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1. Purpose

The purpose of these brief notes is

(1) to facilitate the interpretation of some oceanographic analyses
and prediction charts already issued or in preparation by F!MF, in
respect to sound behavior;

(2) to describe some short-term fluctuations in thermal structure
(e.g., 'afternoon effect#) which, because of their short duration,

cannot be included in the analyses and predictions; and
(3) to describe the upper sound channel, which is important in

increasing surface sound transmission losses but increases consider-
ably the propagation distances of nearly horizontal low-frequency

sound at its depth.

2. ".o'nic layer" depth in relation to mixed layer depth

Because of the nonlinear relation between sound velocity and
temperature and because of the interacting effect of pressure (depth)
on the sound velocity, the mixed layer depth and sonic layer depth
are not identical. The sonic layer dQ, th can, for example, be the

same in two locations, even though the temperature change with
depth may be rapid in one and slow in another location.

In general the sonic layer depth is somewhat deeper than the

mixed layer depth.

The relations between temperature, depth and sound velocity are
shown on Figure 1.

It can be noted that:

10C increase of temperature increases the sound speed 4.6m
sec -1 ,

100 meter depth increase increases the sound velocity 1.8 m

sec7 , and

10/0o increase of salinity increases the sound velocity 1.3 m

sec "- , or

about 0.250F decrease of temperature within 100 feet of depth
would balance the pressure effect.

1t



000 1
-09S 1

O0S

0

OIrS I

0

SEi
0

.-0oso
0

09V

OVrI '.I

CD c)

0 ompiedwo

092



3. Types of vertical sound velocity profiles as determined by
oceanogra hic conditions

Sound velocity increases with increasing temperature, pressure
(depth) and salinity. The salinity effects are relatively small com-
pared to temperature effects, as the vertical changes in salinity
are relatively small in the greatest part of open ocean. In the
first five types of vertical sound velocity profiles the salinity
effects are therefore neglected.

1. Normal model.
a) Temperature prolile b) Sound velocity profile

Temperature T Sound speed Vs
10 200C 1,60 15.00 M sec- 2

f t 1 t Increase

Mixed layer Sonic layer of V. due to
depth & increased

100 Vs max . pressure.
Thermociine 

(const.T)

(--Decrease of V, due to
I / rapid decrease of T

Intermediate
~ layer Vs min - - Deep sound channel

Deep water. Increase of V, due toincreased pressure

(nearly const. T)400
-n
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T - VS-----
10 20"C 1460 1480 m sec-1

0

100-

200
m

3. Continuous density models.

T VS

10 20 1460 1500

- '--Heating or / -

I overflow of f t- Upper sound
I  warmwater channel

4- Increase due to
a 'increase of D

b < (T const.)

/(-Sonic layer
- Permanent - depth

- thermocline De DecreaseduetoDeep sound Decrease of t

channel / decrease of T
/

Deep sound- -
channel- Increase due to increase

of depth

a) Prototype continuous density model (rare, in some upwelling and
divergence areas).

b) Normal continuous density model (heating etc, in relatively calm
weather conditions).
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4. Secondary thermocline model.

(Seasonal or diurnal and permanent themoclines present)

T VS
10 20 1470 1500

t
Mixed layer Upper sonic

I layer -- '

Seasonal
thermocline Upper sound

channel

Lower soniclayer -4

S Permanentlae

thermocline

I PraDeep- sound
channel

5. Temperature inversion.

TV.

10 20 1480 1500

Temp. Sonic layer

Inversion depth

Upper sound-4
channel
(partial)

Deep -.

sound
channel
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There are, however, small changes of salinity with depth in the

North Pacific, which are accompanied usually with specific tem-

perature conditions. Two of these variations are of greater interest,
and these models are given below.

6. Salinity maimum layer in the upper part of permanent

thermocline in NE Pacific (south of 350°N).

- T - Vs

j 1 Sonic layer

S a lin ity,- W a u p emax Permanent W

t on(partial)

Deep sound channel

7. Salinity minimum and temperature minimum layer in the

Oyashio area and south of the Aleutian Islands.

