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ABSTRACT

Contraction of volume that occurs when sea waters

mix is shown to be the mechanism which controls density

structure at intermediate depths in the North Indian

Ocean.

This is the main result of a study in which mean

annual distributions of temperature, salinity, dissolved

oxygen, and density in the North Indian Ocean are con-

sidered to represent a steady state, and delineation of

the significant physical processes responsible for the

distributions is attempted.

Strong lateral mixing is evident, but cannot be

accounted for by current shear in the mean annual pattern

of geostrophic flow. At the density of the Red Sea salin-

The hori-

ity maximum in the Arabian Sea (700 m depth) there are

monsoonal variations, with typical current speeds of 10 cm

s-l, which result in intensive lateral mixing.

7 2-1zontal coefficient of eddy diffusivity is 7 x 10 cm s

8 2for mixing at a length scale of 200 km, or 3 x 10 cm

-1
s for a length scale of 1000 km.

Considerations of the conservation of heat and salt

lead to definition of three depth zones: a layer of

uniform vertical advection, deeper than 1700 m; a layer of
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constant vertical diffusive flux from 400 to 1200 m depth;

and an intermediate transition zone.

In the deep zone of uniform vertical advection, the

water properties are exponential functions of depth. The

vertical exchange coefficient has the constant value 2.5

2 -1
cm s Ascending motion of 4 x 10-5 cm 5-

1 occurs from

3000 m depth in the Arabian Sea, and from 2100 m depth in

the Bay of Bengal, and near the equ~tor. The upward trans-

port of 4 x 10 6 m3 s-l is supplied by northerly flow at

depths 2000 m and greater. Near 2500 m depth, North

Atlantic Deep Water probably penetrates northward to the

equator in the western North Indian Ocean, and to the head

of the Bay of Bengal in the east. At the equator, maximum

southward return flow of speed 0.2 cm s-l occurs near 1000

m depth, within the zone of constant vertical diffusive

flux.

In the layer of constant diffusive flux, which is

-2uniformly turbulent with r.m.s. turbulent velocity 10

-1
cm s the mean distribution of density is a linear func-

tion of the logarithm of depth. However, temperature and

salinity are not similarly distributed in this logarithmic

zone. Both the mixing length and the vertical exchange

coefficient increase directly with the depth. The vertical

2 -1exchange coefficient ranges from 8 cm 5 at 400 m to 24

2 -1
cm 5 at 1200 m depth. The uniform downward mass flux

-7 -2-1
is 1.2 x 10 g cm 5
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Increase of mixing with depth in the logarithmic

zone is due to contraction of volume during mixing.

Between 800 and 1400 m depth, vertical mixing increases

density faster than lateral mixing. Near 600 m, lateral

mixing is most significant, consistent with the fact that,

at that depth gradients of temperature and salinity are

those for which maximum contraction occurs during lateral

mixing. Neutral stability to vertical mixing exists only

in the Gulf of Aden, which is the source region for log­

arithmic structure, and from which the structure is propa-

gated laterally. The southward flow in the logarithmic

zone maintains continuity of mass, offsetting density

increases due to contraction on mixing.

Contraction on mixing accounts for the observed

increase of density in the direction of flow in the oxygen

minimum and Red Sea Water core layers in the North Indian

Ocean.
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INTRODUCTION

On the basis of the distributions of properties, the

Indian Ocean is divided into northern and southern parts

by an essentially zonal boundary near lOoSe Figure 1, the

distribution of salinity at 500 m depth, shows the divi­

sion, in this case by a tongue of low salinity water which

originates in Indonesia and extends westward to Africa.

The northern area is the region investigated in this study,

and is called here the North Indian Ocean.

In connection with the preparation of the Oceano­

graphic Atlas of the International Indian Ocean Expedition,

preliminary investigations showed that in the North Indian

Ocean, at all levels deeper than about 1000 m, temperature

and salinity increase northward. Between 10 0 S and 20 0N

the increases are 3°e and 0.6% 0 at 1000 m, and 0.2°e and

0.3% 0 at 2500 m. In spite of these changes, however, at

each depth density is essentially uniform, implying absence

of geostrophic flow below 1000 m depth. In addition to

varying horizontally, both temperature and salinity decrease

with depth below 1000 m; at 20 0N the decreases are 6.5°e and

0.6% 0 down to 2500 m, and at 100S, 3.5°C and 0.02% 0 •

Therefore, whereas there are no lateral gradients of density

1
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in the deep water of the North Indian Ocean, meaning that

this part of the ocean has no mean horizontal flow, there

are gradients of temperature and salinity, implying that

it is also diffusive. But because diffusion of heat and

salt generally alters density, the question arises as to

how the observed absence of mean flow in the North Indian

Ocean is maintained in the presence of diffusion of heat

and salt. Answering this question is the primary objective

of this work.

Deep flows elsewhere that are well documented are,

at least in part, geostrophic. In particular, the Antarc-

tic Circumpolar Current exists at all levels to the ocean

bottom. North Atlantic Deep Water can be traced from its

point of origin near Greenland southward at about 2500 m

depth into the Antarctic Circumpolar Current (e.g.,

Sverdrup ~ al., 1942). In the North Pacific Ocean, which

has no source of deep water and in which, therefore, a deep

water mass cannot be traced, lateral density gradients

exist to depths greater than 3500 m between the Hawaiian

and Aleutian Islands (Knauss, 1962), and deeper than 2000 m

in the Gulf of Alaska (Bennett, 1959). Thus, on the basis

of knowledge of deep water conditions in other regions, in

particular those of the North Pacific Ocean whose shape

most closely resembles that of the North Indian Ocean, the

implied lack of net horizontal flow in the deep water of

the latter is surprising.
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The implication of these remarks is that the time

scale for events in the deep water of the North Indian

Ocean must be large relative to that of other oceans, and,

therefore, that study of this ocean would afford the oppor­

tunity to examine some mechanisms which might be considered

insignificant elsewhere. Foremost in this respect would be

the long-term effects of vertical diffusion of heat and

salt. A priori, a big time scale implies importance of

vertical diffusion. Moreover, the absence of quasi-steady

horizontal flow and vertical shear in horizontal flow

would necessarily restrict the energy sources for turbulent

mixing; this means that stability of a deep water column

in the North Indian Ocean would be determined by the static

stability, less any shear instability effects due to inter­

nal waves (e.g., Munk, 1966). The question then arises

as to whether or not, with a large time scale and the action

of diffusion processes, critical vertical gradients of heat

and salt tend to be established there, perhaps only at

certain locales, as a result of the non-linearity of the

equation of state for sea water (e.g., Fofonoff, 1961).

Where observed vertical gradients approach critical

gradients, secondary instability would cause a net downward

flux of heat and salt, and at depth heat and salt would

diffuse laterally from these source areas. This process

would be effective most likely off the Gulf of Aden and
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Arabia, beneath the Red Sea salinity maximum which lies

at about 700 m depth.

If the downward diffusive flux of heat and salt in

the deep water of the North Indian Ocean continued indefin­

itely, then temperature and salinity of the bottom water

would continuously increase. In other studies of deep

water, meaningful results were obtained when upward move­

ment of bottom water was invoked to balance the effects of

vertical diffusion, leaving the temperature and salinity

fields independent of time (e.g., Wyrtki, 1961; Munk, 1966).

The vertical distributions of properties in these models

are exponential, and horizontal flow of water along the

bottom, or in a bottom layer, is necessary for continuity.

This might prove to be a generally valid model for the

North Indian Ocean.

Specific interrelated questions to be answered are

these:

a) if the observed, mean annual distributions of water

properties, in particular, density, represent a

steady state condition, then how is that condition

maintained in the presence of turbulent mixing?

b) is the apparent downward diffusion of heat everywhere

balanced by horizontal diffusion, or, as in the

Pacific Ocean, by vertical advection of deep, cold,

low-salinity water?
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c) does Red Sea water flow southward after entering the

Arabian Sea from the Gulf of Aden, as suggested by

Clowes and Deacon (1935), or is its salt diffused

southward, as indicated by Taft (1963)?

In Chapter 1 is a discussion of the hydrographic

data available for this study and of methods used to

prepare the data for analysis. In Chapter 2 the steady

state is described, while Chapter 3 deals with seasonality

at depth. An initial dynamical classification of depth

zones is made in Chapter 4, followed by detailed investi­

gations of the zones in Chapters 5, 6, and 7. In Chapter 8

the effects of contraction of volume during mixing are

considered, while in Chapter 9 the mechanisms by which the

density structure is maintained are elucidated.



1. MATERIALS AND METHODS

1.1 Data Used

The hydrographic data on which this study is based

are those used for the Oceanographic Atlas of the Inter­

national Indian Ocean Expedition. There are no deletions,

additions or other emendations to the Atlas data base,

which is considered to be a carefully edited, complete

compilation of the available oceanographic materials.

Of the total of about 5000 hydrographic stations

which were occupied in the North Indian Ocean, 2950 were

sampled at least to 500 m depth, and 1700 at least to 1500

m depth. Temperature and salinity observations were avail-

able from each of these. The concentration of dissolved

oxygen was measured at about two-thirds of the stations.

1.2 Interpolation of Data

For each hydrographic station potential temperature,

salinity and dissolved oxygen were interpolated at a set of

standard depths. The interpolation scheme was two-point

r

logarithmic for potential temperature, that is, temperature

was assumed to vary as the logarithm of depth between the

two temperatures observed at depths above and below the

standard depth. The corresponding interpolated value of

salinity came from a double three-point parabolic fit to

6



the potential temperature-salinity curve. The latter

7

scheme was chosen in order to preserve, or allow for,

salinity maxima and minima. Dissolved oxygen was assumed

to vary linearly with depth between successive observed

depths.

These determinations provided a set of interpolated

data at 0, 100, 200, 300, 400, 500, 600, 800, 1000, 1200,

1500, 2000, 2500, 3000, 3500, 4000, and 5000 m depth. The

interpolated data represent the classical means for compari­

son of hydrographic data; most considerations in this study

are based on them.

For use in the determination of seasonal changes at

depth, salinity at an arbitrarily selected constant poten­

tial density anomaly was interpolated for each station.

1.3 Areal Averages

Presentation in map form of the large number of

observations available for the Indian Ocean Atlas necessi­

tated averaging the interpolated data by 60-mile squares of

latitude and longitude for all maps, and by 300-mile squares

for condensed summaries.

For both, the averaging was simple, that is, a func­

tion of position and time of arbitrary form was not fitted

J
to the observations. Values which deviated by more than

two standard deviations from the computed mean were rejected.

The 60-mile square averages were plotted at the mean



position of the observations within each square.

8

The 300-

mile square averages, based on many more data, were assumed

to represent conditions at the mid-point of the squares.

The means of all available data in a square are

longterm averages or, if year-to-year variations are not

considered, annual averages.

The fact that a more complicated averaging process

was not used might be perceived as indicating a potential

source of error for the considerations which follow. How-

ever, as will be demonstrated below, the simple means pro­

vide a wholly adequate description of steady state condi­

tions in the North Indian Ocean. Thus, ~ posteriori,

general use of more sophisticated averaging is not warranted.



2. THE STEADY STATE

The steady state distribution of properties in the

North Indian Ocean is described below on the basis of 300­

mile square averages of data at the standard depths listed

above. Use of the averages in this way allows the possi­

bility of failing to map significant steady state features

if the characteristic width of the features is less than

300 miles, or if they occur at depths intermediate to the

standard depths. This possibility was kept in mind during

the preparation of the vertical sections and maps; input

of additional information was necessary once and is dis­

cussed at the appropriate place in the text.

2.1 Vertical Sections

The major features of the mean distribution of physi­

cal properties in the North Indian Ocean can be deduced from

three vertical sections, the locations of which are shown

in Figure 2. Section 12, of mean latitude 12.5°N, extends

eastward from the longitude of Aden to the west coast of

India. This section was selected for discussion because it

includes the Gulf of Aden, through which Red Sea Water is

discharged into the Arabian Sea. Section 65, along 65°E

between 25°N and 10 0 S, was chosen for description of condi­

tions down the middle of the Arabian Sea. Because 300-mi1e

9
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square averages with mean longitude 65°E were not computed

for the Oceanographic Atlas of the International Indian

Ocean Expedition, those for 62.5°E and 67.5°E were combined

for use here. Conditions in and south of the Bay of Bengal

are represented by Section 88, which extends from 20 0N to

100S along 87.5°E.

