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PREFACE

Circulation and water characteristics in the
upper layers of the ocean, to a large extent, depend
on the atmospheric conditions. In the North Indian
Ocean, the atmospheric circulation changes semi­
annually during the southwest and northeast monsoons
and this in turn reflects in the circulation and
water characteristics in the northern part of the
Indian Ocean.

At intermediate depths of the Arabian Sea, the
circulation and characteristics of water are more
influenced by the high saline waters from the north
and low saline waters from the south of equator. The
interaction of these waters which greatly differ in
characteristics is less understood compared to that
at the upper layers. An understanding of the nature
of the intermediate waters is of vital importance
not only because of the unusual characteristics of
the waters but also due to the influx of the
different water masses from the neighbouring Red Sea

and Persian Gulf. Hence, in the present investigation,
it is proposed to study the water characteristics

and current structure of the intermediate waters in
the Arabian Sea through the distribution of the water
properties on the isanosteric surfaces of 100, 80, 60
and 4O—cl/t, vertical sections, and scatter diagrams.
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An attempt is also made to present the potential
vorticity between different steric levels to understand
the circulation and mixing processes. Data collected
during and subsequent to International Indian Ocean
Expedition (IIOE) are used for this study. The thesis
has been divided into six chapters with further sub
divisions.

Chapter one consists of two sections. Section
one presents the general introduction while section two
describes the materials and methods of the present
investigation.

Distribution of progarties on
surfaces are presented in chanter two
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rent isenosteric

Chapter three deals with the vertical sections.

The scatter diagrams of potential temperatu.e
against salinity for various representative areas forms
chapter four.

The distribution of potential vorticity between
different steric surfaces are discussed in the fifth
chapter.

The last chapter concerns summary of the
investigation and conclusion arrived at.
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Indian Ocean is the onl} one not connected to the
north pole due to the presence of Asiatic Continent,
amongst the major oceans of the world. The northern
boundary causes differential heating of land and sea
during summer and winter producing the southwest and
northeast monsoons. The water characteristics and

circulation of the upper layers in the North Indian
Ocean are greatly influenced by the monsoon atmospheric

circulation. Some aspects of the monsoon influence on
the upper layers of the sea are still to be understood,
though

of the
Indian

considerable advances are made in many aspects

circulation in the upper layers of the North
Ocean in recent years. Using observed wind data

Luther and O'Brien (1985) modelled the seasonal
circulation in she Arabian Sea with remarkable success.

The intermediate layers of the sea which lie below
the wind—driven layer are dominated by thermohaline effects.

In the Arabian Sea evaporation greatly exceeds precipitation
on an annual basis and hence, the salinity of the water
increases. The Red Sea and Persian Gulf are areas where

i mense evaporation takes place. The warm, saline water
of the Red Sea flow into the Arabian Sea through the Gulf
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of Aden and disperse to intermediate depths. Besides,
comparatively less saline waters are transported to the
intermediate depths of the Arabian Sea from south of
equator. The interaction of these waters, which greatly
differ in characteristics is less understood compared to
the water characteristics and circulation of the upper
layers. Hence, a detailed study of the water characteristics
and current structure of the intermediate waters in the
Arabian Sea is attempted in the present investigation.

l - 1 - lflartlui @r..i,Situ1d.i.e§ien1 other -i111t.e.r.1vt@diat1e Prater S

1.1.1. Studieswpejoreillog

Much of our knowledge on the water characteristics
and current structure in the Arabian Sea, as indeed of the
entire Indian Ocean, was derived on the basis of data
collected during several expeditions, like, Valdiva(1898—99),
Planet (1906), Dana (l92O—30), Snellius (1929), John

Murray (1933-34), Swedish Deep Sea Expedition (l947~48),

Norsel I and II (1955-56). However, the information
available from these expeditions is rather limited in
space and time.

Using the data of Planet (1906), Dana (1929) and
other earlier expeditions in the equatorial and central
Indian Ocean, Moller (1929) identified four water masses



namely, subsurface water of subtropical origin, lmw
salinity intermediate water of Antarctic origin, vann
saline water flowing towards south, and northward moving
Antarctic Water. Schott (1926) and Thomsen (1933)

investigated the spreading of Red Sea Water in the Indian
Ocean from the then available data. Thomsen (1935) gave a

systematic classification of the characteristic water
masses in the Indian Ocean. Clowes and Deacon (1935)

identified Red Sea Water along the African Coast upio
4008. Sverdrup et_§l.(1942) while summarising the studies
on the water masses in the Indian Ocean attributed the

in ermediate salinity maximum in the Arabian Sea to the
subsurface outflow from the Red Sea.

1 ~ 1 - 2 - _.S.t,11_<'i.i e_si,b,<f=1 sled  .I_IO _d__ia_-t'_—a_

The first systematic knowledge of the Indian Ocean
came from the IIOE (1960-65) when several ships from

different nations participated; It is the first of its
kind for such a large scale oceanographic survey of any
ocean that was taken up. During this expedition, an
enormous amount of data were collected which greatly
enhanced our knowledge of the oceanography of the Indian
Ocean. Based on the data collected during and earlier to
IIOE, several studies were carried out.
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Taft (1963) while studying the property distributions
on isanosteric surfaces suggested the penetration of low
salinity water from the Banda and Timor seas into the
South Indian Ocean on 125—cl/t surface extending westward

to 600E at 1005. He attributed this low salinity water to
the salinity minimum observed in the Somali Basin at
intermediate depths. The incursion of Pacific Water into
the Indian Ocean through Banda and Timor seas was earlier

identified by Wyrtki (1957) and furthez confirmed by
Wyrtki (1961), Rochford (1961, 1966), Sharma (1972) and

Sharma g;_al. (1978).

Rochford (1964) made an independent study of the
salinity maxima in the upper 1,000 m of the North Indian
Ocean. He identified five water masses. Three of them are

named according to their origin, Red Sea, Persian Gulf and
Arabian Sea. The other two could not be assigned the exact
origin although one is confined largely to the northern
part of the Arabian Sea and the other to the equatorial
region of the Indian Ocean.

Warren et_al,(1966) studied the water mass structure
of the Somali Basin from observations of temperature,
salinity and dissolved oxygen content made during the
southwest monsoon. They identified the sources of the
waters responsible for the water mass structure in the
Somali Basin. They discussed the probable vertical influence
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of Red Sea Water in the Somali Basin.

Gallagher (1966) described the various water masses

and their movement in the Indian Ocean. According to him,

high salinity water from the Gulf of Aden enters the Arabian
Sea at depths of 400-600 m and is mixed with adjacent water
and forms the intermediate water of the Arabian Sea. The

salinity of this water mass decreases gradually from west
to east and from north to south.

Robinson (1967) demonstrated the spread of Red Sea

Water by means of T—S diagrams. Beneath the surface, the

salinity decreases with depth until the influence of Persian
Gulf and Red Sea waters are encountered and below 1,500 m,

cold, less saline Antarctic waters are found.

Using the hydrographic data available upto 1965,
Duing and Schwill (1967) identified two distinct salinity
maxima in the Arabian Sea below 200 m, contrary to Rochford

(1964). They considered that the Red Sea Water spreads

around 500-700 m depth. They also suggested that the
distribution of salinity in the central part of the Arabian
Sea is essentially maintained by large scale mixing
processes.

Wooster gt_gl,(l967) presented the water properties
at 300, 150 and 100-cl/t surfaces in the Arabian Sea. They
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considered 100-cl/t surface as representative of Red Sea
Water. The fine structure of the Red Sea Water in the

Indian Ocean was investigated by Hamon (1967), Krause (1968)

and Federov (1978).

The results of the IIOB were presented in the

Oceanographic Atlas of the International Indian Ocean
Expedition (Wyrtki, 1971). Mean distributions of the waf r
masses are given in this atlas. The high salinity water
lamdng the Red Sea through the Strait of Bab-el-Mandeb
spreads as a well developed core layer into the Gulf of
Aden and the Arabian Sea at depths between 500 and 800 m.

The water mass characteristics were described by Wyrtki (1973)

based on the IIOE data. He discussed ifie various sources of
water masses affecting the intermediate layers of the Indian
Ocean. Sastry and D'Souza (1972) described the distribut on
of salinity in the Arabian Sea during the southwest monsoon
‘by presenting vertical sections and spatial distribution
charts.

Sharma (1972) studied the water characteristics at
200-cl/t surface in the intertropical Indian Ocean by
presenting the distribution of the physical properties on
this surface. He inferred the transport of low salinity
water from the Pacific through Banda and Timor seas into
the western Indian Ocean along the South Equatorial Current.
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In a latter paper, Sharma g§_gl. (1978) demonstrated
clearly the intrusion of the low salinity water of Pacific
origin in the western Indian Ocean in the layers above
100-cl/t surface. They also showed that the Somali Basin

intermediate salinity minimum is obviously of Pacific origin

Sharma (1976) critically examined the transequatorial
movement of water masses in the Indian Ocean and studied

the water characteristics along SON, equator, and 505 using
volumetric analysis and interrelationships of potential
temperature-salinity and potential temperature-oxyty in
bivariate classes.

Rochford (1964) derived the paths of flow of various
water masses in the Indian Ocean from salinity maxima.

Warren g;_al.(l966) inferred the probable flow pattern from
the property distributions in the Somali Basin. The current
structure in the Somali Basin was discussed by Swallow and
BfWfi3(l966) from both direct measurement and indirect method

Currents at depths around 1,000 m are more variable, and
appear to have southward components. The southwestward

motion indicated by the geostrophic profile below 500 m seem

to be significant. They pointed out that the flow at
intermediate depths was irregular and complex in nature.
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Bruce and Volkmann (1969) described the geostrophic

and direct current measurements off the Somali Coast. They
reported an evidence of anticyclonic subsurface motion in
the northern Somali Basin prior to the onset of the southwest
monsoon. They speculated that this might be a remainder
of the northern Somali Gyre of the previous year. Dynamic
topographic charts of Bruce (1968) indicated that there was
considerable eddy activity in the western Arabian Sea.
Bruce (1970) suggested that the currents in the Somali
region were part of the anticyclonic circulation formed
during the southwest monsoon. Duing (1970) derived the
surface circulation of the North Indian Ocean by dynamic
computations and discussed at length the vertical extent
of the monsoon influence on current structure.

