo-

cline. .

The salinity diagram also shows that along the northern edge of the Gulf Stream.
quite fresh (35 ©/o0) masses of water were in close contact with the saline waters
(36.2 ©9/00) of the current. Such sharp hofizontal'contrasts in salinity are very common
along the left hand edge of the Gulf Stream and introduce an added difficulty to sound-
ranging. Thus both from the polnt of vliew of vertlcal and of lateral gradients the
northern boundary of the current is a very dlfficult zone in suﬁmer for successful sound

transmission.

As mentloned above, any sectlon normal to the trend of the coast line from Cape
Fatteras eastward would heve the same basic structure exhibited by Figures 21-23. Of
course the width of the coastal water and the width of the slope water variles somewhat

from one part of the coast to another, but in esach band the stability will be comparable
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in an along shore direction, whatever the season.

The complete seasonal cycle of thermal stability has already been glven for the coast
al water off Montauk Point (Fig. 15) and for the western Sargasso Sea (Fig. 13). The
seasonal changes within the surface layer of the Gulf Stream are almost 1dentical with ttre
latter, except that the Increased turbulence maintains a slightly deeper homogeneous layer
at the surface throughout the year. The conditions in the slope water band cannot be so
easlly systematized. 1In the first place, the offshore limit of the relatively fresh
coastal water varies quite widely, depending on the prevailing winds, and in the second
place warm Gulf Stream water is frequently discharged at the surface north of the current.
Thus in the slope water band at one time the vertical salinity gradients may be comparable
to coastal water conditions, while nearby or at another time the water mey be almost
iIndistinguishable from Gulf Stream water. In short, the slope water is a mixing zone for
coastal and Gulf Stream water and only‘occasionally is the mixture sufficiently complete
so that it-can be sald that intermediate conditions prevall. For these reasons only dur-
Ing the midwinter months 1s 1t possible to predlct with any certainty what the sound tfans-
mitting qualitlies of this band of water will be. Fortunately such zones, where contrast-
ing water masses are belng continually blended by large scale turbulence, do not occupy a2
large part of the sea. Moreover, their limits can on the whole be mapped from existing
oceanographic data. ZElsewhere the vertical and horizontal gradients are much more'gradual,
and predictable with some certainty when seasonal and diurnal factors are taken into con-

sideration.

To further emphasize the close cont?ol which temperature exerts on the sound veloclty
gradients in the various geographical subdivisions of the western Worth Atlantic the mid-
winter and midsummer oceanographic data from the Montauk Point-Bermuda section have been
converted to sound velocity and are presented in Figure 24. A comparison of these
veloclty profiles with the corresponding temperature sections (Figs. 21 and 22) shows the
striking simllarity between the distributlon of temperature and sound veloclty. In mld-
winter (A), except at depths of between 40 and 50 fathoms in the slope water and in the
Gulf Stream, the sound velocity gradient is everywhere positive; while in midsummer (B)
1t is negative with the exception of the deeper waters over the continental shelf. In the
first case the exception is caused by slight thermal stability (see Flg. 21) and in the
second case by the relatively warm bottom water near the edge of the continental shelf
(see Pig. 22). But as already noted In connection wlth Flgure 16, in summer the good

sound water near the bottom over the contlnental shelf is not usable by a surface craft,

Prom thils examination of the seasonal and dlurnal cycles and of the vertical and
horizontal structure of the waters off the eastern coast of the United States 1t seems
safe to conclude that the varlatlons in salinlty, although at times important in maintain-
ing stability, play a very small part in determining the sound transmitting qualitiles of

the upper 50 fathoms. FPFor all practical purposes a knowledge of the vertical temperature
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gradients 1s all that 1s required.
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Flg. 24. Speed of sound (in feet per second) in Januery (A) and August (B) on the
Montauk Point-Bermuda sectlon.

'8. INTERACTION BETWEEN THE SEA SURFACE AND THE ATMOSPHERE

It has been shown repeatedly in the previous pages how extremely lmportant the heat
exchange across the sea surface 1s to the horizontal transmission of sound. When the sea
surface 1s gaining heat, and therefore a tendency for lncreasing stabllity prevails, the.
sound transmitting qualitles of the water will become relatively poorer. When the sea
gsurface 1s losing heat, so that the waters near the surface tend to become slightly un-
stable, the winds are able to maintain a relatlvely deep mixed layer wlthin which the
pressure effect will prevent sound from belng refracted downwards. The 1mportance of the
heat exchange at the surface 1s equally great whetheér dlurnal or seasonal varlations are
being considered. Furthermore, the question of turbulence in the superficial layer is

also closely connected with the thermal interchange between the sea and the atmosphere.

At the sea surface two fields of science, oceanography and meteorology, meet. From
the oceanographic standpolnt the forece which the winds exert on the surface drives the
currents from above. From the meteorologlcal point of view the sea 1s retarding the
winds from below. TIn the ccean the currents decrease in velocity wlth depth, while in
the atmosphere the winds increase in veloclty with altltude. These vertical velocityi

gradients and the accompaning turbulence are intimately connected with the stabllity or
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lack of stability in both medlums.

For conﬁenience turbulence can be thought of as having two components, vertical and
horlzontal., Where stabllity is great the vertical component 1s small and the stirring
must express 1tself mainly in lateral movements. In either stable ailr or stable water
the turbulent motion can be thought of 2s belng flattened from above. TUnder such ecircum-
stances the horizontal component of turbulence is inc;eased. On the other hand, where

there 1s no stability the horlzontal and vertical components of turbulent motlon will be

roughly equal.

Turbulence in the surface layer of the sea is comparable to a system of eddles, es-
pecially under stable conditions. These eddy motlons seem more often then not to occcur
on several definite scales. There is first of all molecular motlon, but this is such an
extremely small scale phenomenon that 1t sccompllshes only a2 reélatively small part of
the nixzing. Next there 1s the ordinary small scale turbulence whereby most of the wind
stirring is carrled out. Here the scale of the eddles 1s of the order of magnitude of a
few inches or at most a few feet. Turbulence on thls scale no doubt also is caused by
the shear in waters where the veloclty of flow 1s changlng gradually with depth. Then
there are eddies which may be roughly & mile or more in diameter, for example, the smaller
eddles one would exbect to find along the edges of a powerful current. The next jump
seems to be to eddles which are roughly 60-100 mlles in dlameter. Finally, mixing occurs
on an ocean wide scale, and this produces the permanent current systems. It 1s the sec-
ond of these typlcal eddy sizes, with dimensions of the order of magnitude of a few
inches or a few feet, which is of major importance in the transfer of energy between the
sea surfacerand the atmosphere. The waves are one of the manifestations of this sort of

turbulent motion.

Under stable conditions the heat absorbed from the sun In the upper few feet 1s car-
ried downward largely by wind stirring. As has been shown above, when the sea surface is
gaining heat the winds are only able to maintain a relatively shallow layer of completely
mixed water. During a calm period marked thermal stablility may be found in the upper 10
fedt or so. But even strong winds In summer cannot maintain a homogeneous layer at the

surface more thah 60 or 100 feet deep.

When the surface 1s losing heat, convectlon 1s added to wind turbulence and the homo-
geneous layer at the surface deepens rapidly. Convectlon 1s independent of the wind and
will take place either in a calm or in & gale. Convectlon 1s the motlon which occurs
when, through cooling and through an increase in salinity (resulting from evaporation),

water near the surface becomes heavier than the water just beneath.

What are the processes whereby the surface galns or loses heat? There 1s first of
all conduction, the direct interchange of heat due to the contact between the alir and the
water. Only about 5% of the heat transfer across the sea surface can be accounted for by

conduction.
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A much more effective mechaniam is the absorption of solar radiation, for, since
water 1s relatively transparent to light rays, the thermal change In thls case 1ls not
confined to the immediate surface. Transparency of sea water i3 rather variable, but in
round numbers 1t may be stated that half the energy of solar radlation penetrates the
first half fathom of water. Some wave lengths are almost completely absorbed in this
layer and the remaining wave lengths are more penetrating, so one quarter of the incident

energy usually goes deeper than two fathoms.

Radiation is not a reversible process. Water is far more opaque to the long wave
radiation originating in the ocean (or atmosphere) then 1t 1s to solar radiation, of
which a large part of the energy 1s in the short wave or light band. Consequently the
back radiation from the water originates in a thin surface film; most of the emltted
energy comes from a surface layer less than s thousandth of an inch in thickness. Thus
the 1loss of heat by back radiation comes from a much shallower layer then that which ab-
sorbs solar radiation in daytime. From this point of view the ocean surface 1s compara-

ble to the glass roof of a greenhouse.

The rate at which the absorption of solar radiation raises the temperature of the
water depends of course on the altitude of the sun and on the presence or absence of
clouds, but on the average thls process accounts for about 95% of the heat gained by the
ocean., Back radlation on the other hand is responsible for only about 40% of the heat

lost from the superficiel layer. The remainder 1s largely accounted for by evaporation.