For the three sections the distributions of potential

temperature, salinity and dissolved oxygen are shewn in

Figures 3, 4, and 5, respectively. The properties are

plotted for the depth interval 100 to 2500 m. Values at

the sea surface are not plotted because of difficulty in

indicating large vertical gradients of temperature and

dissolved oxygen with the scale used for the plots, and

because in this study conditions in the upper 200 mare

not considered. Small gradients of properties, both verti­

cal and horizontal, exist deeper than 2500 m; for that

reason Figures 3 to 5 do not include the deeper data.

The potential temperature distributions in Figure 3

are the least interesting of the property distributions

presented for Sections 12, 65 and 88. Temperature always

decreases with depth, from about 22°C at 100 m to 2°C

near 2500 m. In Section 12 temperature at any depth

greater than 300 m is highest in the Gulf of Aden because

of outflow of the warm Red Sea Water; it decreases rapidly

seaward through the Gulf of Aden, and then slowly eastward

across the Arabian Sea. In Section 65 temperature deeper
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than 200 m is highest in the north and decreases southward.

Th~t lateral gradients similar to those in the Arabian Sea

do not occur in the Bay of Bengal is indicated by the

lateral homogeneity of temperature ncrth of the equator in

Section 88.

In contrast to the temperature distributions, the

salinity distributions in Figure 4 show many features.

Foremost is the influence of the influx of Red Sea Water

into the Arabian Sea from the Gulf of Aden, as shown in

Section 12. The Red Sea Water causes a salinity maximum

in the vertical which occurs at 700 m depth in the Gulf of

Aden and 600 m depth in the Arabian Sea at l2.5°N. The

maximum is pronounced in the Gulf of Aden where its salinity,

about 36.25%°' is about 0.60% 0 higher than at the mini­

mum above it at 200 m depth. Eastward the maximum becomes

rapidly weaker; east of 55°E its salinity is less than

0.10% 0 higher than the minimum at 300 to 500 m depth,

and at 72.5°E the maximum is absent. In Section 65 the

Red Sea maximum occurs at 600 to 800 m depth, but only

between l5°N and 5 0 S. Its salinity is about 0.04% 0

higher than the minimum at 400 to 500 m depth. Thus the

Red Sea salinity maximum does not exist north of the

latitude of the Gulf of Aden, nor south of 5 0 S at 65°E.

It also is not present in Bay of Bengal.

The slight salinity maximum at 300 m depth at 22.5°N

in Section 65 is due to inflow of Persian Gulf water into
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the head of the Arabian Sea; there is no indication of

this south of 20°8.

There is a well-defined salinity maximum on the

equator at about 125 m depth in Section 65. This high

salinity water (S>35.2 %
0 ) seems to originate at the sea

surface north of l5°N. The occurrence of a similar

maximum of lesser salinity at the same depth and latitude

in Section 88 is suggestive of easterly flow near 100 m

depth on the equator. This is consistent with knowledge

of subsurface currents at the equator (e.g., Knauss and

Taft, 1964); although the Indian Equatorial Undercurrent

may be intermittent or seasonal, its influence survives

annual averaging.

More pertinent to the present investigation is the

salinity distribution at deeper levels in Section 88. As

with the temperature distribution, lateral homogeneity

exists north of the equator. In particular, between 300

and 600 m depths north of 5°N, salinity is remarkably

constant at 35.03%°' forming a broad maximum in the

vertical.

Figure 5 shows the distribution of dissolved oxygen

in the three sections. The two meridional sections are

similar. In each oxygen is lowest in the north, being less

than 0.25 ml/l, and a single minimum in the vertical exists

there. Southward oxygen increases at all depths and double

minima occur; these can be discerned south of l5°N in
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Section 65 and south of lOoN in Section 88. The upper

minimum is at 200 m depth in both sections. The depth of

the lower minimum in Section 65 increases from less than

700 m at 15°N to 900 m near 10 0 S, and in Section 88 is

also at about 800 to 900 m depth. The oxygen distribution

in Section 12 shows that Red Sea Water is a source of

oxygen for the Arabian Sea. In the Gulf of Aden oxygen

values of about 0.6 m111 between 300 and 800 m depth are

twice those at 65°E.

Because the dissolved oxygen concentration of a

particular water mass at subsurface levels decreases with

time, the oxygen distributions in Sections 65 and 88 suggest

that at any depth the oldest water in the North Indian

Ocean is at the heads of the Arabian Sea and the Bay of

Bengal.

To the uniformity of temperature and salinity at any

depth in the Bay of Bengal corresponds uniformity of

potential density. That the same might be true in the

Arabian Sea could be anticipated because the lateral varia­

tions of temperature and salinity tend to be mutually

offsetting with respect to effect on density. However, the

isopycna1s in fact are not flat in Section 65. This is

demonstrated in Figure 6 (left), in which depth is plotted

as a function of potential density anomaly and latitude.

The generally mona tonic slope of the isobaths 400 m and

greater shows that potential density is highest near the



14

head of the Arabian Sea, and lowest at or south of the

equator. The lateral gradient decreases with depth, from

-1
0.025 g 1 per 1000 km at 400 m to about one-tenth of

that value at 2500 m depth. Although these density gradi-

ents are small, their existence indicates the possibility

of mean geostrophic flow through Section 65.

2.2 Mean Geostrophic Flow

Indications of meridional pressure gradients in

Section 65 can be deduced from the distribution of isano-

steres (Figure 6, right). At depths greater than 600 m,

specific volume anomaly is essentially independent of

latitude, and therefore differs from potential density in

that regard (cf Figure 6, left). This is due to the fact

that associated with the meridional gradient of temperature

at each depth is a gradient of compressibility of sea

water; the difference in temperature effects is sufficient

to offset the gradient of potential density, making specific

volume essentially constant at each depth greater than 600

m. Thus there is in fact little or no zonal geostrophic

flow deeper than 800 m at 65°E. The same tendency holds

for depths 400 to 600 m, north of SON; southward, however,

the isanosteric pattern indicates net eastward flow at,

and on both sides of, the equator.

Figure 7 shows the geopotentia1 topography of the 400

decibar surface relative to the 1000 decibar surface for the



North Indian Ocean.
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This picture confirms the sluggishness

of the mean geostrophic flow in the Arabian Sea, where a

-1
counterclockwise circulation of 1 to 2 cm s exists, and

the eastward flow on the equator, south of the Arabian Sea.

The counterclockwise motion indicated in the Bay of Bengal

is similar to that in the Arabian Sea, but is faster (3 to

-14 cm s ). Strong gradients in the southwest part of the

map are shown; corresponding current speeds there are 10 to

-1
15 cm s • This is part of a closed circulation in which a

relatively strong westward flow between 5 0S and 100S turns

northward off Mombasa and then returns eastward at the

equator, turning southward at the west coast of Sumatra.

The westerly flow between 5 0S and 100S is the northern part

of the South Equatorial Current of the Indian Ocean. The

easterly equatorial flow, which appears definite between

about 5 0S and 3°N, is the Indian Equatorial Countercurrent.

There is no extensive westward current corresponding

to the North Equatorial Current of the Atlantic and Pacific

oceans. However, westward flow near Ceylon is suggested,

indicating transport of water from the Bay of Bengal into

the Arabian Sea. This flow will be called the North

Equatorial Current here.

2.3 Temperature-Salinity Relationships

A temperature-salinity diagram was prepared for the

mean data of Section 65 (Figure 8). The potential
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temperature-salinity pairs, plotted for standard depths

100 m to 3000 m, have been linked together in two ways.

First, as with an ordinary hydrographic station, the

temperature-salinity pairs of successive depths at the

same latitude are joined by a curve. In the other way, a

curve is drawn through temperature-salinity points of the

same depth. The linearity of these constant-depth curves,

even for a depth as shallow as 200 m, is remarkable. It

means, according to the linear mixing law, that at any

depth potential temperature and salinity have values

intermediate to boundary values at the north and south

ends of Section 65; thus at any depth the horizontal

distributions of temperature and salinity appear to be

determined mainly by lateral mixing.

The temperature-salinity curves for constant latitude

are essentially linear deeper than 300 m depth at 17.5°N

and 22.5°N, that is, north of the latitude of the Gulf of

Aden. From 12.5°N to 2.5°S, the slight Red Sea salinity

maximum at 600 to 800 m depth, and the relative minimum

above it at 400 to 500 m depth, combine to produce an

S-shaped curve. Deeper than the Red Sea salinity maximum

the temperature-salinity curves are again linear. Thus at

depths greater than about 800 m vertical mixing between

Red Sea water and bottom water is important in determining

the vertical distributions 0f temperature and salinity.



17

Noteworthy is the approximately triangular part of

the temperature-salinity diagram bounded by the lower part

of the curves for 7.5°5 and 22.5°N, and the constant depth

curve for 800 m. Here the fact that the 8-S curve is

linear at each depth and latitude suggests that a purely

diffusive mechanism could be controlling the distributions

of heat and salt in the North Indian Ocean. Thus it

appears that at all interior points of the triangular area

the 8-5 characteristics are determined by horizontal and

vertical turbulent diffusion among cool, low-salinity

water at 7.5°S and warm, high-salinity water at 22.5°N,

both at 800 m depth, and cold, low-salinity water at 3000

m depth. Therefore turbulent diffusion of heat and salt,

and hence of density, needs to be accounted for in physi­

cal models of the distributions of those water properties.

The mechanism just mentioned above could proceed only

if the 8-8 characteristics of the three source points were

constant. At this stage it appears that downward diffusion

of heat and salt to 800 m depth could maintain the warm,

high-salinity source at 22.5°N; that horizontal advection

at the south boundary of the North Indian Ocean is respons­

ible for the cool, low-salinity water at 800 m depth at

7.5°8, and that advection of abyssal water must maintain

the characteristics of the cold, low-salinity deep water.



3. SEASONAL VARIATIONS IN THE RED SEA LAYER

Because the sluggish mean annual currents in the

Arabian Sea cannot be responsible for the apparent intensive

lateral mixing which occurs there, significant fluctuations

of periods shorter than one year must occur. The existence

of such changes of seasonal period would be consistent with

the well-known marked effects on near-surface circulation

induced by the monsoons, but effects at depth have not been

described in detail. In this Chapter then, the strength of

the seasonal signal at the depth of the Red Sea salinity

maximum is discussed. This should not be regarded as an

investigation of seasonal effects ~~, but merely suffi­

cient analysis to demonstrate their importance with respect

to the mean annual distribution of properties.

3.1 Existing Information

Duing (1970) investigated the depth of penetration of

the annual variation of geopotential afiomaly in the North

Indian Ocean. According to his definition (described below)

the penetration depth is less than 200 m over most of the

area. Penetration greater than 400 m depth occurs along

the coast of Somalia and in the Gulf of Aden (penetration

depth exceeding 400 m was found for an area next to the

18
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west coast of India, but this was due to poor quality

salinity data which have since been edited from the Indian

Ocean Atlas data set). Dliing concluded that monsoonal

I

effects were confined primarily to depths in and above the

thermocline.

As the criterion for establishing the depth of pene-

tration of the annual variation in geopotential anomaly,

Duing selected the range 7.5 dyn cm. This does not pre­

clude the possiblility of seasonal changes occurring to

greater depths. Evidence of such seasonality at 1000 m

depth in the Arabian Sea is given by Wooster, Schaefer and

Robinson (1967). From examination of quarterly distribu-

tions of thermosteric anomaly, temperature, and salinity

they note:

"Close to the Somali coast, water warmer

than 8° appears to extend somewhat farther

south in winter than in other seasons. In

autumn and winter the apparent penetration

towards the northwest of cold water (less

than 7°) is intriguing, although it may

result from inadequate sampling." (p. 29)

"The seaward extension of high salinity

(greater than 35.5% 0 ) water from the Gulf of

Aden seems to vary slightly with season, as

does the southward extension of 35.2 isohaline

along the Somali coast (greatest in winter,

least in summer and autumn." (p. 29)
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Those authors also note, however, that:

"In the central and eastern parts of the

region there is no convincing evidence for

seasonal changes at this depth." (p. 29)

Therefore, at least beneath the area in which the Somali

Current is formed yearly, there are observable seasonal

changes at 1000 m depth.