Wyrtki (1973) also described the current structure
of the Indian Ocean. During the northeast monsoon, the
surface flow does not appear to penetrate much beyond the
thermocline whereas during the southwest monsoon, the

circulation appears to penetrate below the thermocline.
Large parts of the Somali Current are recirculated in an

intense eddy, the centre of which is about 300 km offshore.
This elongated elliptical eddy stretches for about 100 km
parallel to the coast and is intimately connected with the

dynamics of the Monsoon Gyre.
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1.1.3. §t_'ies after IIOEud

After the IIOE survey, a joint Indo-Soviet
Meteorological Experiment (ISMEX) was conducted in the

Arabian Sea during the summer of 1973. Subsequently, an

OCEANOVEX Programme was carried out in the northeast

Arabian Sea during l973~74. A monsoon sub—programme known

as MONEX was conducted during 1979 as a part of the Global
Atmospheric Research Programme (GARP). As a pre—MONEX build

up activity, the Monsoon—77 Experiment on a limited scale
was also conducted during 1977. '

During the First GARP Global Experiment'(FGG3) 1979,

a large oceanographic experiment called the Indian Ocean
Experiment (INDEX) was conducted in the western Indian Ocean.

Preliminary results of this experiment were reported by
Swallow (1980). The behaviour of the Somali Current during

the spring transition period was documented by Leetmaa gt_Ql.
(1982). The vertical structure and variability of the Somali
Current system were studied using current and temperature
observations from moored instruments( Schott and Quadfasel,
1982; Quadfasel and Schott, 1983). Quadfasel and Schott(l982)

described the water mass distributions at intermediate layers

off the Somali Coast during the southwest monsoon. They
discussed the importance of equatorial and near—coastal under­
currents in the large-scale redistribution of water masses
in the intermediate layers.
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The waters carried by the South Equatorial Current
and crossing the equator towards north during the south»
west monsoon may also be playing an important part in the
distribution of properties at intermediate layers in the
Arabian Sea. Swallow (1984) suggested that the volume

transport of water coming into the Arabian Sea at inter­
mediate depths from south of equator must, generally,exceed
that coming in from the northern source. Godfrey and Golding
(1981) suggested that the influence of Banda Intermediate
Water in the western Indian Ocean is much greater than
what was earlier expected. The intermediate waters t'at
are carried by the South Equatorial Current in the 1 .er
stages of the southwest monsoon goes directly as far as
8ON under the Somali Current (Swallow and Bruce, 1966) but

probably most of it is carried eastwards under Equatorial
Counter Current and then westwards in the subsurface west­

ward jets (Luyten g;_§l,, 1980)before it reaches the Arabian
Sea. Hence, the mixing process at the intermediate waters
of the Arabian Sea is much more vigorous than in any other
oceans (Swallow, 1984).

Quadfasel and Schott (1982) described an outflow

of relatively high saline water in the depth range of 500 to
1,000 m, crossing the equator close to the western boundary
under the Somali Current. The southflowing current was about
100 km wide. Beyond it, there could be another boundary

current flowing in the opposite direction(Swallow, 1984).
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Levy et al. (1982) reported that the mean current in a
l4~month record from a current meter at 750 m depth at
00 470E was 4 cm s-1 towards 3500. Farther east along
the equator, at leas as far as 600E, the mean currents
at 750 m were predominantly westward, with only weak and

variable meridional components. It seems possible that
advection across the equator at intermediate depth is
confined to the western boundary, may be in the form of a
pair of opposing boundary currents, with the north-going
one offshore (Swallow, 1984).

From all the above studies it is understood that
there are some conflicting views on the spatial extent of
the various water masses at intermediate depths and also
in the current structure in the Arabian Sea. The salinity
minimum observed at intermediate depths of the western
Arabian Sea makes a lot of controversy among the various
investigators. In view of the diversity of views expressed
by various researchers, the author is tempted to study in
detail the water characteristics and current structure of
the intermediate waters in the Arabian Sea.

1 - 1 - 4 - Dsscriprt irt<:_>n,_o f t _thei;=1trea

The Arabian Sea is bounded by the land masses of Asia

and Africa with an opening in the south. It is connected to
the Persian Gulf through the Gulf of Oman through a sill



12

depth of 50 m at the Hormuz Strait. Similarly, it is
connected to the Red Sea through a sill depth ct 125 m at
the Strait of Bab—el-Mandab through the Gulf of Aden.

The atmospheric and oceanic circulation in the

Arabian Sea vary seasonally. During northern summer, a low
pressure area developed over the Indian Sub-continent causes
the winds to blow persistently from southwest, whereas during
winter the wind system over the Arabian Sea is northeasterly
due to the influence of high pressure developed over Tibetan
Plataue. The winds are weak and unsteady during the transition
periods between two n-nsoons i.e. March-April and October­
November. Of the two monsoors, the southwest monsoon lasts

over a longer period and the wind speeds are much higher and
steadier than the northeast monsoon, causing profound
changes in the dynamics of the Arabian Sea.

The surface currents are mainly induced by the monsoon

winds resulting in the reversal of the surface circulation semi­
annually. During the southwest monsoon,a strong anticyclonic
flow is found whereas a weak cyclonic flow is observed during
the northeast monsoon. The most notable current in the

Arabian Sea is the Somali Current which is found only during
the southwest monsoon and perhaps is the strongest current With
speeds exceeding 350 cm s-1 (Warren Q; gl., 1966; Swallow and
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Bruce, 1966; Schott, 1983). Besides, strong upwelling

takes place off
southwest India

the coasts of Somalia, Arabian and

For the present investigation, the area north of the
Equator is considered. Red Sea and Persian Gulf are excluded.

SEC TI!)  ll :- IYL_*3.Tf5_R__l!?-L_.5r ?~l\7D:_ME.7-_l1l?QD;‘3;

The water characteristics and current structure
of the intermediate waters of the Arabian Sea are studied

by presenting the distributions of salinity and acceleration
potential on constant potential thermosteric anomaly surfaces
and their topography, vertical sections of potential tempera­
ture and salinity along the various latitudes and longitudes,
scatter diagrams of potential temperature against salinity at
different representative areas, and the distribution of
potential vorticity between differe.t isanosteric surfaces.

1.2.1. lsanostericganalysisc

The flow

surfaces rather
steric surfaces
and circulation
Parr (1938). In
of conservative

of water takes place along the steric
than along the geometric surfaces. The use of

for the study of the water characteristics
was introduced by Montgomery (1938) and

their studies they worked out the diStfibUtiO1

properties on the surfaces of constant sigma-T
to study the circulation. The method is very useful for
studying the water characteristics and flow pattern as revealed
from the studies of Montg0mery(l938), Taft(1963), Reid(1965),
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Tsuchiya (1968) and Sharma (1972). An advantage cf the

steric surfaces for mapping of oceanographic properties
lies in the elimination of depth as an independent
variable, whereby the short term vertical displacements in
the water column, such as internal waves are eliminated.

The movement of water from a particular source

along the steric surface may form, in the maps of salinity
and temperature, patterns that indicate the path of flow.
The interpretation of tongues of high and low concentrations
as evidence of flow is in many cases sound, but it has been
recognized that tongues need not always represent the axis
of flow in every case and that under some conditions the flow

may parallel the isolines of a property (Sverdrup Q; gl.,1942).
Thus, core mdmfi always need not give" an unambiguous picture.
It is all the more inapplicable in the Indian Ocean because
of the inflow of various water masses at different levels
(Sharma, 1976). But Montgomery and Wooster (1954) a ggested

thermosteric anomaly surfaces to study the water characteristics
and flow pattern in place of steric surfaces with the assumption
that the pressure effect is much less. Nevertheless, to
compensate the pressure effect, constant potential thermosteric
anomaly surfaces are employed in the present study.

The main aim of the present investigation being the
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study the water characteristics and current structure in

('2'
CT‘

FD

the intermediate waters, it is found from literature
that the intermediate waters are covered within the
isanosteric surfaces of 100 and 4O—cl/t and therefore it
is preferred to present the distribution of properties
and the flow pattern on 100, 80, 60 and 40-cl/t potential
thermosteric anomaly surfaces.

1J%2-Qmwmwyisfhw1

The geostrophic flow along the isanosteric surfaces
was deduced from the gradient of acceleration potential
(Montgomery, 1937; Montgomery and Sphilhas, 1941; Montgomery

and Stroup, 1962), commonly called Montgomery function

(Reid, 1965). The expression of acceleration potential used
for numerical computation is

69I P d6 + P 66 6 o 6.
9°

where 5 is potential thermosteric anomaly at the
6°

reference pressure (Po), The reference pressure for this
numerical integration has been chosen to be 2,000 db.

1-2-3- Yertisal sections Qfrppteniial temperature and salinitr

The surface and intermediate layers of the Arabian
Sea are composed of several high and low salinity water masses
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Each water mass has originated from the surface water ii a

particular area and has carried the characteristics of that
area to the positions appropriate to their density, where
they lie beneath the sea surface in the Arabian Sea. Mixing
between and along these layers modifies the original
characteristics, but some of these layers can be recognized
over very long distances in the Arabian Sea.

In order to study the water characteristics of the
Arabian Sea, seven vertical sections have been chosen. Five
of them are zonal; along the eguator, SON, 1OON, l5ON, 2OON,

while rest of the two are meridional; along 580E and 700E
from equator to 15oN and 18ON respectively. Station positions
are given in Fig.1. The water properties presented are
potential temperature and salinity.