A low salinity, but cold (low temperature) water can be formed in
the Bering Sea and along the Siberian coast. 'JIhen this water is

carried southward, especially with the Oyashio, it can be overrun

with a warmer, more saline water. The resulting temperature structure

can create a rather pronounced upper sound channel.
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4. "Sound channels" and their effects on sound propagation in vertical
and horizontal directions

Sound channels are layers with minimum sound speed, Low fre-
quency sounds can be heard long distances in these sound channels
because the sound rays (transmitted horizontally or nearly horizontally)
bend back towards the lower velocity layer. The sound loss (and
distance of propagation with little loss) depends on the nature of
the channel (its "sharpness" and thickness etc.). On the other hand
It is in certain conditions difficult (and/or impossible) to detect
objects in the sound channel by vertical sounding from the surface
(e.g., in case of the existence of a sharp sonic layer above the
upper sound channel in case of a temperature inversion). The surface

sound transmission loss through an upper daily sound channel may
average 70% and more.

The depth of the main, deep sound channel varies but little sea-
sonally except in some areas of convergence of major current systems

(e.g., Kuroshlo - Oyashio boundary). The average depth of this deep
sound channel in the Pacific has recently been mapped for two seasons
by R. Johnson in the Tsunami Research Unit in the University of Hawaii.



As seen from models in Section 3, the upper sound channel can

exist only in certain conditions. Therefore its occurrence is some-

what "spotty" and temporal, determined mainly by vertical thermal

structure. It could be assumed that this upper sound channel is of

considerable interest to ASVW; for example, for distant detection of

enemy submarines, either by lowering of listening equipment into

this channel or by locating surface detection ship into areas where

the upper sound channel intersects the surface, and for avoiding of

the sound channel by their own submarines.

As can be seen from the models in Section 3, the upper sound

channel can ex-ist only in certain defined conditions:

(1) through existence of a continuous density model with

sufficient thermal gradient (caused by heating, overflow

of warmer water or sometimes by upwelling as a result

of divergence of surface currents) (Miodel 3).

(2) through edstence of a secondary (seasonal and rarely

diurnal) thermocline with sufficient thermal gradient

(M.odel 4).

A "partial" upper sound channel may be created by other conditions,

but this partial channel is probably not too efficient and therefore of

lesser importance, (See h odels 5, 6, and 7).

The areas of its intersection with the sea surface (which would

be the best areas for "listening" by surface vessels without lowering

gear into deeper water) are determined by surface temperature and

subsurface thermal structure. Often these areas coincide with oceanic

boundaries (current boundaries, divergence and convergence boundaries,

etc.).

The existence and etent of the sound channels can be determined

from thermal structure predictions. In iodels 6 and 7 seasonal sa-

linity structure could be included if higher accuracy is required.

5. Diurnal and other short-term changes of thermal structure

Diurnal heating can create a continuous density model and an

accompanying upper sound channel near the surface (see Model 3 in

Iection 3). In terms of sound transmission this is called the "afternoon

effect."



The magnitude of the diurnal effect varies seasonally from area to
area and is determined by prevailing meteorological conditions, es-
pecially by winds and insolation.

According to observations of Dr. C. DO Iselin (personal com-
munication) the folloving rule of thumb can be arrived at: the
seasonal thermoqline forms (in the areas where the noon altitude
of the sun is above 500) if the cloudiness is less than five tenths
and the wind speed is below 12 knots. Under higher cloudiness
the insolation is too small for noticeable heating effects and in
higher wind speed the mixing by waves distributes the additional

heat over a thick layer, so that the heating effect is not clearly
noticeable.

The internal waves and the surface divergence and convergence

caused by the wind field or by large-scale eddies can disturb con-

siderably the position and magnitude of the upper sound channel and

cause it to intersect the surface (or in certain conditions to submerge

into the deep sound channel).

6. Shortcut method for prediction of upper sound channel, its depth

and its surface intersection areas

The hydroclime information in the enclosed appendix by Pattullo

and Cochrane shows the areas where upper sound channels occur

in spring months. As the occurrence of the upper sound channel is

spotty and temporal, it should be predicted on a daily basis, which

will be done from next season on by the Fleet Numerical Weather

Facility.
A shortcut method for prediction of the presence of an upper

sound channel is at times useful. It consists of comparing the
adjusted hydroclime temperature at the upper boundary of the per-

manent thermocline with the actual sea surface temperature, When
and where this temperature difference is > +10F, the presence of an
upper sound channel can be expected. The depth of the upper boun-
dary of this channel can be estimated by multiplying the highest
significant wave heights during the past few days by 12.5.
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INTRODUCTION

This atlas contains charts of the North Pacific Ocean showing
average monthly conditions of two parameters that influence the trans-
mission of sound in the sea. These charts were compiled by the
Bathythermograph Section, Scripps Institution of Oceanography, La
Jolla, California, under contract with the Navy Department.