Evaporation is a surprisingly effective method of cooling the water. It of course
acts on the immediste surface and further accentuates the temperature gradient of the
surface film produced by back radiation. However, by mixing and internal radiatlon
within the surface f1lm an unstable surface layer an inch or more in thlckness 1s probab-
1y often formed. Thus Iin daytime, especially in clear dry weather with light winds, a
relatively dense surface layer is maintained whlle at the same time solar radiation
steadily decreases the denslty of a much thlcker layer just below. TUnder such clrcum-
stances the heavy surface water must break through the warmer layer beneath. The pat-
tern of flow which is brought about by this sort of convection has been étudied only
very recently. Needless to say 1t 1s not easy to observe sﬁch phenomena in the open
ocean. However, the behavlior of the gulf weed in the North Atlantlc provides convin-

cing evidence of the importance of thls process.

Preliminary observations indicate that when the gulf weed 1s scattered at random
the superficial waters are stable, while when the gulf weed 1s lined up surface cooling
is taking place. The lines of gulf weed are evidence of convergence of the relatively
dense surface water as it sinks along a vertical plane through the warmer waters Just
below. These lines of convergence extend downwind and are spaced 50 to 100 feet apart.
Under such clrcumstances the superficial layer of water has a2 cellular structure which,

as will be discussed below (page 62), may not be without significance to sound ranging.



DECEEY vir | ED o7

Thls type of motion 1s 1llustrated diagrammatlcally in Figure 25.
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Such convectional cells in the surface layer may not be independent from similar
cells in the air just above the water. Much further research is required. However, suf-
ficient observations have been made to indicate that thls is probably a general phenome-
non. Alternating bands of convergent and dlvergent motlon have been seen, for example,
in a lake where 1t was thought that the wind was the cause, but the importance of evapo=
ration 1n this process has only recently become apparent. The fact that the cells are
always lined up with the wind Indicates that the motion 1s not independent of the wind,
but it is also signiflcant that lines of gulf weed have not been observed, except under

condltions when the surface film was belng cooled by evaporation and conduction.

The rate at which evaporation proceeds depends on the dryness of the air (indicated
by the temperature difference between wet and dry bulb thermometers), and ceases com-
pletely when the alr is saturated. Rate of evaporation depends also on wind speed, be-

coming very slight in a calm. The relative humidity of the air, an inverse indicator of

1ts dryness, varies locally wlth the wind direction. In the northern hemisphere south-
erly winds are usually relatively moist, whille northerly winds tend to be drier. But
there 1s also a much larger scale pattern of humlidity, not without significance to sound
ranging. In the western part of the oceans, especially in winter and in the latitudes
of prevailing westerly winds, the winds are relatively dfy as they come off the conti-
nents. Thus outslde the trade wind belts evaporation is greater in the west than in the
east. Thls means that in the latlitudes where westerly winds prevall thermal stability
will be more common in the surface layer in the eastern half of the oceans than in the

west.

Evaporation 1s also more rapid in the horse latitude belts and along the northern
edge of the trade wind belts than nearer the equator. The very high surface salinity of
these areas (see Flg. 11A) is good evlidence of the relative dryness of the air. The gen-
eral wind system is such that in the horse latitude belts the air 1s descending. Thus it
i1s being compressed and therefore warmed as 1t descends. This increases its capacity to
take up water vapor. As the trade winds converge‘towards the equator they become satu-
rated with water vapof so that only along the northern (and, in the southern hemisphere,
the southern) edge of the trades can evaporation be important., At the equator the con-

verging air must rise and this results in mich rain and a stable surface film.
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Enough has been written to Indlcate that In the superficlal layer of the ocean
rather complex processes are at work. The upper few feet of water are by no means struc-
tureless, especlally when the air 1s dry and the wlnd is light. Whether or not any of
this structure is of much lmportance to horizontal sound transmission is not yet known,
but, as will be suggested in Chapter V, large scale convectlon cells near the surface may
be the cause of reverberations in sound reception. Moreover, turbulence and convectional
flew within this layer may break up the directional qualities of high frequency sound as
it approaches the surface. 1In all probablility untll more is known sbout the physical
oceanography of the upper few feet of the sea, a full understanding of underwater sound

transmission will not be possible.

The effect of the winds in producing turbulence in the surface layer has been briefly
discussed; but the winds 21so cause the actual transport of surface water. Where the
winds-arée steady, as 1n the trade wind belts, after suffilclent time deep powerful cur-
rents develop, because-turbulence carries the energy from the winds downwards. But such
movements are not particularly detrimental to sound transmission, for in permanent wind
currents-turbulence due to vertical shear also nminimizes the thermal structure of the
water. On the other hand; light winds which are variesble in direction are capable of
causing very bad sound condltions when stability prevalls. Thils is especially true near
fhe coast and alqng‘the border éf a_currenf with a marked north-south component. Where
the surface varles in teﬁperqture and sallnity horizontelly, a temporary wind can cause a
relafively th;n‘éheet of water to over-rlde another body of water with different physical
charégteristics; For example, relatively warm and sezline water from the slope water area
off New England mayvfe blown Inshore so that 1t overlies the colder and less sallne sur-
face layer of the coaétal water. TUnder such conditions there may be little or no differ-
ence in_densify 5etweenbthe two types of water, but the resulting temporary thermel gra-
dient-maj be very bad fér‘sound. Thls 1s one of the reasons why the boundary zones be-

tween contrasting water masses are most uncertain for sound ranging.

As such thin sheets of water with contrasting physical characteristics are moved one
over the otheér by a moderate wind and when there is too little turbulence to break through
the stablility, a sharply stratified surface layer is produced. TUnder such clrcumstances
the vertlcal thermal structure will frequently indicate instabiiity. In PFigure 26 two
such examples are given. 'However, In such cases the apparent instability is always coun-
teracted by salinlity. 1In other words, regardless of 1ts temperature the less dense sheet

of water 1s carried by the wind over a somewhat heavier layer.

68° 70° 7° 74 76° ° gp° Flg. 26. Temperature-depth curves illustrating

* 4 * : the sliding of one layer over another by a light

g 5. fff |l wind. The observations for curve A were made off
o the Atlantlc end of the Panama Canal in winter.

E|o- . / [ Curve B shows a more complex case from the slops

< |5 E3 s, L water area south of Montauk Point In summer. In
w o [x . both cases the salinlty distribution more than
20 counteracted the apparent thermal instability.
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Thigs sort of stratiflcation cannot continue 1f the wind holds steady in direction,
nor can it develop during perlods when the stability near the surface is low. It is
much more common near the coast than in the open ocean and outside of the”tropics it can
only occur during the summer season. However, 1t 1s thils sort of layering which in the
past has often made the sound ranging problem seem so hopelessly complex. It is fortunate
that only over relatively small parts of the sea are the horizontal contrasts in the sur-

face layer sufficlently marked to make thls wind effect possible.
9. INTERNAL WAVES, TIDAL STIRRING AND UPWELLING

When the windé are light the diurnal thermal cycle and the sliding of one stable
layer over another by a moderate wind may combine to produce a complicated distribution
of temperature with depth within 20 or 30 feet of the surface. As will be shown in Chap-
ter V, the position of the sound projector relative to such shallow temperature gradients
is extremely 1mportant to horizontal signaling methods. For example, the range will be
much greatef when the thickness of the wind stirred water at the surface 1sigreater than
the depth of the sound projector than when the beam starts out in a layer of thermal sta-
bility. It becomes necessary, therefore, to consider whether or not the internal waves,
which exlst in eall large bodles of stable water, can so vary the thickness Qf the various
superficlal layers that the projector will be first in one sort of water and a short time
later in snother. The term internal wave is applied to such waves as are propagated along

the interface between two layers of water of different density.

This phenomenon has been studied in the main thermocline layer and in the secondary
thermocline layer, but never in the diurnal thermocline or in such temperature discontin-
uities as may be caused by wind transport within 20 feet or so of the surface. In the
main thermocline layer 12 hour and 6 hour waves exist which may alter Fhe depth of a
glven 1sotherm by as much as 150 feet in the course of a few hours., Such internal waves
are apparently not due ent;rely to the tides. A storm can sgnd out subsurface waves in

the same menner as swell can travel great distances from its region of origin.

Within the secondary thermocline internal waves have been frequently observed In
coastal waters, where, as might be expected, their amplitude is much smaller than at mid-
depths in the open ocean, for obviously the amplitude of such a wave must approach O at
the surface. In Figure 27 a serles of observations, obtained over a 24 hour period in
the Gulf of Maine, are shown to illustrate the magnitude of short period waves in a summer
thermociine., It is believed that this 1s an extreme example because of the strong tides.

Other areas show waves wlth about half as much amplitude.

Tt will be seen from the diagram that the 54° jsotherm changed in depth by about €0
feet in roughly a six hour period, while the 44© 1sotherm varied about 100 feet in a simi-
lar length of time. Thus within the secondary thermocline we have evidence that the am-

plitude of the internal waves decreases towards the surface. What would be their ampli-
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tude at a depth of 15 feet which is roughly the depth of the osclllator on most surface
ships equlpped for supersonic ranging? No observations are available to help answer this
question. A reasonable guess would be that at a depth of 15 feet a given water particle
might change in depth by 10 feet due to the passége of an internal wave. However, the
mean amplitude of such movements is probabiy more nearly‘half this figure.

TIME IN HOURS o :
0 2 4 6 8 . IP _l? 14 |§ I§ lpr 22 24

304

DEPTH IN FATHOMS

Fig. 27. Internal waves in the eastern part of the Gulf of Maine in summer. Temperature
observatlions were secured at intervals of about one and & half hours during a 25 hour"
perlod. . .