3.2 Variations at the Red Sea Salinity Maximum

Intrusion of Red Sea Water into the Gulf of Aden

and Arabian Sea results in the formation of a salinity

maximum at potential density anomaly 27.2 g 1-1. At this

density, which is typically at 700 m depth, salinity was

interpolated for all hydrographic station data in the

western North Indian Ocean, including the Red Sea and

Persian Gulf.

In the mean annual distribution of salinity on this

density surface, shown in Figure 9, two sources of salt are

evident, namely, the Red Sea and Persian Gulf. It is

interesting, but not significant to this discussion, that

maximum salinity is slightly in excess of 40% 0 in both

areas. The strongest horizontal gradients of salinity

occur in the Gulf of Aden and the Gulf of Oman, the regions

which connect the Arabian Sea to the source areas of salt.

At the head of each Gulf the average salinity is about

38%°' while at the mouth it is about 35.7% 0 • The 35.6

isoha1ine is continuous across the Arabian Sea, extending
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northeasterly from Cape Alula at the northeastern tip of

Somalia, to India, where it meets the coast north of

Bombay. Southward and eastward salinity decreases, as does

the zonal gradient. Salinity is less than 34.8% 0

everywhere along 100S, even less than 34.7% 0 at 80 0E.

The bimonthly maps of salinity at 27.2°
6

, which are

presented in Figure 10, a through f, were prepared for the

purpose of demonstrating seasonal effects. Bimonthly maps

of dissolved oxygen concentration in this density surface

were also prepared but are not presented here; they proved

useful as a guide for contouring the salinity maps,

especially in the area off the mouth of the Gulf of Aden.

There water of salinity about 35.6% 0 could have come

either from the Gulf of Aden, in which case the dissolved

-1
oxygen content would be about 0.5 mIl, or from the head

of the Arabian Sea, with dissolved oxygen less than

0.3 mIl-I.

It was convenient for the following description to

use the words "fresh" and "saltyll in referring to water

whose salinity is relatively low or high, respectively,

compared with that of neighboring water.

A seasonal pattern of events can be seen best in the

salinity maps by starting with the map for March-April, an

inter-monsoon period.

March-April. Salty outflow from the Gulf of Aden is well
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defined near each shore, while fresh inflow occurs along

the axis of the Gulf. The southern branch of the outflow

is the more extensive, penetrating southeastwardly from

Socotora Island (12.5°N, 53.5°E) to about 8°N. Eastward,

at 60 0E, there is northwesterly flow of low-salinity water

which connects with the fresh current flowing into the

Gulf of Aden, and which derives from a westward flow at

7°N, the North Equatorial Current (NEC). South of the NEC

is an easterly salty current; it is located at 5°N between

60 0E and 75°E, but turns slightly south, reaching 3°N at

80 0E. This is the northern part of the Equatorial Counter­

current (ECC).

Near the west coast of India there is salty southerly

flow which originates at the head of the Arabian Sea;

farther offshore northerly flow exists between lOoN and

The middle of the Arabian Sea, in a large area

centered at 15°N, 65°E, is featureless.

Off the African coast, between 5°N and 0°, is an

isolated cell of relatively high salinity water. Salty

water penetrates south of the equator, entering into a

counterclockwise eddy centered about 6 0S. Between 0° and

100S, east of the eddy, the salinity distribution is

essentially featureless. The meridional gradient of

salinity is relatively strong near 2°S.

May-June. Maximum outflow from the Gulf of Aden occurs,
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penetrating nearly half-way across the Arabian Sea.

Although inflow to the Gulf of Aden is not as pronounced as

in March-April~ the connecting northwesterly flow, located

east of the outflow, is intense. The northwesterly current

is fed by the NEG, which turns at 68°E. The limited data

indicate southerly penetration of salty water in the

eastern part of the Arabian Sea, and northerly penetration

of fresh water south of the Gulf of Aden outflow.

July-August. Gulf of Aden outflow has been terminated by

northerly penetration of fresh water along the coast of

Somalia. The low salinity tongue splits near Socotora Island;

one branch is directed northward across the mouth of the

Gulf of Aden, while the other penetrates northeasterly to

about lSoN. Northerly current along the African coast

seems to be general; some turns east at SON. Southerly

flow of salty water occurs at 60 0 E between lSoN and SON.

September-October. Low salinity water off Somalia occurs

only north of SON~ but penetration persists northeasterly

to 16°N. About 200 km eastward there is counterflow which

seems to be continuous from 17°N to 0°. The NEG, now at

6°N, turns to the north, flowing parallel to the coast of

India at least to 12°N. The EGG originates at lOoN, 6SoE,

flows south and east, and reaches 4°N at 80 0 E.

November-December. North of SON at the African coast a

southerly intrusion of salty water has replaced the low
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salinity tongue which now lies some 200 km farther offshore.

Northeasterly penetration of the fresh tongue is maximal,

reaching to 20 0 N from SON, and, east of that, southwesterly

counter-flow is definite. The NEG is directed to the west

once more, but originates near SON at 80 0 E. 'Salty flow

in the EGG is also well defined, and curves to the south,

reaching 2°N.

January-February. Maximum development of southerly current

occurs along the African coast, between 18°N and 5 0 S. The

dissolved oxygen content of the water shows this salty flow

derives from the northern part of the Arabian Sea.

Northerly counter-flow exists to the east but sparse data

belie definite description. Again, the NEG and ECC cur-

rents are well defined.

Looking again at the March-April map, it is clear

that the southwesterly flow along the African coast has

ceased between 2°N and SON, and that the isolated salty

cell lying north of the equator is a remnant.

It is concluded that the bimonthly maps of salinity

at 27.208 indicate considerable isentropic flow at any time.

In particular, currents occur along the African coast which

are in the same sense as the surface currents, and could be

defined flow is indicated, then on either one, or both sides
I
r

called monsoonal. It is noteworthy that whenever a we11-

of it, counter-flow exists at distances of 100 to 300 km.
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3.3 Magnitude of Seasonal Currents

The rate of advance or retreat of a salinity tongue

between bimonthly periods provides an estimate of the speed

of the current responsible for the observed changes. A

typical shift of isoha1ines in the direction of flow is

about 300 km per bimonthly period, or 6 em -1
s the same is

true of lateral movements of tongues. But this must be

considered as a minimal estimate because lateral mixing is

continuously reducing extrema. It is concluded, therefore,

and show aexist which have typical speeds of 10

that at 700 m depth in the Arabian Sea horizontal currents

-1
em s

definite seasonal pattern. Moreover, because flows with

this speed do not appear in the annual average current

pattern, the steady state must be characterized by hori-

zontal velocity fluctuations (components of large-scale

turbulence) of the same order of magnitude.

3.4 Estimation of the Horizontal Exchange Coefficient

The observed salinity tongues in the bimonthly maps

allow estimation of the coefficient of lateral eddy dif-

fusivity of salt, when the speed of advection is known.

Neglecting local changes, which do occur, the salinity S

in a density surface is described by

u as
ax
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where U is the current in direction x. The diffusion term

A a
2
s/ax 2 has been neglected because salinity tends to be

an essentially linear function of distance in the direction

of flow. The horizontal exchange coefficient A relates to

lateral flux of salt in the direction y, perpendicular to

x. Here both U and A are constants. The advective term

can be approximated by

u as:::
ax

~s

u x
~x

where ~s /~x is the salinity gradient along the tongue;
x

this is typically 0.1% 0 per 200 km. For a symmetrical

tongue the diffusive term can be approximated by

::: A
2~S

y
2

(~y)

where ~s is the salinity change over the distance 6y
y

between the center and the outside boundary of the tongue.

Typical values are 68 = 0.15% 0 and ~y = 200 km.
y

Then

A
U

:::

6::: 7 x 10 cm,



and, for U = 10 cm

A

-1
s

2 -1cm s

27

7 2 -1
Defant (1955) found A = 5.5 x 10 cm s for the spreading

of Mediterranean Water into the North Atlantic, and there-

fore the value computed here seems q~ite reasonable.

The coefficient of diffusivity can also be represented

as

A = U*L

where U* is the r.m.s. turbulent velocity and L is the scale

length.

U* = 3.5

With L

-1cm s

= 200 km, as used in the above calculations,

But U* is essentially constant; therefore

for description of the steady state where the length scale

is 1000 km (radius of eddy in the Arabian Sea), the value

of the horizontal exchange coefficient should be approxi-

mate1y 3 x 10
8

cm
2 -1

s That this interpretation is sub-

stantia11y correct is demonstrated in the discussion of

lateral mixing given below in Chapter 8. There identical

7 2-1
results obtain if A = 7 x 10 cm s is used together with

the salinity (and temperature) gradients observed in the

. 8 2-1
bimonthly salinity maps, or if A = 3 x 10 cm s is used

with the mean annual horizontal gradients.



4. DEFINITION OF DEPTH ZONES

The considerations of Chapter 2 and Chapter 3 aid in

the development of a physical model for the water struc-

ture in the Arabian Sea. At any point in a rectangular

coordinate system with x eastward, y northward, and z

upward, the time-average distribution of water property ~,

expressed in units of mass per unit volume, satisfies the

equation

i! + U i! + V ~ + w 1..1 + 0 <u' ~ ') + a <v' ~ ,\ + a (w' ~ ,\at ax oy oZ oX oy / OZ I

= 0

Here ~ is the time average defined as

(4-1)

=
1
T

t+T/2

J Hx,y,z,,)d,

t-T/2

(4-2)

and ~' are the perturbations from ~ during the same time

interval T. The mean component velocities U, V, Ware

defined in a way analogous to (4-2) and u', v', w' are the

corresponding velocity perturbations, or components of

turbulence. The turbulent fluxes, which are correlations

over the same time interval of the velocity and property

28



perturbations, are represented by <u'~)' (v'~)' and
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When the time interval for averaging is one year,

then ~, U, V and Ware annual average values. All varia-

tions of shorter periods, like seasonal variations, are

then perturbations and could contribute to the turbulent

fluxes.

For the development of a physical model for the mean

annual water structure in the Arabian Sea, it is assumed

first that local year-to-year variations are negligible,

in which case

= o

It was demonstrated in Chapter 3 that the horizontal

velocity perturbations are at least an order of magnitude

larger than the annual mean velocities. Moreover,

inspection of the bimonthly salinity distributions in

Figure 10 and comparison with the mean salinity distribu-

tion of Figure 9 show that the horizontal gradients of

the salinity perturbations are at least as large as the

gradients of the mean salinities. Then (4~l) reduces to

= 0 ~

or, rewriting the turbulent fluxes as the product of an
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exchange coefficient and the mean gradient of ~,

wi!
oz

o (A o~) + 0 (A~) + i! (K i!)
ox ax oy oy oz oz (4-3)

The coefficient of horizontal eddy diffusion A is assumed

to be independent of orientation in a horizontal plane,

and independent of z; the vertical exchange coefficient K

is assumed to be independent of the horizontal coordinates.

Letting

~(x,y,z) = S(x,y) B(z),

and assuming W = W(z), then (4-3) yields

and

W dB
dz

d (K dB)
dz dz = bB , (4-4)

a (A as) + 0 (A~) b
ax ax oy oy = S,

where b is the separation constant.