1 - 2 - 4 - tS,¢.<1.t.tsri_d.ia_qr.am.s__ Oi pcotcentia l..._iciamper.a.t.vr.eiasa.i-an S t

salinity
The potential temperature—salinity characteristics

offer a useful view of the qualitative description of the
waters of the region under study. The value of potential
temperature is plotted against salinity at the levels of
30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150,
160, 180, 200, 240, 280, 320, 360, 400, 440, 480, 520,
580, etc., cl/t at the surface and the deepest sampling

level. Scatter diagrams for 94S are prepared at different
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areas as shown in Fig.2. This method is advantageous in
that the number of representative points is the same for
each station, and the relative distribution of properties
at each steric level is well depicted (Sharma, 1976).

1 . 2 - 5 P_OteI31Q_i§1.l,_ f\LQI.tbi_§?i1?)L

Vorticity is a characteristic of the kinematics of
fluid flow which expresses the tendency for portions of
the fluid to rotate (Pond and Pickard, 1983). when it is
measured relative to the earth, it is called relative
vorticity. For a rotating solid object,the vorticity is
twice the angular velocity, 29 Sin Q and is known as
planetary vorticity. The sum of the relative and planetary
vorticities is the absolute vorticity.

For a layer of thiciness D in the sea, where the
density is unform, the absolute vorticity divided by D is
a constant for the motion of a water body, provided that
there is no input of vorticity such as might come from
wind stress or other frictional effects. The quantity
absolute vorticity divided by D is called the potential
vorticity of the water (Pond and Pickard, 1983).

Behringer (1972) produced maps of potential vorticity
for two density intervals in the intermediate depths in the
South Atlantic Ocean. Sarmiento gt Q1, (l982)presented maps
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of potential vorticity on density surfaces to study
the distribution of tritium in the North Atlantic Ocean.
The vertical minimum in potential vorticity was used as
the primary tracer of Labrador Sea Water by Talley and
McCartney (1982). McDowell gg_§l.(l982) presented maps

and sections of the large scale North Atlantic potential
vorticity in relation to the general circulation. Maps
of potential vorticity derived from smoothed density
profiles were studied by Stramma (1984).

In the interior of the ocean, for large-scale
processes, relative vorticity is negligible compared to
planetary vorticity. Under these conditions McDowell Q; al
'(l982) showed that the potential vorticity, q , can be
determined from hydrographic measurements of the potential
density, 5 (in 103 kg m_3) alone. In this case,

—- .f.. £6
q =" O0 az

where f is the coriolis parameter, Q is the mean density
of thg layer and z is the vertical coordinate(positive
downward).

Using this relationship, potential vorticity is
computed and maps of potential vorticity between the
isanosteric surfaces, 110 ami9O cl/t, 90 ami7O cl/t and
70and5O cl/t are prepared.
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1.2.6. Data

"The data used in the present investigation are from
those collected on board various research vessels during the
International Indian Ocean Expedition and subsequently.The

details of the oceanographic data used are given in Table 1
and their geographical positions are shown in Fig.3. The
stations were chosen on the basis of their geographical
distribution, maximum depth of observation and vertical
spacing of samples. Stations for which observations, made
beyond 1,000 m were only selected.

The study of Duing (1970) reveals that the seasonal
influence in the North Indian Ocean is limited only to the
upper 400 m. Since the present study of the water characteri~
stics and current structure of the intermediate waters
pertains to water below 400 m, the seasonal variation is
expected to be negligible. Therefore, no attempt is made to
select the data on seasonal basis.

1.2.7. §r0¢eQ§;Q

For each hydrographic station, the potential
temperature for each sample are computed using the equation
given by Fonoffof (1962).

Potential temperature 9 = T -“AT
JTR_ 1

where AT‘- ZZZAijk p S



ZMNTI T‘? T ‘LN L ‘ATLQ LU*:"‘n\‘L““ r  LwLH_ P‘? +l_%’_\ WWMLEIVM L \lT'L%\ r F \__‘ U_ UTL\ ‘Ty? L‘? L[ _1pg MN E Mm hm mm om m, \ y \ W3mzO_____.WO& ZOT2; no ZO_:_UO|_ OZ_;OIm Q4: M_O__“_mg w EM“ AA _2 Mm B Mm .3 _$ W.0: aid G H Q G G\ G‘@\é\\q|G]q|@hQNé\Jw\qJH ql \ W |_|H7_O O G _ D O O D O OQ0 0 _ 0jfi 0 Do Q o®_®_ 0° _Q‘ O Q O 0 0 ‘ 9 Q0 0 __1 D __ ‘ 0OO OO+G ‘ O OOOOOOO6 ‘DOOIOD 4Q _ O _DD_“QO6Qq. O0 +0 O0‘m 0......‘ o..D> . ...O OO 4 O do­®4 DU ‘DU ‘DODD b OD__DbGoDD <_J<zQm.0.+ 0 9O . . D O Db 0 O0 __ 0G @9460+05? DO DQC 00 ‘.. O. O .gr 4 __..7 ‘ DOD Q1 D I O .W_m__*LaJ‘T.G Q . bG0 ‘¢  b Q ‘$ ' . 0 ‘Q + OD ‘ ‘ ‘ . R0D + - . ‘ 9_* ‘ ‘ D 90 . D __ 4 ' ‘ 90 . . . . . D I_ @ . . . . ‘ .D000.‘-ooQooQ_0‘ .00 xv. “_*_.QQ ob ‘Or 4 .i Q0 9 D 9 9 ' 9 9.“®do (_m_<”_<U.Nr_D 8 __ a.‘ 0i+W‘ SQ4GOD.‘abLl <_oz_ so2 DdIiLb __7 JItLLIL‘L____J_8LibA.____41­L____:L_ _A4MYL2m$



TABLE 1

Number of
stations
usedShip Months and Year

Symbol Abbre­used viation

Atlantis II 112

Anton Bruun 26

Argo 64
Commandant R. 15
Giraud

I

Columbus Iselin21

Darshak 7

Discovery 58

Diamantina 3
Kalva 2
Kistna 8
Meteor 7
Mikhal 6
Lomonosov

Okean 54

Aug.—Sep.
Feb.-Apr.

Mar.,May,
Aug., Oct.
Nov.

Jan.,May

Jul.-Aug.
Aug.

Sep.
Apr.—May
Jul.-Dec.

Aug.-Sep.

Dec.0
0  0
Mar., May,
Jun., Aug.
Sep.

May

Feb.
Apr.

Nov.-Dec.
Mar.

Febo  0
May-Jul.

Jun.-Jul.
Jun.-Jul.

1963
1965

1963
1964

1962
1964

1960
1961
1962

1970

1973
1974

1963
1964

1965

1958
1959

1962
1965

1965

1966

1973
1977

. AN

I AO
Q AR
® CG

5 CI
A D
A DI

D DM
0 KA
+ KI
Q ME
Q ML
O OK



Number of
Ship stations Months and

used
Year

Symbol
used

Abbre­
viation

Priliv 20
§obert D. Conrad 4

Requisite 5
Shakalsky 7
Varuna 17Vema 3
Vityaz 29

May,Jul.
Jun.

Jun.

Feb.-Mar.

Jun.

Sep.-Dec.

May-Jun.

Jan.-Apr.I  0
Sep.

1973
1977

1965

1961

1973

1962

1958

1960

1962

9

0

B

I
0

Y

V

PL

RD

RE

SH

VA

VE

VI

468Total

TABLE 1 The details of the oceanographic data used
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Using the equation, a computer program was written in
PDP-ll/60 computer in FORTRAN IV PLUS language, the input

values being temperature T in OC, salinity S in %» , depth D
in metres and latitude Q in degrees.

For each station, curves are drawn with a common

abscissa of potential temperature against the ordinate of
salinity and depth with an overprinted isopleths of
thermosteric anomaly. Smooth curves are drawn through the

plotted points. Some apparently questionable observed values,
such as those indicating hydrostatic instability or abnormal
deviation from neighbouring stations are rejected. The values
of depth and salinity at each chosen potential thermosteric
anomaly surface are read directly from the station curves.

Station V&ll€S, thus, obtained are plotted on each
map, and smooth isopleths are drawn. If a station value is
incompatible with nearby stations, the station curves are
revised without ignoring the observed values, in such a way
that the station value fits better with the nearby stations.
The isopleths on the maps are drawn not strictly following
the station values, and some points are ignored in the interest

of smoothness. This is particularhtrue for the salinitj and
depth maps on which the station values show certain deviations.
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Since, temperature on an isanosteric surface is
uniquely defined by salinity, the salinity maps can be
alternatively interpreted as temperature maps. The values
of temperature corresponding to the values of salinity for
the isohalines drawn on the maps are listed in Table 2.
The value of sigma~9 equivalent to those of potential
thermosteric anomaly are also listed in Table 2.

The numerical integration of the acceleration
potential is carried out at intervals of l0#cl/t to yield
the acceleration potential at chosen potential thermosteric
anomaly surfaces. The unit of acceleration potential chosen
is joule per kilogram (J/Kg). Like the salinity and depth
maps, prepared for the chosen four isanosteric surfaces,
the maps are also prepared for the acceleration potential.
Since, 2,000 db has been chosen as the reference pressure
for the computation of acceleration potential and not all
stations extend to 2,0 O m depth, the number of stations
used in the presentation of acceleration potential are less
compared to those of the depth and salinity.



6e,cl/t 10
O I6 g/l 27.07 27.28 27.49 27.70

0 80 60 40
Salinity» per mil   __ .P.9,t§¢_n_t.ia_lr_t<2mp@1:§*-2tu:1e.11C.Ql§-i.us

34.8

34.9

35.0

35.1

35.2

35.3

35.4

35.5

35.6

35.7

35.8

9.41

9.88

10.33

10.77

11.19

11.60

12.01

12.41

12.81

6.03

3.47

vb

f‘~J

U.)