If these estimates are at all rellable; there '1s & distinct possibility that whenever
fine scale thermal structure exlsts at depths within a few feet of ‘the sound projector
the range will vary with Ehe‘paseage of esch internal wave. 'The 6% hour tidal cycle
should largely control the period of these variations in range. The chief significance of
these considerations 1s that when such conditions prevail the analysis of sound trans-:
mission tests will be unreliable unless temperature data are secured at least once an

hour.

Under most circumstances the tides are not able to break down the tendency for sta-
bility in the surface layer of the ocean. Tn the open ocean, as has been dlscussed
above, turbulence caused by the flow of ‘the tides plays a‘minor parﬁ compared with wind
stirring in overcoming stability near the surface. From the boint of view of sound trans-
mission in most regions the tildes are only importént in so‘far as they partly control the
frequency of internal waves. However, on the continental sheélf under certain elrcum-

stances tidal turbulence is able to keep the water column»mixed from surface to bottom.

The Georges Benks area off the Gulf of Maine provides a goed example of such a case.
The depth-ouer the top of the bank varies mostly between 10 and 50 fathoms and strong
tidal currents prevail.’ Only for about 6 weeks in the middle of summer ié the absorption
of solar rediation able to establish a secondary thermocline. Throughout the rest of the
year wind stirring end tidal turbulence keep the water completely mixed from surface to
bottom. The limius of this homogeneous water coincide roughly wlth the 40 fethom depth

contour.

The Grand Banks of Newfoundland is another such area, but here the tidal currents
are not as strong as on Georges Banks, so the summer stable period is considerably loriger.

Few observations are available from the central part of the Grand Banks, but 1ts
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waters are probably homogeneous, surface to bottom, from early October to late May.
Besides increasing turbulence over a shallow benk, the tides often considerably
shorten the period of thermal stability in waters near the coast. Within 5 or 10 miles
of the beach in many areas the water-column is well mixed, except for a short period in
midsummer. In addition to shortening the period of the secondary thermocline, tidal
stirring 1s no doubt sufficiently vigorous in some areas to prevent the formation of the
dlurnal thermocline. Thus strong tides and strong winds work together to maintain fa-

vorable conditions for horizontal sound transmission.

There 1s one clrcumstance Iin which & moderate or strong wind will have just the op-
posite effect, namely when 1t persistently blows in an offshore direction. Steady off-
shore winds will keep the surface layer moving away from the cosst and therefore near
the shore wlll cause deeper water to rise towards the surface. This is know as up-
welling. The vertlcal component of such motlon 1s usually relatively slight, but since
the wind stirred‘surface layer is continually being blown offshore the thermocline nay

extend almost to the surface, resulting 1n bad sound ranging conditions.

The best examples of falrly wide spread, unfavorable sound conditions due to up-
welling are found in the latitudes of the trade winds on the eastern side of the oceans.
The west coast of Afrlca 1s one example. Of more importance to naval operations are the

waters off the Pacific entrance to the Panama Cenal where similar conditions prevall (see

page 68).
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f Fig. 28. Temperature section illustrating upwelling
70° due to a steady offshore wind. The observations ex-
10 tended westward from Dakar on the west coast of Afries
at approximately latitude 15°N.
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The temperature distribution on a profile (Flg. 28) extending offshore from the port
of Dakar on the African coast illustrates the phenomenon of upwelling. Here the conti-
nental shelf is narrow and at the time the section was ocecupled (February) the trade
winds had an offshore component. It will be seen that for at least 50 miles off the

" coast thermally stable water extended right to the surface, while further out 12 to 15

fathoms of wind-stirred water overlay the thermocline.
1l. SUMMARY AND CONCLUSIONS

Varlous oceanographle factors which influence the transmission of sound in the sur-
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face layer of the ocean have been discussed. It 1s belleved thet the available tempera-
ture and salinity observations from the western North Atlantic permit the following

general conclusions:

1) In the deep ocean the water above the permanent thermocline layer is only entire-
1y without vertical structure for a relatively short perlod in midwinter. At other sea-

gons varying degrees of thermal stebility will be found in the upper 50 fathoms.

2) The development of a secondary thermocline in early spring causes a sharp decrease
in the thickness of the wind stirred layer at the surface. This is followed by a more
gradusl decrease during the early summer so that by midsummer only 5 to 15 fathoms of
mixed water may overlle a iayer of great thermal stability. During the autumn, as the

surface layer loses heat, wind-stirring penetrates deeper and deeper.

3) This seasonal thermal cycle in the surface layer 1s particularly marked near the
coast and in the latitudes of prevalling westerly winds. Nearer the equator the second-
ary thermocline cannot be so clearly differentiated from the main thermocline, which 1ln

low latitudes approaches the surface.

4) In addition, during periods of calm or light winds a diurnal thermocline may de-
velop at a depth of only a few fathoms. Under such circumstances during the daylight
hours, especlally between 9 A. M. and 4 P. M. the layer of mixed water at the surface

may be very thin indeed.

While these three layers of thermal étability (permanent thermocline, secondary
thermocline and diurnel thermocline) are unfavorable to horizontal sound transmlssion,
various processes whereby the surface loses heat to the atmosphere (chiefly evaporation
and back radiation), especlally when acéompanied by turbulence, have the opposite effect

on sonic ranging results.

5) The greater part of the mixing In the surface layer is caused by the winds, but
vertical éhear, either in permanent currents or in tidal currents, also plays a part.
Thus near the coast (except when prolonged offshore winds prevail), over a shallow bank
or along the path of a steady current the wind stirred layer at the surface will be deep-

er than elsewhere during the period of the secondary thermocline.

6) In regions where the permanent currents have north-~south components the seas will
also have & horizontal thermal structure. Through wind transport or through large scale
mixing processes the nelghboring contrasting water masses may temporarily overlie one
another. Thus the borders of such currents, especially their left hand edge in the north-
ern hemisphere (right hand edge in the southern hemisphere), in the absence of strong

winds are often unfavorable to sound rangling.

7) The surface layer of the western North Atlantic can be subdivided into four parts
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on the basis of its vertical and horizontal structure:
a) The coastal water, which covers the continental shelf and often extends off-
shore at the surface considerably beyond the 100 fathom curve, is characterized by an in-
crease In salinity with depth and during the spring and early summer by a temperature

minimum at mid-depths.

b) From Cape Hatteras eastward to the Grand Banks the coastal water 1s.separated
from the Gulf Stream by the so-called élope water. This band, which is mostly between 40
and 100 miles in width, has only weak permanent currents, but frequently there are large
eddles. The surface layer of the slope water is a mixing zone for bodies of relatively
fresh coastal water, which have become detached, and masses of Gulf Stream water carried
north of the current by eddies. The vertical and horizontal gradients are therefore

varlable and unpredictable in this reglon.

c)‘The Gﬁlf Stream waters are of course relatively warm and the mixed layer at the
surface over the current 1s always deeper than on either side. Marked lateral gradients
of temperature and salinlty are always found at the left hand edge of the currents. At
such boundaries it is usual for the less dense water to slightly overlie the heavier, and
consequently the margins of a current often have bad sound transmitting characteristics.

d) The Sargasso Sea extends from the right hand edge of the Gulf Stream eastward
to the Azores. 1In winter its waters are homogeneous to a depth of 50 fathoms or more.
Yo marked horizontal gradlents are met with and the secondary thermocline is relatively

weak when compared with the slope water or with the coastal waters.

i 8) In no part of the western North Atlantic thus far examined has it been posslble to
show that the vertlecal salinlty gradient was sufficlently marked to overcome the effect of
temperature on the transmission of sound. Whille the distribution of salinity often plays
an important part in determining the stabllity of the water column, its influence on sound
1s so slight that it can be safely neglected.

9) The rathier complex factors determining the distribution of temperature within a

few fathoms of the surface have been dlscussed, but it 1s impossible yet to demonstrate

how important such small scale thermal structure i1s to the problem of soniec ranging.
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CHAPTER V

RANGE AND INTENSITY OF THE DIRECT BEAM
1. RANGE IN AN ISOTHERMAL LAYER

The most frequently occurring condition of the water is that in which the upper
layer is 1sothermal, or in other words 1s completely mixed and therefore has constant
temperature and salinity. From Figure 1 it 1s seen that 1ln thls case the veloclty in-
creases wlth depth at the rate of 0.0182 ft/sec/ft. As expleined on page 16, this
will introduce refraction, bending all sound rays into the form of circles with centers
approximately 4900/.0182 or 269,000 ft. above the surface. By reference to Figure 5 it is
seen that the limiting range of the direct beam is determined by the depth of the layer.
The graph in Figure 29 is designed to permlt rapld calculatlon of thls range in an iso-

thermal layer of lmown depth.

Let hy and hy represent the heights of the projector and target respectively above
the bottom of the isothermal layer. From Figure 29 it is possible to read values of X3
and Xg, the horizontal distance from the vertex of the limiting ray to the projector

and to the target. The range is the sum of X; and Xg.

For example, the maximum range for the direct beam in a layer of thoroughly mixed
water 300 ft. deep, with the projector depth 13 ft. and the target depth 100 ft., is

found as follows:

hl = 300 =-13 = 287 ft; X1 = 4220 yd.
hg = 300 -100 = 200 ft; Xo = 3510 yd.