A model of the mean horizontal distribution of

(4-5)

salinity, based on horizontal diffusive effects only, was

shown to be in excellent agreement with the distributions

observed at 400 and 800 m depth in the Arabian Sea (Duing

and Schwill, 1967). The temperature-salinity relation-

ships discussed in Chapter 2 suggest that the same holds

throughout the water column between 200 and 3000 m depth.
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Therefore b = 0, and the vertical distribution of heat and

salt in the Arabian Sea should satisfy the relation

W dB
dz = d (K dB)

dz dz
(4-5 )

This balance between vertical advection and vertical dif-

fusion was used for studies of the deep water structure in

Southeast Asian waters (Wyrtki, 1961), and in the Pacific

Ocean (Munk, 1966). For both studies constant vertical

velocity and eddy diffusivity were assumed, in which case

(4-5) becomes

d [J/,n(dB)]
dz dz

W= K
(4-6)

The possibility that vertical structure in the North

Indian Ocean might be similarly ordered was examined by

investigating the vertical gradients of potential tempera-

ture. The vertical gradient of potential temperature is

positive nearly everywhere in this region, the only

exception occurring at the head of the Gulf of Aden due to

overflow of dense warm water from the Red Sea. Therefore

that property is generally useful for testing the model

described by (4-6).

In Figure 11 the logarithm of the vertical gradient

of potential temperature is plotted as a function of depth

for the average data set at 17.5°N, 65°E. According to



(4-6) the slope of the curve is the ratio W/K.
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The remark-

able linearity of the curve for the depth interval 1700 to

3000 m suggests that, indeed, the deep water structure of

the North Indian Ocean is maintained in the same way as

that of the deep Pacific Ocean, that is, that vertical

advection balances vertical diffusion. This zone of uni-

form vertical advection is discussed in detail in Chapter 6.

As can be seen in Figure 11 the logarithm of the

vertical temperature gradient, and therefore also the

gradient itself, is essentially constant in the depth

interval 600 to 1200 m. According to (4-6),

W
K

::: a

for this depth interval, meaning that either vertical

velocity is negligibly small or eddy diffusivity is rela-

tively large, or both. If W = 0, then (4-6) cannot be

derived because (4-5) reduces to

d (K dB) 0
dz dz = • (4-7)

The same result holds if W ~ 0, and K is relatively large

and not constant.

as

This can be seen if (4-5) is rewritten

(W _ dK) dB
dz dz
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from which (4-7) obtains if

» Iwi

throughout the depth interval of interest. The velocity

-5 -1of deep ascending motion is typically 2 x 10 cm s

(Stomme1, 1958; Munk, ibid.; Wyrtki, ibid.). Therefore the

inequality will be satisfied if the gradient of K is such

that

or

oK »

oK

2 -1
1 em s

2 -110 em s

over a depth interval of 500 m. For the depth interval

1000 to 4000 m in the Pacific Ocean the exchange coeffi-

2 -1
cient is about 1.3 cm s (Munk, ibid.). Assuming that

this is a reasonable value for similar depths here, then,

since the ratio W/K is at least an order of magnitude

smaller for the interval 600 to 1200 m than in the deeper

water, it follows that K, the mean value of K, must be

larger by at least an order of magnitude, that is, K

> 13.0 cm2 s-l Th f .. "b1 fere ore ~t ~s poss~ e or

2 -1oK ~ 10 cm s ,as required to satisfy the inequality.

It is concluded that (4-7) may be the appropriate

model of the vertical distribution of properties in the
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depth interval 600 to 1200 m. In this zone, according to

(4-7), the vertical diffusive flux of a property is

independent of depth; this is discussed at length in

Chapter 5.

The zone between 1200 and 1800 m depth is a trans­

ition layer; it is below the layer of uniform vertical

diffusive flux and above the layer of uniform vertical

advection. The transition zone is discussed in Chapter 7.



5. THE ZONE OF UNIFORM VERTICAL TURBULENT FLUX

5.1 Uniformly Turbulent Water Column

It was shown in Chapter 4 that in the Arabian Sea

the Red Sea layer, between 500 and 1200 m depth, might

have uniform vertical flux of heat, salt, and mass due to

turbulent diffusion. Integration of (4-7) once yields

KdB
dz = C , (5-1)

where C is a constant mass flux when B is density. There-

fore the vertical coefficients of eddy diffusivity would

be inversely proportional to the vertical gradient of the

properties, and would be constant only if the properties

were linear functions of depth. But the mean vertical

distributions of properties are not linear; this is true

in particular of the distribution of potential density

(Figure 6, left). Therefore if (5-1) adequately represents

the water structure of the Red Sea layer, non-constant

vertical coefficients of eddy diffusivity must be admitted.

An alternative representation for (5-1) when B is

density is

(5-2)

that is, the correlation of vertical velocity fluctuations

35
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and density perturbations is a constant value, independent

of depth. Intuitively it seems clear that a particular

vertical velocity variation in a constant (in time) mean

gradient of potential density would always tend to produce

a particular density perturbation, because the initial

buoyant force would always be the same. Therefore a

density perturbation can be represented in terms of the

corresponding velocity fluctuations and (5-2) becomes in

effect

where C' is a constant. Thus a stratified water column

with uniform vertical diffusive mass flux is at the same

time uniformly turbulent. The root mean square turbulent

velocity W* = (w'2)1/2 characterizes the turbulence.

If the last relation holds, then

= C' ,

is also true. This implies that a critical difference in

density is associated with the mixing, and that this differ­

ence is the same for all depths.

These considerations suggest a mechanism for the

vertical mixing: density perturbations are created by an

as yet unspecified process, and subseqpent response to

buoyant forces produces the mixing. This is discussed
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further in Chapter 8.

5.2 Mixing Length

Consider a uniformly turbulent, stratified fluid

with mean density distribution p(z). Suppose a blob of

fluid at z = zl is subjected to a velocity fluctuation WI

which causes the blob to move up to z = z2 where mixing

occurs, making the blob indistinguishable from its

neighbors. The instantaneous mass flux for this process is

F' = - WI (p
2

where PI and Pz are the mean densities at zl and zz,

respectively. If the excursion (z2 - zl) is small, then

according to Taylor's theorem

F' = - w'(z - z ) ~
2 1 dz

For n occurrences the flux would be

F =
_ dp

dz

n

L
j=l

w' (z - z )
j 2 1 j

But the velocity fluctuations and the vertical excursions

are positively correlated. Thus the long-term flux (an

average over a time sufficiently long compared with the

periods of the fluctuations) can be written as



F - W*L ~
dz
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where W* is the root mean square turbulent velocity and L

is the root mean square excursion, or mixing length. In

the Red Sea layer where both the flux F and r.m.s. turbu-

lent velocity W* are constant,

d
L dz - C (5-3)

where C = F/W*, a constant. Comparison of (5-1) and (5-3)

shows that in this case the vertical coefficient of eddy

diffusivity is proportional to the mixing length.

It remains to express the mixing length L in terms

of the density distribution in order to determine the mean

density distribution as a function of depth. Assuming that

L/z is sufficiently small for all z, then, in ter~s of the

mean density at depth z, that at z + L is, by Taylor's

theorem,

p(z + L) =
L 2 2-

p(z) + L ~ + i.-.£.
dz 2! dz 2

where the derivatives are evaluated at z.

non-dimensional form,

Rearranging in

p(z + L) - p(z)

L dp
dz

=
L d

2
1"\1 + .::.....t:..

2! dz2
/ ~ + •

dz
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Therefore, from dimensional considerations, the second

term on the right side yields

L a:
dp
dz I

2_
d P
--2
dz

The restriction that Liz is small for all z is

reexamined below.

5.3 Logarithmic Density Distribution

Substitution in (5-3) of the last expression for

mixing length L yields

d (dp)-l Ca: ,
dz dz

where C = W*/F, a constant. This relationship is satisfied

if

or

a: Z

dp
d Q.n z

= c'

where C' is a constant. Thus in a fully turbulent,

stratified water column with negligible mean current shear,

the steady state distribution of potential density is a

linear function of the logarithm of depth.

Since d Q.n z = d Q.n(-z), the last equation can be
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expressed also as

dp
d ~n(-z)

= C' (5-4)

a form more useful in the ocean when z is positive upward

and z = 0 is taken at the sea surface.

5.4 Observed Logarithmic Structure

According to equation (5-4) density is a linear

function of the logarithm of depth. Plots of potential

density versus the logarithm of depth (density log-plot)

for Sections 12 and 65 in the Arabian Sea, and for Section

88 in the Bay of Bengal, are given in Figures 12, 13, and

14. The curves are strikingly linear between 400 and 1200

m depth. The lower limiting depth varies somewhat between

about 1100 and 1300 m, and occurs at a potential density

-1of 27.6 g 1 . The upper limit of the linear part of the

curves varies from 350 to 500 m depth, and has potential

-1density of 26.8 to 27.0 g 1 .

In order to define the regional extent of logarithmic

gradient in the depth interval 400 to 1200 m, density log-

plots for each 300-mile square in the Indian Ocean were

examined. Since the decision as to whether or not a

logarithmic gradient occurred in a square was completely

subjective, the determination of the required area was made

in the following way: those squares with definite
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logarithmic structure were mapped, followed by those

definitely without it. Between those was a region of

indefinite density structure. The region of the

logarithmic gradient and the transition area are shown in

Figure 15. In general, logarithmic gradients occur every­

where north of 5 0S between 400 and 1200 m depth, but are

found to l5°S along the African coast, and to 100S between

60° and 85°E.

Included in Figure 15 are labels A and B marking the

locations of the counter-examples of logarithmic profiles

whose log-plots are presented in Figure 16. In the east

at position A, density versus logarithm of depth is a

smooth curve in the depth interval of interest; on the

south, as at position B, a double curve always exists.

On the basis of these observations it is concluded

that (5-4) is a wholly adequate description of the vertical

density structure between 400 and 1200 m depth, north of

5 0 S.

5.5 Temperature and Salinity Log-Plots

Discussion of logarithmic profiles above was with

respect to the density distribution only, consistent with

the physical development. Since it is density, not temper­

ature and salinity, which directly affects buoyancy and

hence vertical mixing, log-plots of temperature and

salinity could not be expected to be simultaneously linear



when that of density is.
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This is true even when a linear

temperature-salinity relationship exists for the water

column undergoing mixing. Thus the existence of curves in

the logplots of temperature and salinity in Section 65,

presented in Figures 17 and 18, is not inconsistent with

the model described by (5-4).

5.6 Interpretation of Logarithmic Structure

Tully (1957) reported on the examination of structure

using nearly two thousand hydrographic stations and bathy­

thermograph records, including some continuous salinity­

temperature-depth recordings, from the oceanic and coastal

waters of the northeast Pacific Ocean. He noted that sea

water occurs in zones of appreciable thickness with respect

to temperature, salinity, and density; that within each

zone the measure of a property tends to be a simple

function of the logarithm of depth; and that the log-plot

fits the density structure as well or better than it fits

the temperature or salinity structure. Some of the

continuous recordings exhibited step structure within

zones, and Tully noted that the mean slope through the

step structure was the logarithmic gradient defining the

major zone.

Tully tried at least a dozen analytical expressions

in order to find that which best represented the observed

structure, and concluded that the vertical distribution of
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properties in the ocean was best expressed by

P = k J/,n z + c (5-5)

where P is the value of the property at depth z, and k and

c are constants.

In his interpretation of the well-founded observa-

tions of logarithmic profiles, Tully noted that the

vertical gradient

dP
dZ

=
k
z

implied that the upper limit of every zone is at the sea

surface. He then viewed each logarithmic zone as an

independent structure which behaved as if it were the only

zone present, and as though its source or sink were at the

sea surface.

Integration of (5-4) yields

p(z) = - + C' J/,n(z/z )Po 0
(5-6)



44

where all terms are constants.

Conversely, the depth z can be arbitrarily selected
o

within the logarithmic zone. For example, the observed

upper depth of the zone might be chosen for z ; p then
o 0

would be the density at that upper boundary. Thus a better

interpretation of logarithmic density structure is as

indicated above in Chapter 5.3: it is the steady state

distribution of density in a fully turbulent, stratified

water column in the absence of advective mass fluxes; the

turbulence produces a uniform vertical mass flux between a

lower boundary, where other processes maintain high

density, and an upper boundary, where low density is

maintained.

considered.