The chief direct source of data used was the more than 100, 000
bathythermograph observations taken in this ocean by vessels of the
United States Navy, United States Coast Guard, and civilian re-
search activities. The area covered extends from the equator to
latitude 60 0N., except in the Bering and Okhotsk Seas, where in
most months data are too few to provide reliable averages. In some
other regions the contours on both sets of charts are questionable
because observations are very scarce. This is particularly true in
low latitudes in the eastern part of the ocean.

LAYER DEPTH

Layer depth, as given on the right hand chart of each monthly
pair, represents the depth to the top of the seasonal thermocline,
or the permanent thermocline where the seasonal thermocline is
absent. A thermocline is a rapid decrease of temperature with depth,
or the depth interval over which this decrease takes place. One or
a few slight jogs in the trace do
not constitute a thermocline; there
must be a continuous decrease
of temperature. The layer depth, Sea Surface
then, is not necessarily the T
depth of isothermal water, but
small negative or positive gra- Mixed 4- Jogs
dients may be present above Layer
it. Layer Depth

Such small irregularities
in the trace are usually
short-lived, not persistent
physical boundaries in the" .Therrocline
water column. For this
reason the name "mixed
layer" is applied to the
entire column of water
above the top of the
thermocline. The figure shows these features as they appear on
the BT trace.

Seasonal Thermocline

In the open oceanic regions, outside of the tropics, a regular
annual cycle of thermocline formation and deepening occurs. The
term "seasonal thermocline" is applied to the the.-ocline that follows
this regular cycle. There may be other thermoclines present in the

ONR-416
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2.

water column sampled by the BT, as many as 3 or even 4 can
sometimes be seen. But the seasonal therraocline appears regularly
on the observations and is the one for which the contours are
drawn in these regions.

It appears at 50 to 150 feet in April to June, and becomes
stronger and somewhat deeper during the summer. Then (usually
after October) it deepens rapidly until it disappears below BT depth
in December to IMarch. This is similar to the annual cycle observed
in the North Atlantic Ocean (Monthly Thermal Condition Charts for
the flbrth Atlantic Ocean, H.O. Pub. 569-A, CONF.).

This schematic picture varies considerably with position. In the
open ocean the most important factor on a parallel of latitude is
season, while near coasts it is the influence of the land. In certain
regions, such as that of the Kuroshio Current (hatched lines on the
TEMIPERATURE DIFFERENCE charts), the strong flow of the currents
gives rise to a complicated, irregular thermal structure. We con-
sider the seasonal variation under each of these three regimes in
turn.

Oceanic Regions. _Sp_ g _tipped Areas). The first evidence of the
new seasonal thermocline is the appearance of small irregularities
in the BT trace, some of which include a continuous temperature
decrease of several degrees and therefore rate the name of thermo-
cline. However, there depths are variable; in any arbitrary obser-
vation they may appear anywhere in the water column. These areas
where spring hedting is complicating the more simple winter structure
have been stippled on the charts from February through May. On
the average in these regions the layer depth is deep, but between
20 and 50 percent of the time it is found somewhere above the
contour depth, because of the formation of some weak new thermo-
cline or thermoclines above the old one.

The stippled area in February is only a small region west of
Hawaii. It spreads rapidly northward and in its east-west extent,
and moves to higher latitudes as summer approaches. By June the
new seasonal thermocline has become well established as far north
as our data go, and the stippled area no longer appears.
Oceanic Regjions. Early Summer (Dashed Contours). In early summer

(April and i,. ay, usually) the new seasonal thermocline appears more
and more frequently, so that for a large percentage of the time its
depth determines the layer depth. This is shown on the charts by
using dashed contours for the old, deep layer depth, and solid
contours for the new, shallow one. It means that between 50 and
80 percent of the time the layer depth is the depth to the new sea-
sonal thermocline, as indicated by the solid lines. But between 20
and 50 percent oL the time this thermocline is not present, so the
layer depth is that shown by the dashed contours.