Range = 7730 yd.
2. RANGE IN A LAYER WITH GIVEN VELOCITY GRADIENT

For cases in which the velocity gradient is different from the lsothermal value,
the more general graph In Figure 30 may be used. The slgnificant quantities in the cal-
culation are the speed of sound at the vertex of a path V, the speed V - AV and the in-
clination & of the path at a point whose vertical distance 1s h and whose horizontal
distance 1s X from the vertex. In figure 30, © and also the ratio X/h are plotted
against values of the ratio AV/V. The graph is drawn in four parts to permit coverage of

the entire useful range of values, as follows:

part AV/v X/h e

A .01-.16 3.25-15.5 5.5-30.

B .001-.016 10.5 -35. 3.0-11.5
c .0001-,0016 32.5 -155. +55-3.0

D .00001-.00016 105. -350. 0-1.25

Since all the quantities plotted In Flgure 30 are ratios, it follows that this
graph will serve for calculatlons in any system of units. The unilts used may be chosen
at will, provided X and h are expressed in the same unit, and likewise AV and V. (AV
13 read as "delta V", and means "the chenge in V"). 1In every calculatlon made with the

a1d of Figure 30, the path must be broken up into units such that one end of each unit 1s
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thls curve may be used to

Wnen the upper layer of water is thoroughly

RANGES IN AN ISOTHRRMAL LAYER.
mixed so the temperature and salinlty are constant throughout,

compute ranges of direct rays.

Figo 29,
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a vertex, or point at which the path 1s horizontal. DELA Ss&l FED

The following examples 1llustrate the use of Figure 30 in the calculation of ray

dlagrams.
Examples

Negative gradient, single layer. A projector i1s 15 ft. beneath the surface. The

sound speed decreases unlformly frpm 4800 ft/sec at the surface to 4790 ft/sec at a depth
of 50 feet. Find (1) the distance at which the shadow zone beglns at the surface, (2)
the angle at the projector of the llmiting ray, (3) the beginning of the shadow zone for
a receiver also at the depth of 15 fest, (4) the beglnning of the shadow zone for a re-

"eelver at 50 feet.

Solution:

(1) :

AV/Y = -(15 x 10)/(50 x 4800) = .000625
From Pigure 30, X/h = 56.6

X T 56.6 x 15 = 849 ft. = 283 yd.

(2) Frfom Figure 30, @ = 2002!
(3) 2 x 283 = 566 yd.

(4) AV/V = 10/4800 = ,00208
From Figure 30, X/h = 31.0
X = 31.0 x 50 = 1550 ft. = 517 yd.
Distance = 283 4+ 517 = 800 yd.

Negative gradient, vertex unknown. In Figure 6, teke the veloclty to be 5000 ft/sec

at the surface, and 4995 ft/sec at the bottom of the first layer, which is 50 ft. deep.
Calculate the horizontal distance travelled in the layer by the ray which leaves the pro-

jector at an angle of 5° below the horizontal.

Solution: . Here the position of the vértex is not known and the first step 1s to
determine it. In Figure 30, at @ = 59, AV/V = ,00380. Hence AV = approximately 5000
x .00380 = 19.0 ft/sec. The velocity gradlent is 5/50 = ,100, so a change in V of 19.0
ft/sec means a change in h of 19,0/.1 = 190 feet. Thus the vertex of the path is 190 ft.
‘above fhe'projector, which happens to be above the sctual surface of the water as shown
;in Figﬁre 31; This point causes no trouble because the vertex lles on a continuation of

the ray back of the projector, which is used only as an ald to the calculation. From

Figure 30, at AV/V = 00380, we find X/h = 22.9, so X = 190 x 22.9 = 4350 feet. The
fve:tex.ofithe required path is 190 ft. above the projector and 4350 ft. back of it. The
velocity at thattpoint (if the layer actually extended to it) would be

o 5000 4+ (175 x 5 ¢ 50) = 5017.5 ft/sec.

Having located the vertex, the next step is to calculate the horizontal distance for
a ray frbm:thé vertex to travel to the required depth of 35 ft. below the projector or

225 ft., below the vertex. For this part of the calculation
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AV/V = 22.5/5017.5 = .00449 e R
" From Figure 29, X/h = 23.8 DECLAD_S[F'E
X = 23.8 x 225 = 5360 ft. ‘ .
The requlred distance is 5360 - 4350 = 1010 feet.

| 5360 FT. >
VES0l7S e 4350 FT— i
\9 = \\ : ) "
. O, SURFACE " : I,%
B Voo I,ROJECTOR i T2
r V= 4998.5./" 39, |SOFT.
] o,

1010FT

Fig. 31. SOLUTION FOR UNKNOWN VYRTEX. Tllustrating the solutlon of an example solved
in the text. :

‘3. GEOMETRICAL DIVERGENCE OF THE SOUND BEAM

In the complete absence of speed gfédients, surface reflections, and absorption, the
rays of‘a sound beam would all be straight lines and the decrease In intensity of the
sound with increasing distance from the prbjector would result solely from geometrical
divergence. The total sonle energy of the beam would be the same at any distance from
'the projector, but it would be spread over a larger area at a greater distance. The area
covered by the beam increases as the square of the distance, so the intensity (amount of

sound energy per unit area per second) decreases as the square of the distance.

It is customary to measure the intensity of sound in decibels above or below an in-
tensity which has been selected as a standard of reference. If Iq,and Ip represent the
intensitlies at two points iIn a sound beam, the number of decibels denoting their ratlo

1s 10 log 10 I1/I5, The following table shows the relation between decibels and intensity

ratlos:

Intensity ratio ' Decibels

1 0
2 3.0
3 4.8
z 6.0
5 7.0
6 7.8
7 5.5
8 9.0
9 9.5
10 , 10.0
100 20.
1000 30.
10,000 0.
100,000 50.
1,000,000 60.

If intensity is measured in decibels; and if the variations in intensity of the beam with
changlng distance are due to geometrlcal divergence alone, the varlation of intensity
with range 1s given by the expression

db = (Abo+20 10g RO) = 20 10 R « o + o o o o o o s o o o o (3)
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'fﬁhéféidbofrepreéénts the value chosen for representing the sound intensity at the range

Ro. To apply this equatlon for the purpose of finding whether effocts other than geo-
metrical divergence are Influencing the intensity in the sound beam it is necessary to
select the rneference range Ro small enough that reflection and refraction effects are

negligible.

In Flgures 33 to 39 are shown typical Intensity versus range measurements for sev-
eral experiments conducted by the Naval Research Laboratory and others. Signals sent
from a projector at a 'depth of 13 feet were detected and their intensity measured by &
unit at an equal depth and at varying distance. Simultaneous measurements of the thermal
condition of the water were made and from them the refractlion pattern was calculated. In
Figure 33, where the refraction did not cause shadow zones, the variation of observed in-
tensity agrees with the values computed from geometrical divergence. But in Flgures 34,
35, 36 and 39, cases where refractlon does produce shadow zones, the observed intensity

falls far below that computed on the basis of geometrical divergence alone.

The question may arise whether the curvature of the sound beam due to réfraction
may not cause the actual distance travelled to exceed the straight line distance between
source and target. This increase is so small that it caﬁ be lgnored 1n computing inten-
sity chenges due to geometrical divergence, as will readily become apparent if the ray

dlagrams are constructed on a true scale without vertical exaggeration.
4. REFLECTION OF SOUND
Reflection From The Surface

Underwater sound is reflected very efficiently from the surface of the water, less

efficiently from the bottbm, and slightly by abrupt éhanges in water conditions inside

the body of water. The effectiveness of sound reflected from the surface is greatly di-
minished by the presence of waves, and it is & fair comparison to consider that the gif-
ference between the direct sound bear and a beam once reflected from the surface 1s
similar to the difference between the direct sunlight and the sunlight reflected from
the surface of the water under the existing conditlon of the sea. When s ray is re-
flected from the horizontal surface of the sea, the ray is inclined to the horizontal

at the same angle before and after reflections; if the ineident ray 1s 1°© above the
horizontal the reflected ray will be 1° below the horizontal. But if the surface is in-
clined at an angle 0° by the presence of a wave, the reflected ray will be deflected
through an angle 26° from its course as determined by the direction of the inecident ray.
Thus each ray of the direct beam may be considered to give rise to a sort of cone of re-
flected rays, the angle of the cone being twice the maximum angle of disturbance of the

surface by the wave motion.

Flgure 32 1llustrates the distribution of surface-reflected sound in the case of

(A) positive and (B) negativg vertical gradlents of sound speed. Five conclusions are
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(1) within the limlt of range of the direct rays the received sound always consists
of reflected sound in addition to the direct sound.

(2) wWhen the gradient is positive the range of the reflected rays exceeds that of
the direct rays, but for negative gradients this is not the case. We would therefore
expect a more marked decrease in inténsity at the limit of range of the direct beam in
the case of the negative gradlent than in the case of the positive one.

(3) The direct rays just inside the limlting range will be weaker in negative gra-
dients than in positive ones because these rays pass near the surface and are subject to
disturbance by wave action and related surface effects.

(4) Because they arrive over a number of different paths, reflected sound signals
will be "mushy" in regard to both direction and time of arrival. The problem of taking a
bearing on a signal whose path includes a reflectlon from the surface may be compared to
takirnig a bearing on the sun by observing the light reflected from the surface of the sea,

(5) Surface—reflécted sound will obviously be strongly influenced by the amount of

sea and swell.