What causes the turbulence has not yet been

5.7 Step Structure and Mixing Length

A pertinent set of high resolution measurements of

step structure in the ocean has been made by Neal, Neshyba,

and Denner (1969). Careful continuous measurements of the

vertical distribution of temperature under Arctic Ice

Island T-3 showed a number of isothermal layers, of thick-

ness 2 to 10 m, in the depth interval 220 to 340 m. The

temperature change between layers was nearly constant, but

the layer thickness increased directly with the depth and

inversely with the temperature gradient. If layer thick-

ness is considered to be mixing length, then these
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observations suggest that logarithmic structure existed.

The layer tnickness observed under T-3 is one to

three percent of the depth at which the layers were

observed. Tait and Howe (1968) made similar observations

of step structure in the Atlantic Ocean off Gibraltar

during a study of intrusion of water from the Mediterranean

Sea. The steps occurred between 1300 and 1500 m depth,

and were of average height 22 m. Here also, in a loga­

rithmic density gradient (determined by author), the mixing

length (step height) is one to two percent of the depth.

There are no reported observations of step structure

in the Indian Ocean based on measurements as precise as

those noted above. However, after smoothing records made

with a temperature-sa1inity-depth recorder in and south of

the Arabian Sea, Hamon (1967) observed marked medium-scale

structure (features with vertical scales 10 to 100 m) in

the at interval 27.0 to 27.4, that is, between 400 and 800

m depth. It is possible that in this case the larger

features, of vertical extent up to 100 m, actually included

several steps, and that more precise measurements would

show structure with typical vertical scales of 10 to 20 m.

For the purpose of estimating the r.m.s. turbulent

velocity and the vertical diffusive flux, it is assumed

that

L = .02z m
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Thus at 400, 800, and 1200 m, the mixing length is 8, 16,

and 24 m, respectively.

The observations above provide justification for the

Taylor expansion in Chapter 5.2, by which mixing length

was expressed in terms of the mean distribution of density,

and for which the mixing length should be a small fraction

of the depth.

5.8 Vertical Exchange Coefficient

The vertical coefficient of eddy diffusivity is

K = W*L ~ .02 zW*.

estimated.

Therefore if K is known, W* can be

For a salinity minimum in the vertical, maintained

by horizontal advection of speed U,

K
U

where ~S /~x is the gradient in the direction of flow, and
x

~S is the salinity difference between the minimum and the
z

value at distance ~z above or below it. There is a slight

salinity minimum in the Arabian Sea at 400 m depth at

7.5°N in Section 65 (Figure 4). There ~S /~x =
x

7 40.19% 0 /5 x 10 cm; ~S = .025% 0 ; and ~z = 10 cm.
z

These values give K/U ~ 7.5 cm.

From the geopotential topography at 400 db (Figure 7)

flow at 7.5°N, 65°E is estimated as 1.5 cm s-l
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-1 2 -1
about 1.0 cm s ,and K ::: 8 cm s at 400 m depth.

Since 400 m is the upper boundary depth of the

logarithmic zone in which the vertical coefficient of eddy

diffusivity is proportional to the depth, at any depth in

that zone

K 2 H 2 -1cm s

where H is the depth in hundreds of meters. Thus for

depths of 400, 800, and 1200 m the vertical exchange

coefficient 2 -1is 8, 16, and 24 cm s ,respectively.

These results are similar to those reported by

Bortkovskii (1961). From data observed at Weather Ship H

159

in the western North Atlantic, he determined that K

increased with depth from 14.9 cm2 s-l at 50 m, to

2 -1cm s at 1000 m.

With the values of K as estimated here the possi-

bility of ascending motion of the order 2 x 10- 5 -1
cm s in

the logarithmic zone is not discounted. In Chapter 4 it

was demonstrated that such motion would be masked if K

2 -1
changed by about 10 cm s over 500 m, which is the case.

5.9 R.M.S. Turbulent Velocity

With the values of mixing length L and vertical

exchange coefficient K as determined above, the r.m.s.

turbulent velocity is



W* = K ~ 10- 2 cm
L

-1
s
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This is at least 100 times larger than the magnitude of

deep ascending motion in the ocean (Bortkovskii, ibid.;

Munk, 1966; Wyrtki, 1961), and ten times seasonal upwelling

rates (Forsbergh, 1963; Wyrtki, 1961, 1962). The magnitude

of W* is less than the mean velocity of most observed

vertical oscillations due to internal waves of tidal period

(e.g., 50 m/12 hr = 10- 1 cm s-l), but is the same order as

that of a diurnal oscillation with range about 5 m, which

is the same order as L.

5.10 Vertical Mass Flux

The uniform vertical diffusive flux is given by

F = K
dp
dz

Using values at 400 and 1200 m, the density gradient at

BOO m depth is

~
dz

(27.0 - 27.6) x 10- 3
~

8 x 10 4
-8.75 x 10 g -4cm

Then with K = 16 2 -1cm s F ~ - 1.2 x 10- 7 g cm- 2 -1
s the

negative sign indicating downward flux.

Because tne vertical diffusive flux is independent

of depth in the logarithmic zone, the density distribution

there is not altered by vertical turbulence. Flux
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downward past 1200 m depth implies that a mechanism to

continuously reduce mass exists at deeper levels. The

development in Chapter 4 suggests that the transition

layer 1200 to 1700 m might be the locale for such a

mechanism, since the structure of the deep water (>1700 m

depth) apparently is not unusual when compared with that

of the deep Pacific Ocean and Indonesian waters. In what

follows, the transition layer is examined after the

structure of the deep zone is investigated.



6. THE ZONE OF UNIFORM VERTICAL ADVECTION

6.1 Exponential Distribution

In Chapter 4 the vertical distribution of potential

temperature in the depth interval 1700 to 3000 m was

shown to be represented well by the model

d (£n ~)
dz dz

W= K (6-1)

where W, the mean velocity of vertical advection, and K,

the vertical coefficient of eddy diffusivity, are both

constant. This expression came from rearrangement of

W de
dz

=

which indicates an asserted balance between vertical

fluxes due to advection and turbulent diffusion. According

to this model temperature is an exponential function of

depth.

In fitting the exponential model to the data of their

studies, Wyrtki (1961) and Munk (1966) used integrated

forms of (6-1). The equation used by Wyrtki for estimating

upwelling in Indonesian basins was

e(z) =

50

W
K z

e
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where 8
1

is the lowest (deepest) observed potential temper-

ature and e is a temperature amplitude.
o

The ratio W/K

In his

was determined as the slope of a plot of the logarithm of

the temperature difference (8 - 8
1

) against depth.

study of the deep water of the North Pacific Ocean, Munk

used as boundary conditions for the integration observed

temperatures at two depths; his integration gave the result

8(z) =

where 8
1

and 8
2

are the temperatures at the arbitrarily

selected boundary depths zl and z2' and where

=

and

z - z
1=

Then W/K was determined as the value which yielded the

curve of best fit for the observed temperatures between

zl and z2·

Integration to exponential distributions, with

necessary but arbitrary evaluation of constants of

integration, need not be done in order to evaluate W/K

since equation (6-1) can be used directly for that purpose.

This has the advantage that both the upper and lower

limiting depths of the exponential distributio~ are
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determined simultaneously with W/K.

6.2 Observed Exponential Distributions

The fitness of the exponential model was judged in

Chapter 4 on the basis of examination of one average

temperature distribution, that at l7.5°N, 65°E. Similar

exponential plots were prepared from all of the temperature

data in Sections 12, 65, and 88, and are presented in

Figures 19, 20, and 21, respectively.

In Section 12 all curves are nearly linear between

1700 and 3000 m depth. Those for Section 65 are similar,

from 22.5°N to 7.5°N; southward, however, the data define

two distinct linear portions of different slope, with a

boundary between them at about 2100 m depth. The slope of

the lower part is the same as for the northern curves, but

that of the upper part is less by a factor of about two.

In the Bay of Bengal (Section 88) the exponential plots

also are doubly linear deeper than about 1700 m, with a

change in slope occurring at 2200 to 2500 m depth. In this

case, however, it is the upper curves which are sloped

approximately the same as the single curves in the Arabian

Sea, with the lower slopes being less by a factor of about

two.

The change in slope near 2300 m depth may be due to

influx from the south of North Atlantic Deep Water. NADW

can be detected as a salinity maximum to about l5°S, east
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of 60 0 E, and to about 5 0 S off Africa (Figure 22). Tempera­

ture exponential plots were prepared for the four 300-mi1e

squares along the African coast between 10 0 S and lOoN

(Figure 23). In the southernmost of the squares, where the

salinity maximum of NADW can be discerned at a depth of

about 2500 m, the exponential plot has a change in slope

at the same depth. This feature, which exists also at

2.5°S and 2.5°N, but not at 7.5°N, must be the signature

of NADW. The change in slope is exactly as exhibited by

the Bay of Bengal curves (Figure 21). Thus there is the

intriguing possibility that the entire Bay of Bengal is

penetrated by NADW near 2300 m depth, whereas the Arabian

Sea is not. This is a subject which is worthy of more

than the cursory examination which will be given here.

The linearity of the exponential plots for the deep

water of the Arabian Sea implies that dynamical conditions

there are not unlike those of the North Pacific Ocean and

Indonesian waters. The possible northward intrusion of

NADW into the Bay of Bengal, and off the African coast,

somewhat complicates the usual simple picture of ascending

motion deriving from abyssal flow, as concluded by Munk

(ibid.) for the North Pacific Ocean, but, as is developed

below, a consistent pattern of deep circulation still can

be inferred.

It is therefore concluded that the exponential model
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with constant vertical velocity and vertical exchange

coefficient is applicable to the deep water of the North

Indian Ocean. Munk (ibid.) noted that the consistency of

model and observations is not proof that a correct descrip-

tion of the mechanisms controlling the vertical distribu-

tion has been obtained. However, this seems to be a global

result, related to northward flow of Antarctic Bottom Water

into all oceans, with subsequent ascending movement.

6.3 Estimation of Ascending Motion

In Table I the mean value and standard deviation of

TABLE I

Mean values and standard deviations
of the ratjo W/K, estimated from

exponential plots

Standard
N Mean Deviation

Section 12 6 1.71 -5 -1 .17
-5 -1

x 10 cm x 10 cm

Section 65 7 1.79 .15

Section 88 6 1.70 .15

lOoN - 100S
African coast 4 1.72 .05

the slope W/K is given for the three sections, and for the

additional curves at 47.5°E. For the last four curves,

and for those in the Bay of Bengal, slopes of the upper

linear parts of the plots were estimated. For the

southern three curves of Section 65 the lower slopes were



55

evaluated. None of the means is significantly different

from the others; thus deeper than 1700 m in the North

Indian Ocean the ratio W/K is 1.7 + .2 x 10-5 cm- l

Munk (ibid.) found the slightly smaller value of

1.1 x 10- 5 cm- l for temperature and salinity distributions

off California, while Wyrtki (ibid.) reported values

-5 -5 -1ranging between 1.2 x 10 and 1.8 x 10 cm for four

Indonesian basins.

A reasonable value for the vertical exchange

coefficient K in deep water is 1.3 cm 2 s-l (Chapter 4).

With this value the general speed of ascending motion in

-5 -1the North Indian Ocean is W = 2 x 10 cm s

The area of the North Indian Ocean, north of 100S,

is about 14 x 10 16 cm2 ; thus the volume transport of deep

upward motion is about 3 x 10 6 m3 s-l North of the

6 3 -1equator, the transport is about 2 x 10 m s



7. CONTINUITY REQUIREMENTS

7.1 Deep Horizontal Flow

The deep ascending flow is supplied necessarily by

deeper horizontal motion. The Arabian Sea seems to present

a rather simple picture in this connection, with upward

motion originating from about 3000 m depth. In the Bay of

Bengal the vertical motion appears to derive mainly from

North Atlantic Deep Water at about 2300 m depth, with some

input of abyssal water. Northerly flow of abyssal water

east of Madagascar and across the equator off Africa

appears definite in the maps of temperature and dissolved

oxygen at 4000 m depth which were prepared for the Oceano­

graphic Atlas of the International Indian Ocean Expedition.