3.01 6.62 4.94
8.59 7.18 5.60
9.08 7.72 6.22
9.55 8.24 6.80

10.01 8.74
10.46 9.22

10.89 9.69
11.31 10.15

TABLE 2 Values of potential temperature corresponding to
the values of salinity for the isohalines drawn
on the maps of the isanosteric surfaces. Che values
of 06 equivalent to the values of potential
thermosteric anomaly are included.
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THERMO5IERlClANQMAL¥_§QBE§€E5

The spatial distributions of potential
temperature and salinity in the intermediate layers of
the ocean reflect the combined effect of advection and

mixing of different water masses. The large scale
distributions of these conservative properties often
indicate qualitatively the current structure in the
oceans and therefore the circulation must be consistent

with the distributions of these properties.

The topography of 100, 80, 60 and 4O—cl/t

surfaces, and the distribution of acceleration potential
relative to 2,000 db and the salinity on these surfaces
are shown in Figs. 4 to 15.

2-l- The lQ0=¢l[t surface
2-l-l- 1©PQ9§§Phl

The topography of the 100-cl/t surface deepens
to a conspicuous trough structure along lo-2ON between
460 and 550E and from 680 to 740E, with depths exceeding

600 m. These troughs are possibly associated with the
northern boundary of the westward flowing undercurrent,
discussed by Luyten and Swallow (1976) and Luyten §;_Ql.
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(1980). Off the coast of Somalia, at about 7ON from

530 to 559E a prominent trough, surrounded by ridges
on the east, west and south is obsrved. The southern
ridge is located at about 40-5ON along 540E. These
ridges and the trough may be associated with the
boundaries of the southward flowing undercurrent
carrying the high salinity water and northward flowing
low salinity water (Quadfasel and Schott, 1982). Off
the southwest coast of India, a trough is noticed
around llON between 690 and 740E and a ridge centered

around 9ON, 730E. These, probably, indicate the
boundaries of the southerly flow as confirmed on the
distribution of acceleration potential.

Besides, there are a number of troughs and
ridges in the depth range of 450 to 650 m in the
various regions of the Arabian Sea on this surface.
These ridges and troughs suggest the possible
occurrence of cyclonic and anticyclonic eddies.
Duing (1970) found several cells of low and highs in
the dynamic topographic charts which he attributes to
the cyclonic and anticyclonic eddies at the surface
in the Arabian Sea.



24

The depth of 100-01/t surface in the central
Arabian Sea is more or less uniform with values slightly
less than 500 m. Another region of fairly uniform depth
is between 40 and 8ON from 660 to 740E. In general, the
depth of 100—cl/t surface varies from slightly less than
450 m to more than 650 m.

2 - 1 - 2 - GsQ-s;tr§>nh.i.c_ flow

The circulation suggested by the topography of
this surface is more or less agreeing with the pattern of
acceleration potential. A westerly undercurrent near the. unfit 0 o
equator is clearly indicated exceptnof 45 E and east of 75 E
This appears to be the westward flowing intermediate equato­
rial current. The westward current below the eastward

undercurrent is named as Intermediate Equatorial Current
(Hisard and Rual, 1970) in the Pacific Ocean.Its presence
in the Indian Ocean was identified from the current meter

observations by Luyten and Swallow (1976) at O0, 530E.

Prominent westward flow at these depths was reported by

Leetmaa §t_gl, (1982). A westward flowing undercurrent
with jet—like structure is known to exist along the
equator between lo 3O'N and lo 30'S (Luyten and Swallow,

1976; Luyten §;_§;,, 1980). North and south of the
westward undercurrent, an eastward flow of about 200 km

wide, having a vertical structure similar to that of the
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westward undercurrent at the equator was reported by

Spencer gt Q1, (1980).

Off the coast of Somalia, meridional flow is
predominant. This can probably be attributed to the
southward flowing undercurrent off Somalia. Measurements

by Swallow and Bruce (1966) at 8° 30'N indicate the
presence of southward flowing undercurrent. Observations

with moored instruments (Duing, 1977; Schott and
Quadfasel, 1982) also show strong southward subsurface
flow. Such an undercurrent is not seen south of 4ON and

north of 8ON (Leetmaa §§_§l,, 1982). The existence of
the undercurrent at different times of the year suggests
that it is a permanent feature of the subsurface
circulation rather than a transient phenomenon
(Leetmaa §t_Ql,, 1982). The presence of a southward
flowing current beneath the northern part of the Somali
Current is also documented in a 2% year time series
observations of currents at moored stations near 5ON,
about 30 km off the Somali Coast (Quadfasel and Schott,l983)

0

An anticyclonic flow pattern is noticed near the
southern Somali Coast between lo and 3oN from 460 to 490E

that can, probably, be attributed to the recirculation of
the westward flowing equatorial undercurrent near the
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East African Coast. Quadfasel and Schott (1982) report
that equatorial water which is nearly homogeneous in the
vertical is carried by the westward flowing equatorial
undercurrent and before it reaches the East African Coast,

it is recirculated to the east just north and south of
the equator. These subsequently drift as anticyclonic
subsurface eddies away from the equator into the northern
and southern parts of the Somali Basin.

A southerly flow is observed off the southwest
coast of India. Wyrtki‘s maps (1971) did not show such
a flow at 500 m relative to 3,000 db, perhaps, due to
lack of adequate number of stations or might have been
masked in the averaging.

Zonal flow is predominant in the northern Arabian
Sea while northerly prevails off the southeast coast of
Arabia and at the mouth of Gulf of Oman.

Similar to the topography map, the distribution
of acceleration potential on lOO—cl/t surface exhibits a

number of high and low values in different regions of the
Arabian Sea. The occurrence of the complex pattern of
highs and lows are indicative of anticyclonic and cyclonic
eddies and are seen in the earlier works of Swallow and

Bruce (1966), Bruce (1968), Bruce (1970) and Duing (1970),
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Duing (1970) stated that even if one takes into account
the fact that the data are of very heterogeneous quality,
there can be little doubt that this complex distribution
really exists.

2.1.3. Salinity

The salinity distribution on the lOO—cl/t surface
shows significant spatial variation. The salinity values
range from 34.94 to 35.89%¢. The lower salinities are
encountered near the equator because of the influence
of low salinity water from the southern hemisphere as
well as advection of equatorial Pacific Ocean Water that
flows along the South Equatorial Current to the western
Indian Ocean (Wyrtki, 1957, 1961; Taft, 1963; Sharma, 1972;

Sharma §t_gl,, 1978). Salinity values above 35.80%.are
noticed in the northern Arabian Sea. Relatively high
salinity values observed in the central western Arabian
Sea are clearly due to the influence of Red Sea Water.

The isohalines are zonal near the equator, whereas
they are meridional off the northern Somali Coast. Tongue­
like structure observed off the northern Somali Coast

suggests the southward advection of Red Sea Water
(Quadfasel and Schott, 1982). Off the west coast of India,
similar tongue-like structure is noticed indicating southerly
flow as found on the distribution of acceleration potential.
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Another interesting feature is the presence of two cells
of high salinity water, one along the southern Somali Coast
and the other along the southwest coast of India. Rapid

decrease of salinity from the east of the Gulf of Aden
towards south and southeast of Socotra Island may be due
to horizontal advection. In general, salinity decreases
from north to south and from west to east on this surface.

2.2. §beL80:cl[t surface

2.2.1. Topography,

The topography of the 80-cl/t surface closely
resembles that of 100-cl/t surface in many respects. The
troughs and ridges associated with the boundaries of the
currents observed on the 100-cl/t surface are all found
on this surface also. The depth of the surface, in general,
varies from 600 to 925 m.

A comparison.between the topography of 100 and

80-cl/t surfaces shows relatively lower thickness (less
than 200 m) between these two surfaces off the southern
Somali Coast, east of the Gulf of Aden, central Arabian
Sea and off the west coast of India. Such a condition
indicates higher stability of the waters between these
two isanosteric surfaces. On the contrary, greater
thickness (more than 250 m) is found near Socotra Island,
northern and southeastern Arabian Sea where the vertical

stability is less.
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The flow pattern on 8O—cl/t surface is, in general,
similar to that on the 100 cl/t. The westward undercurrent
near the equator, easterly flow north of it, southward
undercurrent along the Somali Coast, anticyclonic flow near
the southern Somali Coast and southerly flow along the
southwest coast of India are all evident on 80-cl/t surface
also. The occurrence of complex pattern of lows and highs
in the distribution of acceleration potential suggests the
presence of cyclonic and anticyclonic eddies.

2.2.3. Salinity

The distribution of salinity on the 80-cl/t
surface exhibits significant spatial variation just as
on lOO—cl/t surface. Salinity varies from 34.91 to 35-78%o­
The regions of occurrence of lower and higher salinities
are same as that of the upper surface. Most of the other
features, noticed are similar to that of the 100-cl/t
surface. However, the isohalines display meridional
orientation in the southeastern Arabian Sea and are almost
meridional in the northern Arabian Sea. Besides, cells of
low and high salinities are noticed in different regions
of the Arabian Sea.
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The horizontal gradients in salinity are
relatively higher off the Somali Coast, east of the
Gulf of Aden and eastern Arabian Sea, coinciding with
the lower thickness (less than 450 m) between the
topography of the 100 and 60—cl/t surfaces, where

horizontal mixing predominates due to higher stability.
Similarly less horizontal salinity gradients in the­
northern, central and southeast Arabian Sea where greater
thickness (more than 500 m) between the 100 and 60-cl/t

surfaces indicating the presence of relatively less
stratified water are noticed. Such a situation arises
out of vertical mixing.

2 - 3 - The. r60:_¢__l./t gsurafaatctea

2 - 3 - 1 - illepeqraphx

The topography of the 6O—cl/t surface resembles

that of the 100 and 80-cl/t surfaces in many respects.
The troughs and ridges associated with the boundaries
of the currents found on the upper two surfaces are all
evident on this surface, but their positions are slightly
altered. Contrary to the upper two surfaces, the
topography of this surface in the central Arabian Sea is
uniform. The depth of the surface, in general, varies
from 860 to 1,260 m.
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The thickness of the layer between 80 and 60-cl/t
surface is more (greater than 300 m) off the Somali Coast,
southeast of Socotra Island, central and southeastern
Arabian Sea indicating lower stability between these

surfaces. Relatively lower thickness (less than 250 m)
is noted on the eastern side of Gulf of Aden and in the
eastern and northern Arabian Sea suggesting more
stratified water between these two isanosteric surfaces.