. SURFACE _ . LIMIT OF DIRECT RAYS—y,
- 7 7 7 7 7
s pZ s 4
P o7 7 /
- P - e /’
--.-,.-c.f- - ',
< _. -~ POSITIVE
Te——- VELOCITY
B8OTTOM OF LAYER GRADIENT
¥ —SURFACE
LIMIT OF NEGATIVE
DIRECT AND VELOCITY

g? EFLECTED RAYS GRADIENT

Fig. 32. SURFACE-REFLECTED RAYS. When the surface layer has a positive gradient surface
reflections are more effective in sending sound into a shadow zone than when the gradient
is negative. The multiple reflected rays arising from each direct ray represent the
scattering actlon of water waves.

Reflectidén from Bottom

Reflection from the bottom is well known through sonic depth measurements, which
show & considerable variation in the reflecting power of the bottom materials. In sound
rangling work, incident rays meet the bottom at flat angles (less than 15°), the reflectiom
mey be expected to be more effieclent than for vertical rays. The ray dlagrams for effects
of refraction on bottom reflectlon may be obtained from Filgure 32 by simply imagining the
figure inverted. There are not avallable for this report data on the results of sound
ranging in shallow water in which other conditions are known with sufflcient accuracy to
permit isolation and evaluation of the effect of bottom reflection, but it 1s probable
that sound reflected one or more times from bottom plays an important part in operations

inside the 100 fathom curve. This point demands further study.
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Several cases in which reflection occurs from an interface between two kinds of
water are well known. Reflection from the wake of a ship 1s due to the persistence of
turbulence in the wake, or to the vertical mixing in stratified water, or to both. Re-
flectlons which appear to come from the interface between two types of water have fre-
quently been reported near the edge of the Gulf Stream. Supersonic sounding machines
when operated near the mouths of the Mississippl have given echoes from the interface
separating the overlying river water from the saltier water beneath. Echoes have been
reported from schools of fish, arising apparently from the turbulence produced by motion
of the school. In general there will be partial reflection of & sound beam whenever it
encounters an Interface separating two bodies of water which differ in sound veloclity,
density, température, current veloclty, or degree of turbulence. The greater the contrast

and the sharper the transition, the greater will be the reflecting power.

Until the bathythermograph, or other instrument for measuring water conditions con-
tinuously instead of at & set of points, becomes more available 1t will not be known how
cormonly interfaces sharp enough to cause reflectlons occur, or how sherp an interface is
required. There are some instances of intensity-range runs which seem to require re-
flection at an interface to explain the observedvintensities. For example, in the ray
dlagram of Figure 34 there 1s no chance of getting energy of the dlrect beam to a de-
tector located between the ranges of about 900 and 4500 yards. The energy whlch does
appear between these ranges 1s slight but definitely present. Elther it came by partial
reflection at the Ilnterface at 26 ft.depth or by some process not yet discussed in this
report, such as diffraction. To obtain definite informstion on this point will requlre

experiments planned especially for that purpose.
5. DIFFRACTION, SCATTERING, AND ABSORPTION OF SOUND
Diffraction

Any change in the direction of travel of sound waves caused by bending around an
obstacle, inétead of by variations of the water, is called diffraction. Diffraction is
the phehomenon which permits ordinary sound in air to trevel around a corner. In a layer
of water in which the sound rays follow curved paths, the boundary of the layer on the
high speed side mey be considered as an obstacle which casts a "sound shadow". Because
of diffraction effects the boundaries of shadow zones, such as these shown in 5 and 6,
are not absolutely sharp lines. Sound will, to a certailn extent, spread into the shadow
zone. The extent of such spreading, or in other words the "fuzziness" of the shadow,
wlll be greater the lower the frequency or the longer the wave length of the sound wave
used. It 1s the fact that light waves are very much shorter than sound waves which ac-
counts for the sharper shadow cast by a glven obstacle for light than for sound. Thus

the 17.6 kilocycle signal penetrates better than the 23.6 kilocycle signal into shadow
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zones largely because of diffractlion effects. For sound in the lower part of the range

of audible frequencies .it is probably that diffractlion would eliminate the shadow zones.
Scattering

The disturbance of sound transmission by irregularities in the properties of the
water is called scattering if all linear dimensions of the irregular areas are small com-
pared to the dimensions of the sound beam. For instance, & layer of water 20 ft. deep
but extending laterally for several mlles ls considered to refract the sound but & body
of wafer whose greatest dimension 1s of the order of 20 ft. would be considered as
scattering the sound. Scattering tends to‘difque the beam ln a random way while re-

fraction produces a systematic bending of the beam.

Scattering accompanies reflection at the surface or at the bottom provided the sur-
face is disturbed by waves or the bottom 1s i1rregular. When there 1s a zone 6f turbulence
near the surface due elther to wave actlon or to circulation induced by coolling of the
surface with resultant sinking of the cooled water, this scattering will affect the range

of direct rays which recurve near the surface as those in Flgure 34, page 64.

It is likely that the occurrence of excessive reverberations results from scattering
of thils type, and observations of the water conditlons under which reverberatlons occur

are needed.
Absorption

The term sabsorptlion has been used in the past in two different connections with un-

derwater sound. True absorption means the loss In energy in the sound beam due to vis-
cosity and imperfect elastlcity of the water. This effect is negligible for all fre- ez
quencies in practical use, and 1f it alone were responsible for the loss in signal
strength the ranges obtained with present equlpment would be far greater than are now

found even under the best conditions.

The absorption 1s sometimes used to mean the loss of Ilntensity with increasing dis-
tance due to the combined effects of true absorption, scattering, reflection, refraction,
geometrical divergence, diffraction, etc. When used in this sense 1t should be called

the loss coefflclent. It is measured Iin db/kiloyard, and does not bear any simple rela-

tion to water conditions which would permit its calculation from water temperatures with-

out use of the refraction calculations.

In the past there have been attempts to correlate high loss in signal strength with
absorption induced by small organisms in the water. The evidence 1s against this view
for in every case where temperatures and salinities have been measured they have been
found to gilve the explanation of the sound conditions observed. The fact that organisms
are exceptionally plentiful 1ln some reglons where sound conditions are notably bad 1s due

to the coincidence that the partleular set of water condltlons present in these reglons
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are favorable for the growth of the organlsms and unfavorable for the transmission of

sound .
6. DATA PROM SOUND TRANSMISSION EXPEFRIMENTS
Sources of Data

Four series of measurements of intensity vs. range have been maede by the SEMMES in
collaboration with various other vessels. Durlng the intensity measurements complete
data on water temperatures to depths of several hundred feet were observed. These data
are of the greatest value because they offer an opportunity for applying the calculations
of refraction and for comparing results predicted by the refraction calculations with the

intensities which were actually observed.

In these experiments the SEMMES usually approached the vessel which acted as target
for 1ts sound beam, keeping 1ts projector trained on the target. The target vessel kept
1ts receiver trained on the approachling SEMMES and measured the intensity of received

sound. The receiver was usually located at a depth of 14 feet.
Presentation of Data

General Statement. The data are presented in Figures 33 to 39. Four intensity

versus range runs, made under simllar water conditlons, are shown in each figure. For

each run a theoretical intensity curve 1s drawn representing intensities calculated on
the assumption that geometrical divergence 1ls the sole controlling factcr. In many cases
the observed points fall below the smooth curves, indicating that factors other than

geometrical divergence must be considered.
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Rach filgure also contains a graph of sound velocity vs. depth and a drawing of the
paths taken by various rays of the sound beam under the influence of the given velocity

distribution. To permit ready intercomparison the speed chart has a common vertical
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scale with the ray dlagram, and the ray dlagram has a common horizontal scale with the
intensity curves. TFach speed chart, and the resulting ray dlagrams, 1is selected as
characteristic for the group of Intensity curves whlch are included in the same figure

with it.

Fach speed diagram was constructed from given temperature data Ly the use of Figure
1. Fach ray dlagram was constructed from the speed dlagram by the use of Flgure 30.
Each inverse square intensity curve was drawn from equation 3, page 58, After prac-
tise, one can construct one of these complete diagrams in 30 to 50 mlnutes. When the
entire process is well understood it 1s possible to make reasonably accurate predictions
of sound ranging performance from the velocity chart alone, but it is desirable to con-

struct the ray diagram if possible.
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The absolute intensitles on the decibel scales in Figures 33 to 39 are somewhat

arbitrary. The sound intensity data were collected on three crulses, and it is assumed
that the zero intensity remained constant throughout each crulse, but has a different
value from one'cruise to the ﬁext. The smooth curves for Intensity are put in at a
constant level for each crulse, the level being selected to average all of the short

range points for the cruilse. : .

Figure 33, Feb. 11-12, 1937, Guantanamo Bay Area. Here the speed 1increases with

depth to the greatest depth measured, giving ideal conditions for sound ranging as shown
by the ray diagram and the intensity curves. An appreciable amount of surface-reflected
energy probably reaches the recelver, but the wind was force 4 to force 5 and there was

probably enough sea to scatter the surface reflections badly.

The good sound conditions are attributed to the fact that the wind hed thoroughly
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mixed the surface layer.