It is not possible, however, to estimate with the data

used here the thickness of the abyssal flow, or of the

NADW layer, and hence their speeds are not calculated here.

An intensive study of these features needs to be made, in

particular one in which data are examined at depth inter­

vals smaller than 500 m.

7.2 Flow in the Transition Layer

The depth interval 400 to 1200 m may have negligible

vertical velocity, while from deeper than 1700 m depth

56
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there is uniform upwelling. If in fact ascending motion

ceases at the lower limit of the logarithmic zone, then

continuity requires that the transition layer 1200 to 1700

m have net flow southward. Near the equator the transport

of the southerly flow must equal 2 x 10 6

vertical transport north of the equator.

3
m

-1
s the

Flow across the equator must be indicated by appro-

priate meridional slopes of the isanosteres (actually, by

an integration of the slopes upward from a level of no

motion). This is expressed by

z
rV = P g J

z
o

(~) dz
ay

(7-1)

where r is a friction co@-ficient, V is the meridional

velocity, g is gravity, and z is the level of no motion.
o

In Figure 6 (right), the standard depth isobaths are

plotted as a function of specific volume anomaly and

latitude for Section 65. No north-south gradient of

specific volume is indicated at 2000 m depth at the equator,

but gradients favoring development of southward flow exist

at 1500, 1200, and 1000 m depth. At higher levels inter-

pretation is difficult because specific volume is a maximum

on the equator.

In order to gain a better indication of meridional

pressure gradient force on the equator, ocean-wide mean
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differences in specific volume between 2.5°N and 2.5°8

were determined. A double set of calculations was made.

For one, specific volume anomaly was computed according to

the Knudsen-Ekman formulas for the equation of state of

sea water. Used for the other was the equation of state

evaluated by Wilson and Bradley (1968).

The negative value of the north-south differences of

specific volume, represented as meridional gradient of

that property, is given as a function of depth in Figure

24, where the plotted points are connected by straight

lines. The smooth curves in the same figure derive from

integration of the isanosteric slopes upward from 3000 m

depth, which is assumed to be an equipotential level. Thus

each point on the curves gives the meridional pressure

gradient force for the depth, and according to (7-1),

indicates northward flow if the value is positive.

While the vertical distributions of isanosteric

slopes as derived for the two equations of state are simi­

lar, the fact that the Wilson and Bradley form gives more

negative differences than the Knudsen-Ekman equations leads

to quite different vertical distributions of north-south

pressure gradient. In particular, relative to assumed

zero motion at 3000 m depth, the Knudsen-Ekman curve

indicates northerly flow everywhere above 2500 m depth,

which is unlikely. On the other hand, the Wilson and

Bradley curve shows southward motion above 1500 m depth,
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but too much to be accounted for by the meager northward

flow indicated between 1500 and 2300 m. Shifting of the

origin of the pressure gradient curves (allowing motion at

3000 m depth) would not be helpful for the Knudsen-Ekman

curve, but would tend to balance northward and southward

motion in the Wilson and Bradley curve if northward flow

existed at 3000 m depth.

The shape of the pressure gradient curves would not

be altered by a shift of origin; thus the depths of

indicated flow extrema would not change. It is concluded

that at the equator maximum deep inflow into the northern

hemisphere occurs near 1800 m depth, and that maximum out-

flow takes place near 1000 m depth, which is in the loga-

rithmic zone, and is close to the depth of the oxygen

minimum (900 m). Therefore, the transition layer, 1200

to 1700 m, is not where most of the water returns to the

south. This implies that continuation of vertical flow

upward into the logarithmic zone must be considered a more

definite possibility.

1000 m and 1800 m depth is

-7
Ekman curve, and 50 x 10

-2cm s for the Wilson and Bradley

6 -2
Using the mean difference of 3.5 x 10- cm s ,the

The difference in pressure gradient force between

20 x 10- 7 cm s-2 for the Knudsen-

curve.

difference of the maximum north- and south-flowing currents

can be calculated if a reasonable value for the friction

coefficient r in (7-1) was known. Wyrtki (1956) summarizes
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values of r computed for a variety of observed flows in

oceans, seas and estuaries. Most values are in the range

-4 -6 -1 -5 -110 to 10 s If r = 10 s is used, then the

difference between maximum speed of inflow and outflow is

-1
0.35 cm . Taking the maximum outf10wing current as

-1
0.2 cm s ,and assuming an effective current thickness of

500 m for this speed, then the transport southward across

863the equator (width 50° ~ 5 x 10 cm) would be 5 x 10 m

-1
s This is double that estimated from ascending motion,

but is the same order of magnitude.

7.3 Transports from Salt Budget

Grasshoff (1969) has estimated the outflow from the

Red Sea as 0.26 x 10 6 m3 s-l. At the head of the Gulf of

Aden the Red Sea Water has a salinity of 38.0 %0 (Chapter

3). The water of salinity 35.0% 0 which flows southward

across the equator near 1000 m depth is a mixture of Red

Sea Water and water which ascends from deeper than 1700 m

(salinity 34.8 %
0 ). Thus the ascending transport V (10 6

3 -1m s ) can be computed from the equation given by the

salt fluxes:

35.0 (V + 0.26) 38.0 (0.26) + 34.8 V

6 3 -1
Therefore V = 4 x 10 m s ,a value which, like that

computed above from consideration of pressure gradients,

is double the first estimate based on the mean vertical
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depended directly on the magnitude of the vertical exchange

coefficient for the deep zone, which was assumed to be

2 -11.3 cm s . Now it appears that a better value for the

2 -1coefficient is 2.5 cm s ,to which corresponds a vertical

5 -1velocity of 4 x 10- cm s ,and a vertical transport of

6 3 -1 6 3 -16 x 10 m s north of 100S or 4 x 10 m s north of the

equator.

7.4 Heat Content of Outflow

The temperature of Red Sea Water on entering the Gulf

of Aden is 19.5°C. Between 1700 and 2000 m depth at the

equator, temperature is about 3.0°C. Then the temperature

T of the outgoing water at 1000 m depth can be calculated

from the flux equation

(4 + 0.26) T = (0.26) 19.5° + (4) 3.0°

in which case T ~ 4.0°C. But the observed temperature of

the outgoing water is about 7.0°C, and therefore heating

-1
s

from above must occur.

cal g-l x 4 x 10 12 g

The rate of heating is (7.0 - 4.0)

-_ 10 13 cal s-l If heating is

uniformly distributed over the region north of the equator

(area 8 x

is 1.2 x

1016 cm 2), then the required downward heat

-4 -2 -1 -2-110 cal cm s ,or 10 cal cm day

flux

In the logarithmic zone the vertical gradient of

temperature is typically 6.0°C km-
l

(Chapter 4 and Chapter 6).
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Thus the above heat flux would obtain if the vertical

exchange coefficient at 800 m depth is about 1.6 cm 2 s-l

But this is one-tenth of the value of 16 cm 2 s-l determined

in Chapter 5, meaning that only a small part of the heat

fluxing down through the logarithmic zone is used to heat

the water in that layer; most of the heat is fluxed at

least to 1200 m depth, the lower limit of the logarithmic

layer.



8. CONTRACTION ON MIXING

The considerations of Chapter 6 led to the conclusion

that uniform deep ascending flow existed up to 1700 m

depth. In Chapter 7 the possibility that the flow con-

tinues into the logarithmic zone, above 1200 m depth, was

disclosed. How far up the vertical flow goes in the water

column has not yet been determined.

In Chapter 5 the physical prerequisites for the

uniform vertical turbulent diffusive flux model were

discussed. It was noted that when the vertical gradient of

the vertical exchange coefficient K is sufficiently large,

then ascending flow can be neglected with respect to

modeling of the vertical distribution of properties.

Subsequently it was shown that the distribution of mass is

a function of the logarithm of depth, and that K increases

linearly with depth, attaining a maximum value 2 -1(24 cm s )

at the lower limit (1200 m) of the logarithmic zone. In

Chapter 7 the constant value of K at 1700 m depth and

2 -1
deeper was estimated to be 2.5 cm s • Yet to be

determined then is the cause of the relatively intense

vertical mixing in the logarithmic zone.

Answers to these two questions are derived in the

following consideration of the contraction of volume which

63
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occurs when water masses of different temperatures and

salinities mix. This analysis is mainly an application of

the theory of the thermodynamics of sea water systems

developed by Fofonoff (1956, 1957, 1961, 1962).

8.1 Mixing at Constant Pressure

Suppose two water masses at the same pressure have

temperatures Tl and T2 , salinities Sl and S2' and specific

Complete mixing of unit masses of

these leads to a contraction of volume given by

2 2
+ (1-£) (S - S )

as 2 2 1
( 8-1)

The derivatives are functions of temperature, salinity,

and pressure.

The contraction is greatest if

T
2 - T

l = cot ¢ (8-2)
52 - Sl

and least if

I
:I

Tl
7 T 2 -,

= tan ¢
S2 - Sl
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where

tan 2</> =

2a a
2 aT as

( 8-3)

8.2 Observed Constant-Pressure T-S Curves

In Chapter 2, the linearity of constant depth

(pressure) temperature-salinity relationships was noted

for the mean data of Section 65, and inferences with

regard to lateral mixing were made.

Using (8-3) and (8-2), the slope of the T-S curve

corresponding to maximum contraction on lateral mixing was

. calculated for each standard depth. Temperature and

salinity values at 7.5°N, 65°E were used to evaluate the

derivatives. The theoretical slopes, together with the

observed slopes at 7.5°N, 65°E and in the Gulf of Aden,

are lis ted in Tab Ie 11. The observed and theoretical

slopes agree within ten percent at 200, 300, and 600 m at

both locations, at 800 m in the Gulf of Aden, and at 500 m

at 7. SON, 65 °E. The difference between observed and

theoretical values increases with depth below 800 m.

If in a steady state the distributions of temperature

and salinity are maintained only by lateral mixing, then

the distribution of properties will be adjusted so that the

mixing occurs with a minimum input of energy. Consistent
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TABLE II

Comparison of slopes of constant-pressure
temperature-salinity curves

°c per mille

Depth (m) Theoretical 7.5°N, 65°E Gulf of Aden

200 4.95 5.35 4.95

300 4.40 3.99 4.00

400 4.20 3.60 3.65

500 4.07 3.68 3.65

600 3.97 3.93 3.59

800 3.72 4.30 3.70

1000 3.53 4.45 3.91

1200 3.35 4.88 4.58

1500 3.14 5.24 5.48

2000 2.89 5.59

2500 2.74 5.78

with this is adjustment to a state where maximum contrac-

tion on mixing occurs, because the contraction produces

energy ~EL according to

~E = - p~V
L L

( 8-4)

I
r

If processes such as vertical mixing, horizontal advection,

and vertical advection are operating in addition to

horizontal mixing, then the slope of a constant depth T-8

curve will not equal that for maximum contraction on
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lateral mixing.

Thus the non-correspondence of theoretical and

observed slopes for depths greater than 1200 m is

interpreted as being due to the inferred vertical mixing

and upward motion that take place there. Because of these,

the distribution of properties at, say, 1500 m depth is

not determined completely by lateral mixing. On the basis

of the comparison of slopes, then, it is concluded that

ascending motion ceases at 600 m depth in the Arabian Sea.

This is consistent with maximum southward horizontal flow

occurring near 1000 m depth, as determined in Chapter 7.

In the same way, slow horizontal advection, which is

known to be responsible for the salinity minimum at 400 to

500 m depth in the Arabian Sea (Chapter 2), causes the

small difference of theoretical and observed T-S slopes at

those depths. In Section 65 the 8-S curves for 300, 400,

and 500 m depths depart from linearity south of 7.5°S

(Figure 8); here flow along the equator exists (Chapter 2),

and therefore the slope of the 8-S curve will not be the

same as that for pure lateral mixing.