0 NR-,! 164 June 21, 1960



3.

For example, in April, at 300N., 140°W., the shallow value is
between 150 and 200 feet, if we estimate it from the solid 150
foot contour in Figure 9. The deeper value (dashed lines) is 400
feet or greater. At the same time we see that this position is just
about on the edge of the stippled region. This means that about
50 percent of the time the layer depth is near 150 feet, about 50
percent of the time it is greater than 400 feet.

Over most of the ocean both levels are important at some time
during each year. Since the purpose of these charts is to estimate
the actual depth to the top of the first real thermocline, contours
are provided for both levels rather than an "average" of observed
positions. In early summer the arithmetic mean frequently falls
between the two likely positions of the layer depth and contours of
its value might be misleading.

Figure A. shows a graph to illustrate this point. All the obser-
vations taken in E.ay 1947 at the weather station at 49 0N., 148 0 W.
were used. During this period the shallow seasonal thermocline was
already well developed and the "deep" thermocline was not as deep
as usual, so the data provide a particularly good example of the
two layer depths. There was generally a layer depth near 100 feet
(2 percent of the time between 75 and 150 feet). There was also
usually a deeper thermocline (80 percent of the time between 275
and 450 feet). But the average value falls between 175 and 200
feet, where a thermocline, and therefore the layer depth, actually
appeared only 1 percent of the time.

The dashed contours appear on the charts during only two
months: April and May. They follow the stippled area in spreading
northward and in longitudinal extent, as is to be expected, since
they represent the second phase in formation of the seasonal
thermocline. Because the new thermocline is established by June,
the dashed contours disappear just as the stippled area does.

Oceanic Regions. Mid-Summer throug.h Winter. From June until the
re-appearance of the stippled area In February, the same seasonal
thermocline dominates the layer depth pattern in this region north
of the tropics, and its depth is indicated by the single set of
solid contours. Its annual cycle has been discussed above. It is
shallowest in middle and high latitudes in June and July and deepest
In the same parts of the ocean in February and March.

Near Coasts. Near coastlines the seasonal trends, in general, are
similar to those that apply at the same latitudes in the open ocean,
but the layer depths are considerably shallower, This means that in
spring the shallow new thermoclines are distributed over a stwler
vertical water column. In these regions, therefore, the contouring
is continuous and no effort has been made to characterize the spring
effect.

ONR-416
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Currents (-atched n)egio). Whenever a strong current appears the
thermal structure becomes quite complicated and the simple picture
of a more or less mixed layer above a smooth thermocline is no
longer accurate. This effect is especially noticeable in the region
of the Kuroshio Current, off Japan. Contours have been drawn as
for the rest of the ocean, but the area has been hatched on the
TEMPERATURE DIFFEIRENCE charts to indicate the great variability
observed there.

Permanent Thermocline

In the tropics the regular seasonal cycle does not appear, and
the thermocline lies at about the saine average depth throughout
the year. Its depth from observation to observation varies consider-
ably with internal waves and the effects of currents, but little
change is noted from month to month, It is then called a permanent
thermocline and its depth is the one contoured on the charts in
low latitudes. There is also a permanent thermocline in higher
latitudec, but usually the mixed layer does not extend down to it.

TEMPERTURE DIFFERENCE, SURFACE TC 30 FEET

The left hand chart of each monthly pair shows the average
temperature difference, in degrees Fahrenheit, between the surface
and 30 feet. This is an extremely variable quantity since it is under
the direct influence of the meteorological conditions, Figure lB. is
a graph of the differences observed during July 1946, at 300N.,
140 0W. It shows that the difference is zero a large percentage of
the time, which is typical of all the months and locations examined.
The presence of a few high values gives the average a value greater
than zero, in this example about 0.7 0 F. Ordinarily in July at 300N.,
140 0 W. it is considerably less than this (Figure 14.).

As mentioned above, the hatching off Japan indicates the region
of the Kuroshio Current, where conditions are variable at all sea-
sons. In winter this region and the area between it and the Asiatic
coast have very frequent negative temperature differences. That is,
for 10 to 30 feet the temperature increases with depth below the
surface (positive temperature gradients).

OI TR-416
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