Flgure 34, Feb. 11, 1937. Quantanamo Bay Area. Thils situation, by contrast with

that of Flgure 33, shows the adverse effects produced by heating of the top 30 feet of
water, which caused a negative velocity gradient at the surface. The intensities fall
off rapidly and at a range of only 1000 yards the receiver is shadowed from the direct
beam. Some of the intenslty runs show the intensity returning to the theoretical curve
»at longer ranges, in general agreement with the ray dlagram. Recause of the negative

gradient in the top layer surface reflections are not possible as may be seen from the

ray dlagram. Energy cen reach a receiver in the shadow zone only by diffrzctlon or re-

flection at one of the interfaces, and these processes are not efficlent.
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Flgure 35. Feb. 11, 1937. Guantanamo Bay Area. The iimiting range for direct rays is

ebout 1900 yards as seen from the ray diagrem. This agrees with a2 break in the curve of
observed intensitles which appear on all three runs. The ranges were not extended far
enough to show the effect of direct rays returning to the surface at about 7000 yards.
The surface has a positive gradient, which is the situatlion favorable for surface reflec-
tions, and the wind ané sea were slight, provlding best conditlons for surface reflec-
tions. Thus the surface-reflected waves carry well into the shadow zone with usable in-

tensity. -

Flgure 36, Guantanamo Bay Area. Feb. 11, 1937. The range of the direct beam 1ls only

about 700 yards. The positive gradlent in the surface layer 1s favorsble for surface re-
flections but this layer 1s so thin that it does not carry the sound effectively. If a

ray is deflected slightly by wave action during reflection 1t may escape the surface layer
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and become lost. The speed at all points below the projector level 1s less than at the
projector, with the conseguence that every ray which starts downward fails to return to

the surface.’
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Flegure 37. South Atlantic-Caribbean Arez, March‘9-10):1958. ‘These are ideal sound

conditions, the wind having thoroughly mixed the watgr_tq the maximum.depth involved in
the transmlssion of sqund. Thenobserved intensities paraliel'the theoretical ones (based
on the assumptién that geometricél divergence 1s the sole“factor;influencing intensity)
in practically every case. As seen from ﬁﬁe ray didgram, the dirécﬁ;rays at range 5000
yd. penetrate to & maximum depth of 120 ft. which 1s the greatést depth to which tempera-

tures were measured.

The fact that the theoretical curves are uniformly somewhat above the observed ones
is not significant, for the choice of the level at which the theoretical curves were

drawn was arbitrarily selected for each expedition.

. Pigure 38. Mar. 10, 1938. South Atlantic-Caribbean Area. Here the wind has fallen

and the sun has heated the surface water, giving a stable surface layer 30 ft. deep which
disturbs the good sound conditions exlsting shortly before, as shown in Figure 36. There
1s a shadow zone extending from about 400 yards. to about 4500 yards shown in the ray dia-
gram. This dlagram was drawn from data about the water conditions as measured between

the runs 32 and 33, and the predicted ranges would probably be slightly different for

runs 31 ané 34.

Fnergy does not spread into this shadow zone by surface reflection because the nega-

tive veloclty gradient at the surface prevents effective surface reflections. The
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observed intensity thus falls sharply in the shadow zone but returns to the theoretical
value for ranges beyond it. The fact that the observed intensity rises higher Just be-
yond the shadow zone than the intensity at egqual ranges under the good sound conditions
indicates reenforcement by the energy deflected away from the shadow zone, as can be seen

from the ray diagram.
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Figure 39, Feb. 28-Mar. 9, 1939, Paciflc Areas A, B and C. Twenty six intensity

runs and temperature measurements were made in the Paclfic. These were located 1n the
trade wind belt a short distance beyond the 100 fathom curve. These intensity runs, as
shown in Figure 39, are divided into 5 groups, indicated by the letters A to E, accofding

to the type of thermal conditions present. A typlcal thermal curve is shown with each
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group of intensity curves. The hour and the wind speed are Indicated for each lntensity

CuUrve.

A11 thermel curves of Figure 39 are notable for the great drop.in temperature near
the surface. It sometimes amounts to 10°F in 80 feet, which would give a2 change in sound
speed of about 50 ft/sec. The magnitude of thls change will be apparent when it is re-
called that the speed changes in all céses previously described in this report were
usually about 4 ft/sec or less. Another unusual feature of the thermal condition of the
water 1n this area is that the trade wind, which averaged about 15 knots during the tests,
dild not produce mixling of the water to appreciable depths. As explained in Chapter IV,
page 51, upwelling of the cold deep water Iinduced by the offshore wind accounts for all
features of this thermal situation. In other seasons of the year the thermal conditions

would be radically different.

As one would expect, these violent changes in sound velocity with depth are very
unfavorable for horizontal sound transmission. Any rey which gets into the reglon of
steep thermal gradient is bent downward so sharply that it never returns to the surface.
In each thermal curve there appears & small surface layer in which the temperasture is
approximately constant, and this layer 1s the only part of the water available for sound
ranging on a surface target. The intensity runs have been divided into groups A to E ac-
cording to the depth of the mixed surface layer. All observed Intensity curves fall far
below the theoretical curve but it will be seen that group A, in which the mlxed surface
layer is thinnest, is worst, and that the results generally improve toward group E in

which the mixed layer is thickest.

In group A, the mixed layer does not even extend to projector depth, and the re-
corded intensity does not rise to the theoretical curve even at the shortest ranges.
Groups ‘B to B show an increase in thickness of the mixed layer, and gradual increase in
the range of signals for a giveh Intensity. The range at which the level falls to 40 db.
is in gradual agreement with the predictions made by the methods outlined earlier in the
report. It is not clear how the slgnals at levels below 30 db. can continue to come in
at such great ranges 1n splte of the large thermal gradients. This point is not of im-

mediate importance because these siznals are too weak to glve useable echoes.
7. PREDICTION OF THE MAXIMUM RANGE

To predlct the maximum range at whlch echoes may be obtalned, it is necessary that
the following items be known:

a) The variatlon of veloclty of sound with depth. In most cases the salinity
is sufficiently constant to permit determination of the velocity distribution from ther-
mal data alone. The thermal data may be obtained by use of the bathythermograph.

b) The power of the projector and the maximum sensitivity at which the re-

celving circuit may be operated. The power of the projector ls perhaps best speclfled as
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the level of sonic energy in decibels dbo in the direct beam at some distance Ro small
enough that refraction, surface reflection, etc. have not influenced the silgnal strength.

c) A graph showing the variation of signal strength with distance, constructed
from the formula

dby = (dbo +20 log Ro) - 20 log Ri,

which assumes that geometfical divergence 1s the only factor influencing the signal
strength. Thls curve wlll be similar to the smooth Intensity curves in Flgures 33 to
39. )

d) Knowledge of the signal strength which must exist at the target in order
that 2 measurable echo may be obtained for it. It is stated by Stephenson (NRL Report
¥o. 3-1670, page 11) that "for the equipment and technique used by the SEMMES and the
3-20, the echo Intensity from the S-20 on the surface was 6015 db. below the level of the
direct signal. At speeds under 12 knots, O db. was the threshold level for 17 ke. echoes
on the SEMMES, so thet at any time the direct signal received on the S-20 was 60 db. or

more, echoes from the S-20 on the surface could be heard on the SEMMES".

It seems likely that experiments with projectofs of different power and with targets
of different effective reflecting areas would show that this limiting value is different
from 60 db. In some cases, but until further data are available this value will be adopted,
A given target may be consldered to act as a source of sound whose power depends on the
product of the effective reflecting area times the strength of the direct signal at the

target.

e) A ray diagram constructed from the thermal data according to the methods

given in this Chapter.

The procedure for predicting the range 1s as follows:

'a) Note the range at which the 60 db.level (or a revised value of the limiting
level in case this is available) 1is reached on the geometrical divergence curve. If no
shadow zones are shown on the ray diagram inside this fange, take it as the limilting
range.

b) If there 1s a shadow zone, shown on the ray diagram, take range to be the
edge of the shadow zone (for the target depth in question) plus an increase of a certain
percentage of this range which 1s added to take account of the spread of sound into the
shadow zone through diffraction, surface reflection, and bottom reflection. These per-
centages are as yet undetermined, but every test of the maximum range of echoes will help
to determine them. As explalned in Chapter III the sound will spread further into the

shadow zone 1n situations llke Filgure 5 than In those like Pigure 8.

It 1s hbped that experiments will be made in the near future which will make it
possible to give more definite statements about the points which are left indefinite in

the above paragraphs.
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D E C LA S S l F l E D 8. SUMMARY AND CONCLUSIONS

1. By use of Figures 29 and 30, according to the method outllned on pages 54 to 858, it
is possible to draw a diagram of the sound beam from a projector at any depth. This dia-

gram will show what parts of the potentlal target area lle in shadow zones.

2. The signal strength at any target In the direct beam may be calculated by assuming
that geometrical divergence is the sole determining factor, which leads to the equation
db = (dbo +20 log Ro) - 20 log R,

where db and dbo are the intensltles 1n decibels at ranges R and Ro.

3 The spread of the sound beam into a shadow zone may be estimated qualltatively on

the basls of the discussions on surface reflection, scattering, and diffraction.