8.3 Vertical Mixing

When vertical mixing occurs at pressure p, the

potential energy E is altered for three reasons. First,

there is a redistribution of mass for which the energy

change is given by
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liE =o

This is proportional to the Hesselberg-Sverdrup static

stability parameter (e.g., Neumann and Pierson, 1966), and

-2 -1-2
has units s or erg g cm Because the 6-S curve (in

the vertical) is unchanged by the mixing,

8 =
dS/dz

d6/ dz

is a constant, and the potential energy change can be

written as

where

liE
o

ao. Q~
aT + IJas

(8-5)

A second contribution to potential energy change is

due to non-uniform compressibility of sea w~ter, which

leads to a change in volume lIC given by

lIC pg[ ~(! ~) ]* ~ -1
(8-6)= cm gaT y ap dz

where

[ .2(1 ~)]* a a [ 1 ao.= (aT + 8ag)aT y ap y ap
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and y is the ratio of specific heats.

The third change in potential energy is due to

contraction on mixing, which is expressed as

2 2

!J.V
V

(a ~) * (~) -1- = cm g
aT

dz

where

2 2 2 2 2
(~)* (~ a C/. a ~)= + 213 + 132 2 aTas

aT aT as

(8-7)

The total potential energy change during vertical

mixing then is

= ( 8-8)

Calculations of !J.E
V

' called here the reduced stability,

can be compared with the static stabi1ity!J.E in order to
o

determine the importance of contraction on mixing.

parison of (8-7) with (8-5) and (8-6) shows that

Com-

contraction on mixing is proportional to the second power

of the vertical temperature gradient, whereas the two other

changes are proportional to the first power of the gradient.

Therefore, there will be no change in potential energy

during mixing (!J.E
V

= 0) if the temperature gradient has the

critical value

d8
dZ crit

= pg{(~)* + [_a(l ~)]*}/ (a
2

C/.)*
a p aT y ap p 2

aT
(8-9)
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8.4 Reduced Stability

The static stability ~Eo and reduced stability ~Ev

were computed for Section 12 and are shown in Figure 25.

Values of ~E are highest ( 1500 x 10- 8 s-2) in the
o

thermocline and decrease rapidly with depth to about 150

to 200 x 10- 8 s-2 at 400 m. ~E continues to decrease with
o

depth, but not as quickly as in the upper layers, and

attains a value of about 20 x 10- 8 s-2 near 2200 m. The

static stability distribution here is typical of that

found elsewhere in regions with a strong pycnocline near

the surface. There is nothing in the stability distribu-

tion to suggest that water structure in the Gulf of Aden

could be different to that in the Arabian Sea.

The reduced stability ~Ev varies markedly from ~Eo

in two pa~ts of Section 12. Most prominent are the small

negative values in the Gulf of Aden between 1000 and 1400 m

depth. Here slightly more energy is released during mixing

than is required to stir the water. In the same depth

interval ~EV is less than ~Eo in the Arabian Sea, but the

difference decreases eastward. A relatively large differ-

ence between ~Eo and ~EV exists also in the thermocline;

there the reduced stability is about two-thirds of the

static stability. On the other hand, at 400 to 600 m

depth the two stabilities are equal; here vertical mixing

causes no potential energy change other than that due to
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redistribution of mass. There is also no difference at

about 2000 m depth.

Deeper than 2000 m the reduced stability exceeds the

static stability; there contraction on mixing has negli-

gible effects, and the slight expansion due to non-uniform

compressibility results in an increase of potential energy

which adds to ~E •
a

The relative importance of contraction on mixing can

be judged also by comparing the observed vertical gradient

of potential temperature with the critical gradient

computed according to (8-9). If the gradients are equal,

then the decrease in potential energy due to contraction

on mixing offsets the increase due to redistribution of

mass (and perhaps also the increase due to non-uniform

compressibility, although this usually is small). If the

observed gradient is a small fraction of the critical

gradient, then contraction on mixing in unimportant. In

Figure 26 the observed gradients are plotted as percentage

of the critical gradients for Section 65. Relatively high

values, some exceeding 50%, occur at 150 to 200 m depth

and at 1100 to 1300 m depth. Lowest values of about 10%

are located in the surface mixed layer and near 500 m

depth.

It is concluded that, during vertical mixing in the

North Indian Ocean, contraction of volume produces
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relatively significant changes in potential energy in the

thermocline and also near 1200 m depth, especially in the

Gulf of Aden.

8.5 Rate of Volume Contraction

At each point in sea water with continuous distribu-

tions of temperature and salinity, lateral mixing results

in a contraction of volume per unit mass given by

- IJ.V =
L

( 8-10)

where ~ is a coordinate in the direction of the horizontal

gradient of properties. IJ.VL has the dimensions
-1

cm g

Therefore the rate of volume contraction, per unit volume,

is given by

=
-1

s ( 8-11)

where A is the horizontal coefficient of eddy diffusivity.

Similarly, the shrinkage rate for vertical mixing is

dVV -1
dt = - PKIJ.VV ' s (8-12 )

where K is the vertical coefficient of eddy diffusivity.

Therefore if both A and K are known, the relative
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importance of the two kinds of mixing can be determined by

comparing them not only with each other, but also with

other significant processes operating in the water column.

In Chapter 3 the horizontal coefficient of eddy

diffusivity was determined as 7 x 10 7 cm 2 s-l for the

inferred lateral mixing at 700 m depth for which the scale

length was 200 km, or 3 x 10 8 cm2 s-l for a scale length of

1000 km, typical of the mean annual flow pattern. Thus in

using (8-10) and (8-11) it is necessary to choose the most

appropriate set of A and lateral gradients of properties.

That it makes no difference which is chosen is demonstrated

by considering the magnitude of the term

'.,

For the bimonthly maps, ~T/~~ ~ 0.6°C/200 km.

A = 7 x 10 7 cm2 s-l

Thus with

::: -1
s

In the steady state ~T/~~ ::: 1.35°C/1000 km at 700 m depth,

and for A = 3 x 10 8 cm2 s-l

-1
s

For the calculations below, made with mean annual gradients,

8 2 -1A = 3 x 10 cm s is used, and is assumed to apply for
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all depths from 400 to 2500 m.

In Chapter 5 the vertical coefficient of eddy

diffusivity was shown to be K = 2H cm
2

s-l (H is the depth

in hundreds of meters) for the depth interval 400 to 1200 m,

2 -1while the constant value 2.5 cm s was obtained for the

deep water (>1700 m). For the calculation here, K is

assumed to decrease linearly with depth between 1200 and

l700m.

With the above values of eddy coefficients and using

(8-11) and (8-12), the rates of change of volume during

mixing were computed at 400 to 2500 m depth at 7.5°N, 65°E.

The shrinkage computations give two of the three curves in

Figure 27. The third curve is a plot of the rate of

increase of mass due to vertical advection, which is given

by

W dp
- P Zd

-1
s

Such a curve can be included because

1 dp =
p

1 da
a

and therefore shrinkage rates are numerically equal to the

rate of increase of mass per unit mass. The vertical

velocity, which vanishes at 600 m depth, is assumed to

decrease linearly with height above 1200 m depth.

The curves in Figure 27 show that, at 7.5°N, 65°E,
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lateral mixing is most important in increasing density in

the depth interval 400 to 800 m, while vertical mixing has

the greatest influence between 800 and 1500 m. Increase

of mass due to vertical advection is important only deeper

than about 1500 m.

The effects of both vertical and lateral mixing are

larger by a factor of about four in the Gulf of Aden, and

smaller by the same factor in the Bay of Bengal.



9. MAINTENANCE OF DENSITY STRUCTURE

9.1 Mechanisms for Maintaining Density

The rates of increase of density due to volume

contraction because of vertical and lateral mixing are

additive, and for the depth interval 400 to 1500 m have an

-14 -1average total value of about 90 x 10 s (Figure 27).

But in the steady state the density distribution is, of

course, constant, and mechanisms must exist to offset this

density increase.

One such mechanism would be a downward flux of heat.

However, the vertical temperature gradient in the loga-

-4 -1rithmic zone is essentially constant at 0.6 x 10 deg cm

and, with K increasing linearly with depth, the heat flux

increases with depth. Therefore vertical diffusion of

heat tends to decrease temperature, and increase density.

Since the vertical gradient of salinity is small in

the logarithmic zone, vertical diffusion of salt has

negligible effect on density there.

The three mechanisms which are left as possibilities

for maintaining the density distribution are horizontal

advection, lateral diffusion, and a downward flux of mass.

The last is discussed first.

76
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9.2 Vertical Mixing in Logarithmic Zone

In Chapter 5 the uniform vertical mass flux in the

Integration over the same layer of

logarithmic layer was determined to be

s-l, at 7.5°N, 65°E.

-7 -2
- 1. 2 x 10 g cm

the rates of density increase discussed above yields

-7 -2-11.0 x 10 g cm s Therefore the downward mass flux of

10- 7 g - 2 -1 f d" dcm s 0 fsets ens~ty ~ncreases ue to vertical

and horizontal mixing.

Since the mixing processes tend to raise isopycnals

in the water column, a compensating negative mass flux

exists in order to maintain constant potential energy. In

the steady state, negative mass flux is interpreted as a

general settling of mass through the logarithmic zone; at

any time the flux can be thought of as a downward drifting

of relatively dense blobs of sea water, as inferred in

Chapter 5.

9.3 Lateral Propagation of Logarithmic Structure

The downward mass flux cannot continue indefinitely

in all water columns of, say, the Arabian Sea, or loga-

rithmic structure long ago would have penetrated to the

sea bottom. In the same sense, in the Bay of Bengal,

where logarithmic structure exists, both lateral uniformity

and relatively small vertical gradients of temperature and

salinity do not predispose to formation of the structure.

Thus, while the structure is formed (continuously, in a
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steady state) in the Gulf of Aden, where neutral stability

to vertical mixing occurs, a mechanism for propagation of

the structure throughout the North Indian Ocean must exist.

Therefore an effective lateral advection of the structure

must occur. This is entirely consistent with the easterly

movement.

flow along the equator and counter-clockwise circulation in

the Bay of Bengal (Chapter 2), and with the flow southward

across the equator in the correct depth interval

(Chapter 7).

During transit from the Gulf of Aden southward across

the equator, the Red Sea water must increase in density in

addition to mixing laterally and vertically. The depth of

the oxygen minimum along 65°E increases from about 650 m at

l5°N to about 950 m at the equator (Figure 5, center). If

this represents a trajectory for Red Sea water, then indeed,

as can be inferred from the density distribution along 65°E

(Figure 6, left), density increases during the southward

-1The density increase is about 0.2 glover a

distance of 10 8 em. At about 1000 m depth, southward

-1
advection of speed 0.2 em s exists (Chapter 7), so the

density increase occurs in a time interval of 5 x 10 8 s

(15 years). Thus the rate of density increase per unit

mass is

of 90 x

-14 -140 x 10 s, which compares well with the value

-14 -110 s computed from consideration of contrac-

tion on mixing. Therefore consistent conclusions are,
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first, that Red Sea water flows into higher density as a

consequence of contraction on mixing, and second, that the

oxygen minimum in and south of the Arabian Sea is

associated with the slow southward flow of Red Sea water.

Density increases in the direction of flow have been

observed for other core layers. Wust (1936) described the

T-S curve for Antarctic Intermediate Water in the Atlantic

-1
Ocean; the curve shows that at increases from 27.0 g 1

-1
at 50 0 S, to 27.45 g 1 ,near 20 0 N. The T-S curve for

Persian Gulf water in the Arabian Sea is given by Duing and

Schwill (1967); along this core layer density increases by

-1
1.1 g 1 . Therefore, with respect to core layers in the

oceans, contraction on mixing is probably of global

significance.

9.4 Lateral Diffusion in the Transition Layer

At 7.5°N, 65°E, downward flux results in accumulation

7 -2of mass in the transition layer at the rate of 10- g cm

-1
s If this is a reasonable average value for the western

half of the area north of the equator, then the rate for

that area would be 4 x 10 9 g s-l In Chapter 2, meridional

density gradients along 65°E were discussed (Figure 6).