2.3.2. GeostrQQhiC lowf

The flow pattern more or less shows similar
features as on the upper two surfaces, though the intensity
is comparatively less. The zonal flows near the equator
and meridional flows along the Somali Coast and southwest
coast of India are observed on this surface. Cyclonic
and anticyclonic eddies are also noted as on the upper two
surfaces. Unlike on the two upper surfaces, there are
strong meridional components in the northern Arabian Sea
on 6O—cl/t.

2.3.3. Salinity
The salinity distribution on the 60—cl/t surface

displays remarkable spatial variation, similar to the
two upper surfaces. The salinity values range from
34.83 to 35.74%». The lower and higher values of salinity
are found near the equator and in the central western
Arabian Sea respectively, like in the upper two surfaces.
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The pattern of isohalines near the equator is
almost similar to that found on 80-cl/t surface, They
exhibit an irregular pattern in the central Arabian Sea.
The high salinity noticed off the northeastern Arabia
Coast which is a predominant feature at 100 and 80-cl/t
surfaces is weakened on this surface.

The horizontal salinity gradients are comparatively
higher from east of Gulf of Aden to 600E (around Socotra

Island) and central Arabian Sea, matching with the lower
thickness (less than 700 m) between the topography of
80 and 40-cl/t surfaces, where the prominence of

horizontal mixing occurs due to higher stability. Less
9

horizontal salinity gradients are noticed at northern and
southeastern Arabian Sea indicating the predominence of
vertical mixing which agrees with relatively greater
thickness (more than 800 m) between 80 and 40-cl/t
surfaces because of less stable water.

2 - 4 - The .4 ,Q:_2_l_K;t__. $_1l_IZf§¢§
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The topography of the 4O¢cl/t surface exhibits
significant differences from that of the upper three
surfaces. The depth of this surface is very uneven

compared to the other surfaces and hence contouring is
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done with 100 m interval. The depth of this surface
ranges from 1,230 to 1,730 m. In the central Arabian
Sea, a trough with depth exceeding 1,600 m is observed
while no trough is found on the upper three surfaces.

Alternate troughs and ridges are noticed along the
northern Somali Coast and the central and southwest
coast of India.

The thickness of the layer between 60 and 40-cl/t
surfaces reveals relatively lower thickness (less than
500 m) in the region east of the Gulf of Aden around
Socotra Island and central Arabian Sea indicating stable
waters between the two isanosteric surfaces. The thickness

is comparatively high (more than 550 m) off the southern
Somali Coast and eastern Arabian Sea suggesting that
waters are less stratified.

2 - 4 - 2 - §_e9-S.t.l1QRh_i;¢; :f._l_QW

The circulation noticed on the 40-cl/t surface
displays remarkable differences from that of the upper
three surfaces. The westerly flow near the equator which is
a conspicuous feature of the 100, 80 and 6O—cl/t surfaces
is completely absent on this surface. Instead, meridional
components of flow are evident near the equator. This
weak northerly flow pattern suggests the advection of
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water from the southern hemisphere. Warren gt Ql, (1966)

found that the deep waters of the Somali Basin are
filled with the Circumpolar Water and indicated that
the flow is weak and not well defined. Northward

advection of cool, less saline water from the south
to the northern Indian Ocean was suggested by
Warren (1978, 1981).

The southward undercurrent found along the

Somali Coast on the upper three surfaces is restricted
to the northern Somali Coast between 90 and 7ON with

much reduced strength. As on the upper surfaces, anti­
cyclonic flow pattern along the southern Somali Coast
and southerly flow along the southwest coast of India
are noted with reduced intensity. Unlike the upper
three surfaces, the meridional components of currents
are more prominent than the zonal components on this
surface.

2.4.3. Salinity

The spatial variation of salinity on the 40-cl/t
surfaces is much less" compared to the upper three
surfaces. The salinity varies from 34.78 to 35.33%..
The lower salinities are observed between lo and 7oPJ

whereas higher values are noticed in the northern Arabian
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Sea. The zonal pattern of isohalines found on the
upper three surfaces is almost absent and is replaced
by meridional pattern indicating the northward movement
of low salinity water from the south. Warren §§_§l. (1966)
reported the northward advection of water into the
Somali Basin from the south.

Uniform salinity values are found off the
Somali Coast whereas relatively higher values are

observed in the central western Arabian Sea. Cells of
comparatively high salinity are also found in the
northern Arabian Sea.
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AND SALINITY

The water characteristics of the Arabian Sea are

influenced by the presence of several sources of low
and high salinity waters. An attempt is made in this
chapter to study the cross—sectional flow pattern and
water characteristics of the intermediate waters in the
Arabian Sea by presenting vertical sections of potential
temperature and salinity. The sections are presented in
Figs. 16 to 29.

3 - 1 - 1 - .5.<%1',¢?¢iO._11, l t:  tp. -.7.9.O.Ela-l0pQ._.0O

The temperature distribution along the equator
does not vary much horizontally at any depth below 300 m
indicating a homogeneous nature, although the surface
waters are warmer in the eastern region. The homogeneity
may be because of mixing.

The salinity distribution also shows nearly
homogeneous water in the intermediate layers. The vertical
variation of salinity from 200 to 1,700 m depth is only
0.30%° . Relatively homogeneous water in the equatorial
region is shown in the meridional sections of the IIOE
atlas (Wyrtki, 1971). Sharma (1976) reported homogeneous
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water in the equatorial region, vertically extending
from 100 to 1,000 m depth. He called it Equatorial
Indian Ocean Water and suggested that it is an admixture
of various water masses of the northern and southern

hemispheres, and the water mass of the Pacific Ocean.
However, Quadfasel and Schott (1982) referred it as
Equatorial Water of the Indian Ocean.

A close examination of the salinity distribution

reveals a weak salinity minimum in the depth range of
325 to 650 m with values less than 35.00%. . The salinity
minimum is more conspicuous in the western side. A
comparison of the vertical sections of the IIOE atlas
(Wyrtki, 1971) confirms that the salinity minimum is
prominent only in the western revion but not in the east.
Probably the salinity minimum is caused in the west due to
the influx of the Pacific Ocean Water which is carried to
the west along with the South Equatorial Current that
clsosses the equator in the western region of the Indian
Ocean (Sharma, 1972; Sharma gt_Ql., 1978).

3 - 1 -2- .5§3¢11i_9_1lru_1l -_-__f>._<>_"§;Q--76°E aioncifli

The distribution of temperature on this section
confirms that zonal variation of temperature in the
intermediate depth is less. The temperature varies
significantly on either side of the ridge situated along
600E, particularly in the deeper layers.
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A conspicuous feature in the salinity
distribution is the intrusion of relatively high
salinity water around 600-800 m depth in the western
side. This is due to the spreading of Red Sea Water
(Rochford, 1964; Wyrtki, 1971; Quadfasel and Schott,

1982). Nearly homogeneous water is found in the depth
interval of 250 to 600 m. The homogeneity may be

because of lateral as well as vertical mixing. A weak
salinity minimum is noticed around 400 m depth in the
western side, probably, due to the influence of Pacific
Ocean Water as discussed in the previous section.
However, the value of salinity minimum is increased
to 35.10%. due to mixing with high salinity waters

\

from the north. The other remarkable feature is the

presence of low salinity water in the eastern part of the
section in the depth range of 100 to 300 m. This is
attributed to the influence of the Bay of Bengal Water.
Below 900 m, the isohalines show an upward tilt towards
the east.

3 .1 .3. _Se_¢;c_i_o_n_I.II__—f 51° to 75°F. g§1llQ_l1gl_.l§0f).N

The horizontal variation of temperature on this
section is low in the intermediate depths except in the
western side. In the eastern part, the isotherms exhibit
an upward tilt towards the west coast of India indicating
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the southerly flow as found on the acceleration
potential maps. In the western part, a southerly flow
west of 540E between 200 and 1,000 m and a northerly flow

east of 540E in the depth interval of 200 to 500 m
are evident. This is in agreement with the southward flow
along the Somali Coast carrying the Red Sea Water and

northward flowing low salinity water found on the
distributions of properties on potential thermosteric
anomaly surfaces of the present study. Below 1,000 m,
weak northerly and southerly flows are indicated in the
western side.

The influence of Red Sea Water which is limited

to the western side of the previous section is more
predominant and widely spread on this section. One branch
of Red Sea Water spreads horizontally in the western side
in the depth range of 600 to 1,000 m. It is interesting
to note a low salinity layer around 540E in the depth
interval of 200 to 600 m. It indicates strong vertical
mixing. The salinity minimum is probably due to the
influence of water of Pacific origin from south as
discussed in Section I.

Another branch of Red Sea Water, east of the

salinity minimum, spreads vertically downward in the

layer between 400 and 900 m around 560 to 580E again
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spreads horizontally upto 700E in the depth range of
500 to 800 m. The horizontal spreading of Red Sea Water

in the intermediate depths noticed on this section is in
confirmation with the predominant horizontal mixing found
on the distribution of salinity on the potential thermo­

'\

steric anomaly surfaces.

The homogeneous water noticed in Section II is also
present in this section east of 590E in the depth limits of
300 and 500 m, indicating an admixture of various waters.
The influence of Bay of Bengal water is also felt in the
upper layers,on the eastern side. Below 1,000 m horizontal
variation of salinity is less except in the eastern side,
which agrees with the horizontal mixing found in the salinity
distribution on the steric surfaces.

3 - l - 4- TS e;Qt_iQIl- IN _.—__.5..2f’:tQJ3 OE al_.<i1<i._l 05%

The horizontal variation of temperature is less
in the intermediate depths except in the east. The upward
slope of isotherms towards the west coast of India suggests
southerly flow as revealed on the distribution of accelera­
tion potential.