4, Calculations based on the principles outlined in the four preceding points have been
made for all data on signal irtensity vs. range which were avallable for this report. The
excellent egreement between the calculated and experimental results forms the basis for ,7y-¢5kr1§)

the viewpoint that refractlion due to vertical gradients of sound speed 1s the controlling

factor in sound ranging work.

5. Although seasonal and regional charts of water temperature provide very useful in-
formation, 1t is desirable to have temperature messurements made on the spot 1If detailed

predictions of effective range of sound apparatus are required.

6. The bathythermograph is the instrument most sultable for measuring water tempera-
tures for this purpose. The Instrument will function at speeds up to 14 knots, and the

predictions can be made wlthin 30 minutes after the instrument is operated.

7. A method 1s put forward for predicting the maximum dlstance at which echoes may be
obtained. Some detalls of this method need further experiments and extensive checking
against the results of actual tests, but it is hoped that these will be forthecoming in

the near future.
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CHAPTER VI

VARIATIONS IN THICKNESS OF THE WIND STIRRED LAYER
1. GENERAL STATEMENT

The need for charts showlng the thickness of the wind stirred layer at the surface
is only too clear from the preceding discussion. Of course such charts could only show
the mean monthly condltions, nevertheless the seasonal and geographical changes ere suf-
ficiently marked so that from the tactical point of vliew they far outwelgh the minor day
to day variatlions imposed by the local weather. Were such chaerts available, both surface
and subsurface craft could plan their courses to remsin as far as possible in good or bad
sound water as the need mlght be. Ships employed as & sound screen would know in just
which areas a submarine would be most likely to slip through undetected. On the other
hand, a submaring, when attacking sound protected surface craft, could plan the place and
time of her approach so-as to remaln as far as posslble 1n the shadow zone.. In short,
both from the defensive and the offensive standpoints a knowledge of the thickness of the

wind stirred layer at the surface would be of great advantage.

It seems likely that for tactical purposes two sets of charts will suffice: one
group showing the average depth of the homogeneous surface layer during the 4 winter
months (Nov. 15-March 15) when the range is at a maximum and snother for the summer
months (May 15-Sept. 15) when the range of the direct ray 1s greatly reduced by the
secondsry thermocline. TFor the transition months of spring (Merch 15-May 15) and autumn
(Sept. 15-Nov. 15) the range should be intermedlate and roughly predictable through a
knowledge of the seasonal temperature cycle in the surfsce layer. These dates of course

apply only to the northern hemlsphere.

Such charts would show the average thickness of the wind stirred layer from region
to reglon when a steady wind prevails. In calm weather or with a light variable wind
the diurnal effect might greatly reduce the expected range during the midale parﬁ of the
day, but this factor will perhaps be predictable from daily westher maps when it has been
further examined. In short, from our present knowledge it does not seem out of reason to
imagine that before long a commander wlll be able to estimate the sound transmltting

qualities of distant waters towards whlch he 1s approaching.

In the hope of constructing some preliminary charts all published oceanographle
observations have been examined, but for the most part these data are unsatlsfactory.
In offshore waters it has been the custom in oceanography to observe the temperature
only at the surface and &t 50 meter depth intervals. At perhaps half the stations an
additional reading is available at a depth of 25 meters. Except in winter and 1in the
heart of the trade wind belts, such wide depth Intervals give little information concern-
ing the thickness of the homogeneous layer,for in many circumstances only 5-10 fathoms of

mixed water can be expected to overlie the secondary thermocline. The relatively few
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summer stations where temperature has been observed at sufficlently close depth intervals

do not permit the charting of any considerable offshore area.

Unfortunately, most oceanographic expeditions have been at sea during the summer
months. Winter observations have been made at only a few hundred points znd these are
practically all from the North Atlantic. A few South Atlantic dats are available for
winter, but almost none from the central Pacific. The result is that only a single pre-
liminary chart can be prepared for this report and although its shortcomings are only too
evident, 1t does give an indicatlion of what can be expected once bathythermographs are

put into use on a large scale.
2. NORTH ATLANRTIC WINTER CCNDITICNMS

The distribution of the avallable observations is shown by dots on the chart in
Figure 40. 1In areas where the data are too scattered to justify the drawing of contours,
the otserved depth of the wind stirred surface layer has been entered beside the station
or in less doubtful cases the contour llnes have been broken.

It will be seen that over the continental shelf between Cape Hatteras and Nova
Scotle the water is mixed from surface to bottom with the exception of the central part
of the Gulf of Maine where depths of more than 100 fathoms prevail., Just beyond the 100
fathom curve at the edge of the continental shelf the relatively fresh and cold coastal
water is in contact with the slope water (see Fig. 21, Chapter IV). As already explained,
at this slanting boundary the coastal water usually overlies the slope water, resulting
in an increase of temperature with depth. This situation is of course favorable to
horizontal sound transmlssion and In winter the same structure no doubt continues north-

eastward along the edge of the continental shelf off MNova Scotia a2nd Newfoundland.

On the other hand, the contact between the slope water and the Gulf Stream is such
that the warmer waters of the current usually bveriie the colder waters north of it and
this produces a narrow band of poor sound water 2ll along the northern edge of the Gulf
Stream. In all probability this condition continues northeastward (as showﬁ by the
broken line marked "north limit of Gulf Stream") as far as the current has a northwsrd

component.

£t the southern edge of the Gulf Streem, where for a short distance its warm waters
overlle the slightly colder surface layer of the Sargasso Sea, there 1s also a narrow
band with some thermai‘stability near the surface. It is probable that this does not

extend east of the Grand Banks.

In the northwestern Sargasso Ses the strong winter pales keep the water stirred to
a very considerable depth. Several of the stations inside the contour line msrked 100
on the diagram show mixed water down to 200 fathoms. This is probably the 1argest.area
of deeply mixed water in the Atlantic, except in latitudes higher thaﬁ 55° where the

winter mixing goes to depths of 500 fathoms or more.
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South of Bermuda a considerable area is shown where less than 25 fathoms of homo-

geneous water are indicated. At first sight this is surprising unless one takes into ac-

count the horse latitude belt of moderate, variable winds which separates the westerlies

from the trade winds. In this belt, even in winter, wind stirring is at a minimum and

consequently 1t 1s possible that only a relatively shallow layer of mixed water is main-

tained at the surface.

Along the northern edge of the trades abbut 50~60 fathoms of mixed water are found.
This good sound water gradually diminishes in thlckness in a southerly direction. Two
factors seem to explain this situation., In the first place, as already shown (Fig. 11B,
Chapter IV) the main thermocline approaches the surface along the southern edge of the
Yorthern Equatorial Current and secondly, the high humidity of the trade winds in low
latitudes reduces evaporation (and thus surface cooling) to 2 minimum. Consequently
there is 1little tendency for thermal instability at the surface to asslst the winds in

maintaining a deép mixed layer.

The effect of prolonged offshore winds in reducing the thickness of the surface
layer can be clearly seen off the African coast, but the relatively poor sound water in
the Gulf of Guinea 1s also explainable by the high reinfall of the doldrum belt. ZEqua-
torial rains and a northwestward flowing current seem to account for the relatively

shallow mixed layer alony the northeast coast of South America.

The condltions 1n the Caribbesn illustrate another general oceanographic phenomenon.
The transport of the surface water by the wind does not colncide wlth the wind direction.
In the norfhern hemi sphere the moverment is somewhat to the right of the wind dlrectlon,
while in the southern hemilsphere it is to the left. Thus the easterly winds in the
Caribbeen glve the surface layer a slight northward component and this, added to the
stabllity resulting from the relatively fresh water which enters the southern Caribbean
from the Gulana Current (see Fig. 20, Chapter IV), produces poor sound conditions in the

southern part of the ares.

Off the Panamanian coast the relatively poor sound water is probably caused by the
pocketing of land drainagsé and since this area 1s strategically important 1t should be
investigated in detail. Other areas with a shallow mixed layer, such as that along the
south coest of Cuba, probably result from insufficient winds. 1In short, the general fea-
tures shown by Flgure 40 seem to be explainable by meteorological and oceanographic fac-
tors, 2lthough 1t is clear that 2 much closer network of observations 1s needed in sev-

eral areas.

what can be said about the winter sound conditions in the greater part of the east-
ern North Atlantic where no oceanographic observations have been made? It is believed
that for the most part where westerly winds prevall by midwinter at least 50 fathoms of

mixed water will be found 2t the surface. In the northeastern area the currents are
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broad and weak. Thus few sharp horizontal transition zones will be found such as are
present 1n the west. As the westerly winds blow ;he waters towards the coast of northern
Europe the condltions should be excellent for deep mixing during the winter months. On
the contlnental shelf off Ireland and England, and in the North Sea, the availlable oceano-’
graphic date show thet the stirring is complete, surface té bottom. A number of stations
in shallow water along the coast of Portugal indicate simllar conditions further south.
One statlon In deep water just off the Straits of Gibreltar shows at least 50 fathoms of
mixed water., In short, in the latitudes of prevailing westerly winds favorable sound
conditions in winter should be more widespread in the ezstern h2lf of the ocean than they

are in the west.