Between 1000 m and 2000 m depth, the average meridional

gradient of density is about 0.015 x 10- 3 g 1-1 per 1000 km,

or 1 5 10-13 g• x -4cm If the lateral exchange coefficient

8 2 -1
at these depths is 3 x 10 cm s ,then there is a



southward diffusive mass flux of 4.5 x 10-5 g -2cm

80

-1
s , or,

for the ocean-wide vertical area between 1000 and 2000 m

depth, 2.5 x 10 9 g
-1

s It is concluded, therefore, that

continuity of mass in the transition layer is maintained

mainly by lateral diffusion southward from the North Indian

Ocean.

9 -1.A mass transport of 2.5 x 10 g s ~s negligibly

12 -1small compared with the mass flux of 4 x 10 g s

associated with the net meridional circulation, and hence

can be ignored in a circulation model.



SUMMARY AND CONCLUSIONS

1. This investigation concerns steady-state conditions

in the North Indian Ocean (north of 100S), at depths

greater than 200 m. Annual averages of hydrographic

data in 300-mile sub-squares of the region are used

to determine the steady-state distribution of proper-

ties, and the integrated system of physical processes

responsible for the distributions.

2. The importance of lateral mixing in determining the

horizontal distribution of properties is inferred from

a) the existence of relatively strong meridional

gradients of temperature and salinity, b) the re1a-

tively weak geostrophic currents north of the equator,

and c) the remarkably linear potential-temperature

salinity relationships at constant depth. A value for

the lateral exchange coefficient is estimated from a

consideration of the seasonal distribution of salinity

at the density of the Red Sea salinity maximum

(27.2° 6 ), where monsoonal changes are evident. The

exchange coefficient is 7 x 10 7 cm 2 s-l for bimonthly

8 2 -1distributions, and 3 x 10 cm s for mean annual

distributions.
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3. That vertical mixing is another significant process

82

is inferred from a) the weakness of the Red Sea

salinity maximum in the Arabian Sea (typically at the

maximum salinity is only 0.04% 0 higher than that

at a minimum above it), and b) the linearity of

temperature-salinity curves between the depth of the

Red Sea salinity maximum (about 700 m) to about

3000 m depth.

4. In modeling the water structure of the North Indian

Ocean the horizontal advective fluxes are rejected

because the lateral turbulent fluxes are at least an

order of magnitude larger. The assumptions that the

lateral exchange coefficient is independent of depth,

and that the vertical exchange coefficient is inde-

pendent of the horizontal coordinates, allow separa-

tion of the variables in the conservation equations

for heat, salt and mass. Because the lateral dis-

tribution of salinity is described well by

2where V
H

is the horizontal Laplacian operator, the

separation constant vanishes. Therefore the vertical

structure is determined by balance between vertical

fluxes due to advection and turbulent diffusion.
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When the vertical exchange coefficient K is constant,

the balance is expressed by

d H W
dz (~n dz ) K

where ~ is heat, salt, or mass, and W is the vertical

advective velocity. This relationship is a powerful

diagnostic tool, and its application to the distribu-

tion of potential temperature in the Arabian Sea

leads to definition of three depth zones: a) a deep

layer, from 1700 to 3000 m depth, in which W/K is

constant, b) the Red Sea layer, between 400 and

1200 m, in which W/K ~ 0, and c) an intermediate

transition layer.

5. The Red Sea layer, characterized by uniform vertical

mass flux, is uniformly turbulent. Everywhere north

of 5 0 S in this zone, density is a linear function of

the logarithm of depth, consistent with a derived

theoretical result. Temperature and salinity are not

logarithmically distributed. The mixing length L

and vertical exchange coefficient K are proportional

to the depth, or inversely proportional to the density

gradient. 2 -1K is determined to be 2H cm s ,and L is

approximately 2H m, where H is the depth in hundreds

of meters. The r.m.s. velocity of vertical turbulence
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-2 -1
is of order 10 cm s and the uniform vertical mass

7 -2-1flux is 10- g cm s downward.

6. In the deep zone the properties are exponential

functions of depth, due to the balance between verti-

cal eddy diffusion and constant vertical advection.

In the Arabian Sea there is ascending motion from

3000 m depth. Southward, however, and throughout the

Bay of Bengal, North Atlantic Deep Water penetrates

horizontally at about 2500 m depth, yielding uniform

upward mot~on from about 2300 m. The mean value for

the ratio W/K is 1.7 x 10-5 cm- l .

7. Ocean-wide mean meridional pressure gradients at the

equator indicate t .at maximum northward flow occurs

near 1800 m depth, while maximum southward flow is

near 1000 m depth, in the logarithmic zone. The

maximum
-1

currents are about 0.2 cm s , and the trans-

equator trans~?r.ts, based on the inferred flows, are

about 5 x 10 6 3
m

-1
s The accepted value of transport

of 4 x 10 6 m3 s-l is obtained from a consideration

of the salt budget, for which it is assumed that

salt from the Red Sea is flushed southward across the

equator, mainly near 1000 m depth.

requires upward motion of 4 x 10- 5

Continuity

-1
cm s between

2300 m and 1000 m depth; in turn, the vertical exchange

ff ·· . 2 5 2 -1. th dcoe ~c~ent ~s . cm s ~n e eep zone.
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8. Increase of mixing with depth in the logarithmic zone

is due to contraction of volume during the mixing.

The constant-pressure temperature-salinity relation­

ship for 600 m depth is the same as that for maximum

contraction during lateral mixing; correspondingly,

lateral diffusion is found to contribute most to

shrinkage rates in the depth interval 400 to 800 m.

Between 800 and 1500 m depth, vertical mixing pre­

dominates, expecially near 1200 m depth, the lower

limit of the logarithmic zone. Instability to verti­

cal mixing occurs only in the Gulf of Aden, between

1000 and 1400 m depth. The logarithmic structure is

continuously generated in the Gulf of Aden, and is

transmitted by slow lateral advection throughout the

North Indian Ocean.

9. The deep oxygen minimum, located at 650 m depth near

l5°N in the Arabian Sea, and at 950 m depth at the

equator, defines a path along which Red Sea water is

flushed from the North Indian Ocean. The observed

increase of density in the direction of flow in this

core layer is accounted for by contraction on mixing.

This is probably a general result, as increase of

density in the direction of movement within other

core layers in the oceans has been observed.
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This study has shown that contraction of volume

during mixing can be a significant mechanism in large-scale

ocean circulation. It follows that contraction should be

taken into account whenever the distributions of tempera­

ture and salinity are such that the thermodynamical pre­

requisites for significant volume shrinkage tend to be

satisfied. The most obvious regions which should be

examined in connection with this are the great subtropical

gyres which occur in the upper layers of all oceans. The

occurrence in each gyre of relatively warm and highly

saline water over cooler, less saline water implies that

volume shrinkage could be important, in which case the

density distribution in the thermocline would tend to be

logarithmic, and there would be a net flux of heat downward.

Because the heat source for the downward flux would be the

warm surface layer in each gyre, contraction of volume

during mixing could be a significant factor for the heat

budget in these large ocean gyres, and hence could be of

importance in air-sea interaction studies.
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Figure 1. Salinity (%0) at 500 m depth. The North Indian Ocean is the region north
of a natural boundary near laoS, illustrated here by the low-salinity tongue.
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Figure 2.

(Xl

\0

Location of sections used for description of the mean annual distribution of
properties in the North Indian Ocean. For the three sections shown here,
averages of hydrographic data by 300-mile squares, prepared for the Oceano­
graphic Atlas of the International Indian Ocean Expedition, were used to
~raw the property distributions shown in Figures 3 to 5.
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Figure 6.

\0
~

Potential density anomaly (left) and specific volume anomaly (right) in
Section 65. For easy comparison, isobaths (m) are presented as functions of
density anomaly and latitude (left), and of specific volume anomaly and
latitude (right).
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Figure 7. Geopotentia1 topography, 400/1000 decibars (dynamic centimeters), based on
300-mi1e square averages of geopotentia1 anomaly. The geostrophic flow,
whose direction is indicated by the arrow heads, is of speed 1-2 cm s-l in
the Arabian Sea, 3-4 cm s-l in the Bay of Bengal, and 10-15 cm s-l near
Africa at 5 0 S.
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98

Figure 8. Potential temperature-salinity diagram for
Section 65. The temperature-salinity points
are linked in two ways. For each latitude, as
for a hydrographic station, the temperature­
salinity points at successive depths are
connected; each of these curves is identified
by the latitude indicated at 100 (m depth).
For each depth, the temperature-salinity points
are linked in meridional order; these constant­
depth curves are identified by the depth (m)
shown beside the curve for 22.5°N.



25

20

u-
w
Ol: 15
::l....
<
Ol:
W
0..

:E
w....

....
Z
~ 10
o
0..

5

o
34.7 35.0 35.5

5 A LIN IT Y -'00
36.0

99



Figure 9. Mean annual distribution of salinity at 27,20 e, The contour interval is
0.1% 0 , In the Gulf of Aden and Arabian Sea, Red Sea water forms a
salinity maximum at a potential density anomaly of approximately 27,20 e ,
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Figure 11. Logarithm of the vertical gradient of potential temperature (oG/km) versus
depth (m), at 17.5°N, 65°E. When vertical diffusion balances vertical
advection, then the slope of this curve is the ratio K/W, where K is the
constant vertical exchange coefficient, and W is the vertical velocity.
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Figure 12. Density log-plots for Section 12. Logarithmic structure is indicated
between 400 and 1200 m depth, where potential density anomaly is a
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Figure 13. Density log-plots for Section 65. Logarithmic structure is indicated between
400 and 1200 m depth, where potential density anomaly is a linear function of
the logarithm of depth.
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Figure 15. Regional extent of logarithmic structure in the depth interval 400 to 1200
m. Density structure is definitely logarithmic in the area with right­
oblique hatching, and not logarithmic in the non-hatched area; between
them is a transition region of indefinite structure (left-oblique hatching).
The points labeled A and B are the locations of counter-examples of
logarithmic structure shown in Figure 16.
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Figure 16. Counter-examples of logarithmic
profiles, the locations of which
are shown in Figure 15.
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Figure 17. Temperature log-plots for Section 65. In general, potential temperature is
not a linear function of the logarithm of depth between 400 and 1200 m.
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Figure 18. Salinity log-plots for Section 65. In general, salinity is not a
linear function of the logarithm of depth between 400 and 1200 m.
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Figure 19. Temperature exponential-plots for Section 12, used for
determination of the ratio of the vertical velocity to
the vertical exchange coefficient. See Chapter 6 for
interpretation of the curves.
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Figure 20. Temperature exponential-plots for Section 65~ used for determination of the
ratio of the vertical velocity to the vertical exchange coefficient. See
Chapter 6 for interpretation of the curves.
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Figure 21. Temperature exponential-plots for Section 88, used for
determination of the ratio of the vertical velocity to
the vertical exchange coefficient. See Chapter 6 for
interpretation of the curves.
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Figure 22. Depth (m) of the deep salinity maximum. The northern limit of the maximum
is indicated by the heavy dashed line near 100S.
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Figure 23. Temperature exponential-plots for section along
the African coast. Three curves have a change
in slope near 2500 m depth, indicating presence
of North Atlantic Deep Water in the North Indian
Ocean.
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Figure 24. Meridional gradient of specific volume (left) and pressure gradient force
(right) on the equator at 65°E. The gradient of specific volume (isano­
steric slope) was determined as the difference in ocean-wide mean values
of specific volume anomaly at 2.5°N and 2.5°S. The pressure gradient was
calculated by integration of the isanosteric slopes with respect to depth,
assuming no difference at 3000 m depth. Both the Knudsen-Ekman and the
Wilson and Bradley equations of state for sea water were used for
computation of specific volume anomaly.
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Figure 25.
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Static stability ~Eo (left) and reduced stability ~EV (right) in Section 12
(See Chapter 8.4).
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Figure 26. Observed vertical temperature gradient
represented as percent of critical gradient
for Sec t i on 65.
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Figure 27. Rates of density increase at 7.5°N, 65°E.
Lateral mixing (L) has the largest effect
between 400 and 800 m depth, while vertical
mixing (V) is most important between 800
and 1500 m depth. The contribution by
vertical advection (W) is insignificant.
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