Noticeable differences are found in the distribution

of salinity on the section compared to the previous one.
The Red Sea Water found as a predominant featdre in
Section III is restricted to western side around 400 to
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800 m. The influence of Persian Gulf Water is observed

around 55° to 590E in the depth range of 200 to 400 m.
As in the earlier sections east of 600E, a homogeneous
water is found between 200 and 800 m. Below 1,000 m,

salinity does not vary much horizontally except in the
east. The spreading of Persian Gulf Water is in agreement
with the horizontal mixing found in the eastern Arabian
Sea in the distribution of salinity on the steric surfaces.

3-1, 5- secni oerv _.-_;¢‘>_.9;°--3»i>_'._4:,<>. _6,8(.),E__al;Qnl<1 2 031%

The temperature distribution indicates less
horizontal variation in the intermediate depths below
500 m, although weak gradients are found around 300 to
400 m.

Remarkable differences are noticed in the

distribution of salinity compared to the previous sections.
The Red Sea Water found in the earlier three sections is

totally absent.

Below the Arabian Sea Water, Persian Water is

noticed in the depth range of 200 to 400 m. Premchand (1982)
reported the spreading and mixing of Persian Gulf Water
around the same depth interval in the northern Arabian Sea.
Below 500 m, horizontal salinity gradients are low indicating
the vertical mixing as found in the salinity distribution
maps on the steric surfaces.



> ZOHBUMM » ?m@im_ Mmzmafimmm VQ¢HHF_§fiOm HZIHQIHH Dm?i»Hfifiw%HAQ  ’__ivE‘_lO O O*     i   A  /  fi%§ 3O 0 'll ‘4“||‘ |“J|l4l‘Ji41‘ Ii ‘ W001 2 3 4 55O ODO D6 nuE: IKME011 ­6 ME ffif E F ANS“  M110O02



eds s§E
36-4 as-5 __"_3cs as-1. gs-3 I

3 ~2 ­
100 1- 3_

____//-3362A - . 6'1
20

i 3§~1300 ' ­
36­

L ' 35-8

Q I O

@_-_C3 __ _M (D__ i_F_u__i__ _
_ w-» 9

E w %
Kl

E w

B kg 3

"er"-”%

K1

\

s00#('_»%{ j
0

DEPTH (rn)
O7 U1

ii

1*

‘I200

1400i

1800­

19007
I F

D

o0L;~~__‘~““H‘*-&~‘“~h%__——*a&6’//////,___' ‘1000 5-LL¢ \%*_—§ 5.> . 1-} 1,\ ““-~ ‘ 2\ ff  as-P “T

. .
\

\ r

_ 35+ ~

5§¥ZEl§F“ V1%Bd!@§KZ‘5P951!i¥!E£:

H

\ \

12I,§,£;BQT _I0NL <9;

- A LO
'_ _’as-0 j -?@

fl-I

3 ('\1

_ A n.
LDM.

2000*-A



42

3.l.6.'$eCt”hn*XIQ%;0fi;LQl159N;§hQng_§BQEio l
Compared to the zonal sections so far discussed,

the distribution of temperature on meridional section shows
significant horizontal variation in the intermediate depths
except near the equator where a homogeneous nature is
indicated. The upward trend of isotherms from north to
south observed in the intermediate depths suggests the
presence of westerly flow. This is in confirmation with
the distribution of acceleration potential on 100, 80
and 60-cl/t surfaces.

The prominent feature in the salinity distribution
is the horizontal and vertical mixing of Red Sea Water
in the intermediate depths. One branch of Red Sea Water
around 13-l5ON at 5OOFl mixes vertically downward to

deeper regions while another branch around 1OON spreads

horizontally towards south in the depth range of 400 to
900 m. This is in agreement with the horizontal mixing
found in the distribution of properties on potential
thermosteric anomaly surfaces.

Low salinity water from the south spreads towards
north in the depth interval of 200 to 500 m and Persian
Gulf Water is restricted to l5oN around 200-300 m along
580E. The low salinity water from the south is trapped into
a cell .around 300 m at 11° 30‘N surrounded by high salinity
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waters. The presence of nearly homogeneous water is also
found near the equator.

o 103 ~ 1 - 7 - ;5_@'¢§ti-§l1;__Y;I;I-. “'5 Q ff3TQl_i 139-. 11 8.01‘? ¥':1l0T1§.l, :"?TOI9_E_

The temperature distribution on this section is
nearly similar to the previous one showing significant
Itrimxmal variation in the intermediate depths and indicating
the presence of westerly flow.

The distribution of salinity also reveals somewhat
similar features as that of Section VI. Red Sea Water,
found south of l5ON around 400-600 m spreads horizontally
towards south upto 3ON and its influence is found to a depth
of 900 m. The spreading of Red Sea Water is in confirmation
with the horizontal mixing found in the salinity distri—
bution maps on steric surfaces.

Above the southward spreading Red Sea water, low

salinity water from the south spreads horizontally towards
north until the influence of highly saline Arabian Sea Water
isencountered in the upper layers. The Arabian Sea Water
is very well represented by tongue—like structure around
100 m from north to 6ON.
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AGAINST'5ALINlTY

Correlation of temperature and salinity, two
conservative characteristics of sea water, was first put
in a systematic basis by Helland-Hansen (1916) using T-S
diagram. This characteristic diagram subsequently became

a power tool for the identification of water masses of
any oceanic area. In the present chapter it is proposed
to study the water characteristics of the intermediate
waters in the Arabian Sea using the scatter diagrams of
potential temperature against salinity at ten representa­
tive areas, shown in Fig. 2. The scatter diagrams are
presented in Figs. 30 to 39.

4- 1 - 1 - £\.li§.§1-:,.B§tli@QI1 0°- -3c.<i4°_N-ai11.<i1_.ti18.° r-t‘_Q;_ 520.5

The potential temperature-salinity (9-S) diagram
shows less scatter in the intermediate depths except
100 to 80 cl/t surfaces. Homogeneity is indicated by less
scatter in a 9-S diagram, whereas wide scatter represents
heterogeneity. Vertical sections of potential temperature
and salinity along the equator reveal homogeneous water in
the intermediate layers. A comparison of the distribution
of properties on potential thermosteric anomaly surfaces
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studied also indicates homogeneous water near the

equator. The homogeneity is due to various water types
from northern and southern hemispheres,and Pacific Ocean

coming into juxtaposition, resulting in lateral as well
as vertical mixing (Sharma, 1976).

A close examination of the scatter diagram reveals
a weak salinity minimum between 130 and ll0—cl/t surfaces.

The vertical section of salinity along the equator also
exhibits a minimum in the west around the same steric
interval. The minimum is due to the influx of water from

the south and east.

The heterogeneity noticed between 100 and 80~cl/t
surfaces is because of the horisontal advection of Red

Sea Water with the maximum salinity of 35.30%. occurring
around 90 to 80-cl/t surfaces. Southward advection of
relatively high saline water in the depth range of 500 to
1,000 m, crossing the equator close to the western boundary
under the Somali Current was reported by Quadfasel and
Schott (1982). Underneath the 40-cl/t surface, the scatter
is almost uniform and must be of circumpolar origin
(Sharma, 1976).

4 - 1- 2 - iA_'EQ_aT' 2 -tttseitwieent Q9 1:9 -431- .an_<i_s§?: to 60°E

The distribution of potential temperature against
salinity exhibits heterogeneity compared to the western area
The heterogeneity may be due to the less mixing of the
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high salinity water masses from the north and low salinity
water masses from the south and east. Just as in the

western region, the influence of Red Sea Water is found
around 90 to 80-01/t surfaces, but the salinity maximum
is reduced from 35.30 to 35.20%. . Below the influence

of Red Sea Water, relatively wide scatter is probably
because of the advection of low salinity water from the

south as confirmed in the distribution of properties on
40—cl/t surface.

4 - 1 - 3- Area .B.et.ie_en___0-9-lt Q- ,4.°_N and- 64fltp, L6 8%

Relatively less scatter is noticed in the
intermediate layers, suggesting nearly homogeneous water,

though wide scatter is found in the upper layers. The
homogeneity is due to the admixture of various water masses
from the north, south and east. Red Sea Water is indicated
between 100 and 80 cl/t surfaces with the same salinity
maximum as that of area 2. Similar to the previous region,
relatively more scatter is found below the influence of
Red Sea Water.

4 . 1 - 4- Area 4 ,-_tB§.tW¢_en,0.Q-11Q_i ;4i‘O_N_ _ai<1.--12°,1;o.._1le_?_E.

The spread of 9-5 reveals homogeneity in the
intermediate depths. The homogeneity may be because of the

vertical mixing which is in agreement with the significant
vertical mixing, suggested in the distribution of
properties on potential thermosteric anomaly surfaces in
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the southeastern Arabian Sea. The influence of Red Sea

Water is less conspicuous in the area compared to the
three western areas and is found around 90 to 8O—cl/t
surfaces with the salinity maximum further reduced to
35.12%» . The waters below 4O—cl/t surface is homogeneous

and of circumpolar origin, just as could be inferred
in the westernmost region also.