3. SOUTH ATLANTIC WINTER CONDITIONS

The South Atlantic was thoroughly explered in 1925-27 by the German naval vessel
"Weteor". ~The published temperature bbservations of this expedition have been examlned,
but they réveal little that 1s of special signiflcance to this report. The winter sta-
tions (May‘ls-Sept.ls) from the southern hemisphere show mich the same conditions as pre-
vall in the North Atlantic., In the centrsl part of the ocean these observations give thev

following mean values for the thickness of the wind stirred surfsce layer

Latitude Depth of homogeneous layer
4003 50-75 fathoms
3008 40-70 "
2008 45-60 "
1008 20-40 "

In the east along the African coast the offshore trade winds greatly reduce the
depth of the mixed layer, while in the west along the South American coast relatively
poor conditions are also indicated by a few scattered observations. But nowhere are the
avallable data In disagreement with the principals srrived at in the analysis of.North
Atlentic observatlons. In short, in all probabllity if we had a thorough knowledge of
the sound transmltting conditions 1n one ocean, we could apply these results to the rest
of the world. The current systems of all the oceans are closely coﬁparable, just as

their generel wind systems are very similar,
4. PACIFIC WINTER CONDITIONS

Until actual observatlons are available 1t is belleved that during the four winter
months the pilot charts can to some extent be interpreted in terms of sound transmission,
provided one has in mind the various oceanographic factors discussed in this report. Let
us take for example, the North Pacific ocean in winter and consider how the depth of the

wind stirred layer should vary from one region to another.

Starting in the east we find prevailing northwest winds blowing parallel with the
coast from off San Francisco to the southern tlp of the peninsula of Lower California.

Since this 1s the northern hemisphere such winds will produce an offshore component to
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the surface layer with upwelling along the coast. Relatively poor sound conditlons ean
be expected inshore, but the wind stirred layer will Increase in thickness gradually in
an offshore dlrection so that at a distance of perhaps 200 mlles from the coast 25 fathoms

of homogeneous water might be found.

There is a further factor, unfavorable to sound ranging, in such a situation as the
southward flowing current off California. Since the water 1s movirg from the north it is
approaching warmer latitudes, and even in winter this may produce some warmlng near the

surface, However, such an effect has not yet been investigated.

Continuing southward, offshore winds along the cozst of Mexico and Central America
should make this a poor region for sound ranging, comparable to the west coast of Africa

in similar latitudes.

Purther westward in the northeast trade wind belt the conditlons should llkewlse be
similar to the éorrespdnding reglon of the North Atlantic. The doldrum belt 1s at about
Let. 5°N in midwinter and here the surface layer should have considerable stabllity due
to high rainfall and minlmum evaporatlon. Northwerd across the trades the homogeneous
layer will increase in thickness from only a few fathoms In the doldrum belt to perhaps
50 fathoms or more at the southern edge of the horse latltude belt. This explalins the
relatively good reputation for sound transmission which the reglon of the Hawalian

Islands enjoys. (Condltions should be even better further to the westward.

The area just east of the Philippines i1s entirely comparable with the waters off the
Rashames, while from there northward towards Jepan conditions must be very simllar to the
western North Atlantic in corresponding latitudes. TUnfortunately 1t will be noted that
the oceanographic data on the North Atlantic chart (Fig. 40) are very scanty in this

area.

The continental shelf off Japan is much narrower than along our eastern coast (ex-
cept nesr Cape Hatteras), consequently the warm Japan Current flows northéastward, close
to the shore. However, north of Lat. 35° 1t leaves the coast just as the Gulf Stream
does, and poor sound conditions must prevall all along the northern boundary of the warm
current. Purther offshore In the latitudes of westerly winds a very deep mixed layer can

be expected in winter, just as in the northwestern Sargasso Sea.

South of the Aleutlan Islands, as 1s the case south of Greenland, the wind stirring
in winter must go very deep indeed, perhaps all the way to the béttom. Sound conditions
should also be excellent at this season In the Alaskan Gulf. Further southward off the
Cenadian coast the winter gales also should maintain a relatively deep mlxed layer.as is

belleved present off the coast of northern Burope.

Such speculation concerning the thickness of the homogeneous layer during the winter

months in the North Pacific cannot be backed up by any trustworthy oceanographic data,
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except along Eﬁlegsgthern Callfornia coast. However, it 1s to some extent justified on
the basls that from the oceanographic standpoint, provided we compare geographically
analogous parts, the oceans are very similar one with the other. Thus, as previously em-

phasized, a thorough knowledge of the structure of the surface layer in one ocean should

glve a good idea of the sound transmitting qualities in 2ll other parts of the sea.
5. SUMMER CONDITIONS

When we turn to the four summer months (¥May 15-Sept. 15) we can get almost no help
from the oceanographlc data because of the wlde depth intervals at which temperature has
generally been observed. It is probable that in the latitudes of westerly winds only
5-10 fathoms of mlxed water can be expected. Moreover, the diurnal thermocline during
perlods of moderate winds probably often produces thermally stable water at depths of

between 2 and 3 fathoms.

In thé latitudes of easterly winds the summer sound conditions should be somewhat
more favorable. In the heart of the North Atlantic trades, for example, a number of sum-
mer oceanographlic stations show 25 to 40 fathoms of mixed water at the surface. Nearer
the equator the effect of the secondary thermocline vanishes, so that it 1s probably safe

to say that between Lat. 10°N and 109 there 1s no difference between winter and summer,

excopt as the wind system moves north and south with the sun. This will shift the lati-

tude of the doldrum belt and its stable surface layer. But where the trades blow stead-
ily in low latitudes the season probably has 1little influence on the success of echo

ranging.
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CHAPTER VII

RECENT DEVELOPMENTS

This preliminary enalysis of problems involved in the horizontal transmission of
sound in the surface layer, no doubt leaves much to be desired from the naval point of
view. Not only are the pertinent oceanographic observations scattered and inadequate,
but there exist very few cases where sound transmission has been measured in areas free
from the disturbing effects of coastal water. However, this report is designed nerely to

serve as a stop-gap and as a gulde for investigations now in progress.

The National Defense Research Commlttee having provided the necessary funds, begin-
ning in October 1940 the Woods Hole QOceanographic Institution undertook a two year program
of cooperative work on the oceanographic and meteorological aspects of the sound trans-
mission problem. As rapldly as results are obtained further reports will be issued. The

oceanographlc program can be summarized as follows:

i) Constructlion of a considerable number of cheap, rugged bathythermographs for use

from commerclal and naval vessels.

2) Training of observers to use this equipment from as many cooperating vessels as

can be arranged for.

3) Study of the dally and seasonal heat exchange at the surface and 1ts effects on

sound transmlssion.
4) 1Investigation of wind transport and wind turbulence in the surface layer.

5) Preparation of seasonal charts showing the average conditions in the surface

layer.

Up to February lst, 1941 (the time of writing) four crulses in the western YNorth
Atlantlic have been carried out by the research vessel "Atlantis", TUsing the bathythermo-
graph 1n conjunction with the Nansen bottle observations in the surface layer, it has
been found that at least during the autumn and early winter months conditions are essen-
tlelly as predicted in thls report. The work will be continued and the range of the

surveys greatly enlarged as the necessary new instruments are constructed.

The practical value of this program will depend lergely on securing controlled
sound ranging data under a wide variety of accurately known water conditions. Carefully
planned experiments must be made to find how far outside the limits of the direct beam
useable echoes may be obtzined. Simlilar experiments can determlne the effectiveness of
sound which undergoes one or more reflections at the surface (or bottom) between the pro-
Jector and the target. Thls phase of the work should obviously be supervised by fhe

sound experts at the Naval Research Laboratory, but all vessels having high frequency
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sound equipment can cEltribute important supplementary data. The following summary out-
lines the sort of observations which are needed:

1) Date, time and position.

2) Wind direction and strength, and if possible the wind of the preceding 24 hours.

3) Alr temperature (preferably both wet and dry bulb) snd sea surface temperature.

4) Maxlmum range snd direction of echo, with a description of the target and, in
the case of & submarine, its depth.

5) Remarks concerning the clearness of the echo and the presence or absence of other
disturbing sound.

6) 1If in addition a bathythermograph record cen be obtained at the same time, the

value of such data will be greatly increased. As instruments are completed for use by

destroyers, full instructlons will be provided.

If our present conclusions are essentlally correct and future investigatlon does not
uncover adéitional complications, 1t seems likely that the local range of horizontal sig-
nals will soon be predictable in & routine way from bathythermograph records. The ﬁost
recent instruments are light enough to be handled at speed up to 15 knots from a standard
wire sounding machine. Their design has been improved so that they are rugged and free
from vibratlonal difficultles. Moreover, they are inexpensive so that several can be
carried by each vessel. At the present time difficulty is belng experienced in using
the bathythermograph from a destroyer. When lowering from a short boom amidships, the
convergence of surface water near the stern causes the wire to foul the screws. To over-
come this difficulty the instrument is being fitted with a small rudder so that while

being hauled in it will tow clear of the ship's side.

The second phase of the problem, that of predicting the sound transmitting qualities
of the waters towards whlch a convoy or fleet is moving, will probably involve close co-
operation with meteorologists; 2t least during the summer season. Such charts of the
wind-mixed layer as are now being prepared willl only be able to show the expected range
with a steady wind and under average weather conditions. But it isbby no means im-
probable that.the investigations 1in progress will enable the dlurnsl effect to be fore-
cast from daily weather maps. In the same way, the various temporary effects of the

wind should alsc soon be predictable.
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