4-1-5. A:;@;a.__5l=~ B_e__tw'e"e_I:J_'? 7°. 1:oi1_1.9N. and §>_2.° _1=<> 56°»:

The distribution of potential temperature against
salinity displays heterogeneity as a consequence of strong
horizontal advection of various water masses. Between

200 and l0O—cl/t surfaces, the points are scattered within
the salinity range of 35.14 to 35.42%. . Compared to the
equatorial areas, the influence of Red Sea Water is very
predominant in this area because of the proximity to its
source. Higher salinity around 35.55%. is encountered in
the range of 90 to 80—cl/t surfaces and the wide scatter.
indicates the horizontal advection of Red Sea Water which

is in confirmation with the strong horizontal mixing
found in the distribution of properties on the isanosteric
surfaces and in the vertical section along IOON. Below
60-cl/t surface, there is less scatter and the water is
homogeneous.
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4.1.6. "eaj6g;;Be§ween_79_t9;1lPNQand_6QPtoQ§_pEAr 4
The spread of 9-S reveals relatively heterogeneous

water in the intermediate layers. Salinities greater than
36.00%. in the upper layers is because of the presence
of the Arabian Sea Water. The heterogeneity in the
intermediate layers indicates the horizontal advection
of the waters as found in the vertical section along l0ON,

but its intensity is reduced compared to the western area.
Red Sea Water is also observed between 100 and 80—cl/t

surfaces, but the salinity maximum is lowered to 35.42%.
from the western area. The horizontal spread of the Red
Sea Water is in confirmation with the horizontal mixing
indicated on the isanosteric surfaces and vertical
section of salirity along l0ON. Scatter is less below
40-cl/t surface suggesting homogeneous water.

4 - 1 - '7 - +2~sr,e_a ,7,;.iBe_t_we@_n, .7C1_-1:9_ _l%13N _an§i1 68? tq 7202

Many features of this region resemble to that of the
western area. The wide scatter in the upper layers is
because of the influence of Arabian Sea and Bay of Bengal
waters. Similar to the two western areas.Red Sea Water

is noticed between 100 and 80—cl/t surfaces with the same

salinity maximum as that of area 6. The horizontal spreading
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in the intermediate layers is in agreement.with the
horizontal mixing revealed from the isanosteric surfaces
and vertical section of salinity along l0QN.

4.1 .8. Area ‘8'u—‘;Be;tW.'@€jn ;;4_.°; ;to};1j8_Q.N_; _'nd_, ;5j6° a ;c1o' 600E.1 a __ y
The distribution of potential temperature against.

salinity is quite different from the other areas studied.
The salinity maximum noticed below 100—cl/t surface as a

significant feature in the previous areas is not evident,
indicating the absence of Red Sea water.

The scatter is relatively less, showing homogeneity
in the intermediate layers, though more scatter is noticed
in the upper layers. The salinity in the intermediate layers
is higher (greater than 35.5O%@), compared to the other areas
studied. The salinity maximum of 35.79%° noticed at 130—cl/t
surface is related to the influence of Persian Gulf Water,

eventhough it is less conspicuous. Below 100-cl/t surface,
the range of salinity decreases with depth, particularly
below 60~cl/t surface.

4 - 1- 9- are-a_..2_ 155-1-_twe_ep-- .1_i°.tor1s9u_ap§r 54° ;@_@8°E

The spread of 9-S exhibits heterogeneity caused by
the horizontal spreading of Persian Gulf Water. The Arabian
Sea water is depicted in the upper layers with salinity
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values;= greater than 36.60%». The absence of salinity
maximum'around 100 to 80-cl/t surfaces confirms that Red

Sea Water influence is found only south of f4ON. Similar
to the western region, the distribution is homogeneous
below l0O—cl/t surface.

4-1_-1 0- Areal iv -t TB_eit‘WeeniI2T1_‘TO‘l‘_Iti_O;_ £5 _7—a'iI1,;d_-— @p°to c6_4c‘§’:r;

The potential temperature—sa1inity diagrams reveals
wide scatter between 180 and 120-01/t surfaces, indicating
the horizontal spreading of Persian Gulf Water with the
maximum salinity value of 36.50%. at 160-cl/t surface. The
spreading of Persian Gulf Water is in confirmation with
the spreading and mixing of Persian Gulf Water reported
by Premchand (1982) in the northern Arabian Sea. The
higher isanosteric surface at which Persian Gulf Water
is noticed because of the nearness to its source.

Wide scatter in the surface water compared to the
subsurface layers with the salinity range of 36.10 to
36.80%. is due to the Arabian Sea Water. Below 120-cl/t

surface, the distribution is almost homogeneous indicating
vertical mixing as found on the isanosteric surfaces and
in the section along 20ON.



WO H“ §]m4|p 1 H_NwHm YiAmOmfiz4m@4AHAQ _M@HH4uUmJ "'1 I__§_m {zoom yii _\_U8___ ¥ LSUDOMMI HSNOON K A 5°09 H M O A I A I Suoow. _ . "M 'I,’ ) I’ I’. ’__ . I . x7_ . . I Ii . J I.’ -“ J’ I __x J / __ _. I.' * ' _ , O ’ / __\ ’ I‘ ’ _ lC _ / ‘I \\ 0 . f '1’O L '_' I’, \‘ .. . - .0O _ \ “ I ‘ ’ . . ’6 . _.- I’, . ‘ . . II’ _I . / O ‘.1 I‘I 0' . . /’ ’ . ' . ‘ ‘ I ' I . ‘ I ' I '" O I’, ’ ‘ ' I"’,@. _'.II’II‘I /I II_ I_ I’I . ll"II’ I ’_I:7 . .III  I _'I’ ‘II,I11*!I.’ II' 'I I’I I’I ‘II/II_ . II“, .1’_ /I II I.0‘.  Illlnhl’I‘ "1W _? ‘ Ill”!MU _& IA”;I/_Q Il'du___1 ‘loan/_pom U__mN U.oN U09 0.9 Dom U__D



lii\,_P?-_l', E B_ :_



'51

QHP-.Pl'_E_R_- :1 V.

QI51Rl§UTlQ§.9ElRQ1ENIlALi!QRTl§lTX
EETWEEN DIEEEBENT-5TERlQi§§RFACE5.

Potential vorticity is a local measure of
vertical homogeneity of a water mass and it is
conserved in the absence of vertical mixing. Therefore
it gives an indication of water masses and current
structure. Hence, the potential vorticity maps between
different steric surfaces are presented in this chapter
in Figs4O to 42 to study the water characteristics and
current structure of the intermediate waters in the
Arabian Sea.

5 - 1 - 1 - P.<>.t.ent.i_a._livs>.r;t,1rciicir lI>..eJ;>~1.e.ern-_l 0_ran§. 9-0 91./_1;,i§_i1.1-;f§1.c_<as

In the interior of the ocean, for large scale
processes, relative vorticity is negligible compared to
planetary vorticity as mentioned in chapter one. As a
result, potential vorticity increases towards higher
latitudes (in the northern hemisphere) at a particular
level, in the absence of any significant differences in
water characteristics. However, in the Arabian Sea,

potential vorticity between l1Q and 90 cl/t surfaces
increases with latitude upto 6ON and shows a northward
decrease in the southeast of Socotra Island and again
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increases towards north. Similar northward decrease

in potential vorticity is seen off the southwest coast
of India and in the western part of the northern
Arabian Sea. These areas are potentially baroclinically
unstable (McDowell g;_§1,, 1982). Intense horizontal
mixing is noticed at these areas in the distribution
of properties on 100—cl/t surface and in the vertical
sections of salinity. In regions of intense horizontal
mixing, baroclinic instabilities can be developed if
the mixing is not uniform in all places, resulting in
the formation of distinct water characteristics at
different places within the regions of horizontal mixing

Similar northward decrease in potential vorticity
is observed in the North Atlantic Ocean by
McDowell §g_a1. (1982). Stramma (1984) also reported

such a situation on the equatorial side of the
subtropical gyre in the North Atlantic Ocean.

From the comparison between the potential
vorticity of the layer and the distribution of
acceleration potential on 100—cl/t surface, it is
inferred that some of the closed eddy type circulation
are formed due to the manifestations of baroclinic

instability prevailing in these areas. It is well known_
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that baroclinic instability is one of the main reasons
for eddy formation in the sea (Gill gt gl., 1974;
Orlanski and Cox, 1973; Pedlosky, 1974, 1975: Orlansky,

1969) apart from topographic effects.

The distribution of potential vorticity of the
layer also indicates southward flow along the Somali
Coast which is confirmed on the distribution of

acceleration potential. In general, it is found that the
geostrophic flow is consistent with the distribution of
the potential vorticity (Stramma, 1984).

Strong gradients in the distribution of potential
vorticity observed off the northern Somali Coast, eastern
and northern Arabian Sea indicate that the waters are

relatively more heterogeneous as seen in the scatter
diagrams. Such areas coincide with the regions of intense
horizontal mixing as revealed in the distribution of
properties on lOO—c1/t surface and in the vertical
sections of salinity. Hence, the heterogeneity inferred
from the distribution of potential vorticity is because
of strong horizontal mixing.

On the contrary, the waters are more homogeneous

near the equator and off the southeast coast of Arabia
as evident from the relatively weak gradients in the
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potential vorticity distribution. The homogeneity is
because of vertical mixing as confirmed in the
distribution of salinity on 100—cl/t surface, in the
vertical sections of salinity and in the scatter diagrams.

The distribution of potential vorticitylin general,
resembles that of the salinity distribution on 100—cl/t
surface. Sarmiento §;_§l,(1982) also found such features
in the North Atlantic Ocean.

5 - 1 - 2 - EQ.te11t.ial_ __\L<>rtic_i tL_;b.et,w_e§.nl-:2Qlapd H7 £l._<;l_/it as 1.1.1-if access.

The distribution of potential vorticity between
90 and 70 cl/t surfaces is more or less similar to the
upper layer. Northward decrease in potential vorticity
is noticed in the southeast of Socotra Island, north­
eastern and northern Arabian Sea, indicating the baroclinic
instability conditions. Relatively strong gradients in
potential vorticity are seen in the northern and eastern
Arabian Sea and in the southeast of Socotra Island suggesting
heterogeneous water. The heterogeneity is because of the
horizontal mixing as noticed in the distributions of
salinity on 8O—cl/t surface, in the vertical sections of
salinity and in the scatter diagramsz Comparatively weak
gradients are observed in the central and southeastern

Arabian Sea indicating homogeneous water as a result of
vertical mixing which is in confirmation with the results
inferred from the previous chapters.
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5 - 1 - 3 - PQt§§1'1“';iia_l.}L°£t.i._¢.i13L bi.‘ gweeente .79 tanii. _i0_ Q1! QTQQ; faceset

Almost all the features noticed between 70 and

50 cl/t surfaces are similar to the upper layers, but
the gradients are generally weak. Regions of baroclinic
instability are found south of Socotra Island, northern
and northeastern Arabian Sea as indicated by the northward
decrease in potential vorticity.

Asin the upper'Um3laYefS, gradients in potential

vorticity are relatively higher south of Socotra Island’
and in the eastern Arabian Sea indicating heterogeneity.
Such a condition coincides with the horizontal mixing
noticed in the distribution of properties in the previous
chapters. On the contrary, comparatively weak gradients
are seen near the equator, suggesting homogeneity as a
result of vertical mixing.
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SLIMMARY. ANDS C9iNCLQ5;I,ON_S

The present thesis is an outcome of a study of
the water characteristics and current structure of
the intermediate waters in the Arabian Sea carried

out by the author. The study is a0xmpLn%@d by
presenting the topography of different isanosteric
surfaces of the intermediate waters and the

distribution of acceleration potential and salinity
on these surfaces, besides presenting the vertical
sections along different latitudes and longitudes
in the Arabian Sea. The water characteristics are
also studied by working out the scatter diagrams of

potential temperature against salinity for different
representative areas in the Arabian Sea. An attempt
is also made to present the potential vorticity
between different steric levels to understand the
circulation and mixing processes. Data collected
during the international Indian Ocean Expedition
(IIOE) and subsequently in the Arabian Sea are used
for the study. The area covered north of the equator
upto the border of Asian Continent, excluding the
Red Sea and Persian Gulf is considered.
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Constant potential thermosteric anomaly
surfaces of 100, 80, 60 and 40-cl/t, covering the
intermediate waters, are chosen to study the water
characteristics and current structure. The topography
acceleration potential and salinity maps are prepared
for the above surfaces. Since, temperature on an
isanosteric surface is uniquely defined by salinity,
the salinity maps can alternatively be used as
temperature maps. The geostrophic flow along the
isanosteric surfaces was deduced from the gradient
of acceleration potential using 2,000 db as the
reference pressure.

Five zonal and two meridional sections of

potential temperature and salinity are presented.
Scatter diagrams of potential temperature against
salinity are plotted for ten representative areas
in the Arabian Sea. Potential vorticity is computed
using a novel method, introduced by McDowell §;_al,
(1982), from the hydrographic measurements of the

potential density alone.

From the distribution of properties on
potential thermosteric anomaly surfaces, it is clear
that zonal flow near the equator, meridional flow
along the Somali Coast and off the southwest coast of
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India prevail on the upper three surfaces, whereas
meridional flow predominates on the lower surface.
A westward flowing undercurrent near the equator
between 450 and 750E is revealed on the distribution

of acceleration potential. North of the westerly
undercurrent, an easterly flow of about 200 km wide
is evident. The topography as well as the distribution
of salinity confirms the above zonal flows while
advection of low saline water from the southern

hemisphere is noted on the lower surfaces.

Southward undercurrent along the Somali Coast

and southerly flow along the southwest coast of India
are noticed on the distribution of acceleration potential
and in the distribution of salinity maps. Besides, an
anticyclonic flow pattern is noted near the southern
Somali Coast.

The circulation, suggested by the topography
is agreeing with the pattern of acceleration potential.
The troughs and ridges on the topography maps, in
many cases, are associated with the boundaries of the
currents on the acceleration potential map. A striking
feature on the topography as well as on the distribution
of acceleration potential is the occurrence of number
of lows and highs indicating cyclonic and anticyclonic
eddies.
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The spatial variation of salinity is significant
on the upper three surfaces while it is much less on the
lower surface. The lower salinities are noticed near

the equator whereas high salinity values are found in
the northwestern Arabian Sea. In general, salinity
decreases from north to south and from west to east on
all the four surfaces.

An interesting feature is the rapid decrease of
salinity from the central western Arabian Sea towards
south and southeast on the upper two surfaces suggesting
the horizontal advection of Red Sea Water. Besides,

isolated cells of low and high salinity values are
found in different regions of the Arabian Sea.

The horizontal gradients in salinity are
relatively higher in the central western and eastern
Arabian Sea coinciding with the lower thickness between
the potential thermosteric anomaly surfaces where
horizontal mixing predominates due to higher stability.
On the contrary, less horizontal salinity gradients
are noticed in the southeastern and northern Arabian

Sea where greater thickness between the isanosteric
surfaces indicating the prominence of vertical mixing
because of lower stability.
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The horizontal variation of temperature is
less in the intermediate depths in the zonal sections
whereas it is significant in the meridional sections.
A southerly flow off the southwest coast of India and
along the Somali Coast are indicated in the zonal
temperature sections as revealed on the distribution
of acceleration potential. Similarly, westerly flow
near the equator is suggested at intermediate depths
in the two meridional sections as found on the

acceleration potential of the upper three surfaces.

Homogeneous water is noticed in the intermediate
layers in the vertical section of salinity along the
equator. The influence of Pacific Ocean Water is observed
in the western region of the equatorial section as a weak
salinity minimum.

The horizontal spreading of Red Sea Water is
predominant along 1OON whereas it is restricted to the

western region of the sections along 50 and l5ON.
Homogeneous water is found east of the Red Sea Water
in the above three sections as a result of the admixture
of various water-masses. Bay of Bengal Water is noticed

in the upper layers in the eastern part of the above
sections.
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The influence of Persian Gulf Water is found

in the two northern zonal sections in the upper layers
below the Arabian Sea Water. A notable feature is

the conspicuous absence of Red Sea Water in the northern
Arabian Sea, north of 15°N.

The horizontal advection of Red Sea Water from

the north and low saline water-from the south are well
depicted in the two meridional sections. The water
characteristics and cross-sectional flow pattern indicated
in the vertical sections of salinity and potential
temperature are in close agreement with the distribution
of properties revealed on the potential thermosteric
anomaly surfaces.

The scatter diagrams of potential temperature
against salinity indicate homogeneous water near the
equator except the region bounded by 560 to 600E which

exhibits hqtirngqnoity. The heterogeneity is due to the
advection of different water masses from north and south.
The influence of Red Sea Water is noticed around

100 to 80-cl/t surfaces in most of the areas near the
equator. Relatively wide spread around 40-cl/t surface
in the equatorial region of the central Arabian Sea
suggests the northward advection of water from the south
as revealed in the distribution of properties on 40-cl/t
surface.
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The distribution of potential temperature
against salinity exhibits heterogeneity between
70 and llON as a consequence of the horizontal
advection of various water masses. Heterogeneity
is more in the west than in the east. Red Sea Water

noticed around 80 to 100-cl/t surfaces as a prominent
salinity maximum decreases towards east. The horizontal

spreading of the Red Sea Water suggested in these areas
is in confirmation with the distribution of properties
on the isanosteric surfaces and the vertical sections
of salinity.

The spread of potential temperature against
salinity is relatively less between 140 and 18ON. The
spreading of Arabian Sea Water and Persian Gulf Water

are noticed in the upper layers. The absence of any
salinity maximum below 100-cl/t surface confirms that

the influence of Red Sea water is felt only south of
14°N in the Arabian Sea.

The Persian Gulf Water is indicated in the
northern most area with Arabian Sea Water above and

homogeneous water below. The homogeneity below 12O—cl/t

surface is the result of vertical mixing as found in the
sections of salinity. Below 60-cl/t surface the range of
salinity variation is less.
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In general, the water characteristics suggested
from the scatter dkxnams conform with that found on
the distribution of properties on potential thermosteric
anomaly surfaces and in the vertical sections of salinity
and potential temperature.

From the distribution of potential vorticity
between different steric surfaces, it is evident that

baroclinic instability prevails off the southeast
coast of Socotra Island, southwest coast of India,
northern and northeastern Arabian Sea. Intense horizontal

mixing is noticed at these areas in the distribution of
properties on isanosteric surfaces, in the vertical
sections of salinity'and in the scatter diagrams.

In regions of gtense horizontal mixing, baroclinic
instabilities can be developed if the mixing is not
uniform in all places, resulting in the formation of
distinct water characteristics at different places

.. _.

within the regions of horizontal mixing.¢It is clear
that some of the closed eddy type circulation are
formed due to the manifestations of baroclinic instability
prevailing in these areas. It is also found that the
geostrophic flow deduced from the gradient of
acceleration potential, in general, is consistent with
the distribution of potential vorticity.
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Relatively strong gradients in potential
vorticity seen in the southeast of Socotra Island,

0

northern and eastern Arabian Sea indicate heterogeneity
which coincides with the regions of horizontal mixing
as revealed in the distribution of properties on the
isanosteric surfaces, in the vertical sections of
salinity and in the scatter diagrams.

On the contrary, weak gradients in potential
vorticity noticed near the equator, southeast coast of
Arabia and central Arabian Sea suggest homogeneity
as a result of vertical mixing which is in conformity
with the distribution of properties in the vertical
sections of salinity and scatter diagrams.

In general, the distribution of potential
vorticity resembles that of the salinity distribution.

The intermediate waters of the Arabian Sea, a

part of the North Indian Ocean have less interaction
with waters of the others except in the south, probably,

O

a consequence of closed boundary on its northern
border. There is less renewal of water other than

horizontal.and vertical mixing confiined to the same
region unlike in the other regions of the world oceans
at similar latitudes.
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Both in the Atlantic and Pacific Oceans the

intermediate waters have certain conspicuous
characteristics,PTOminent amomg them are (1) Step
structure in the vertical profiles of temperature
and salinity (2) Renewal of waters from the Arctic
in the north and the Antarctic in the south (3)Pred0—
minence of Western and Eastern Boundary Currents

which are the counter meridional flows, responsible
for the renewal of waters.

Off these prominent characteristics , the
renewal of water is obviously absent in the Arabian
Sea. But it is not immediately clear whether the
step structure and Western and Eastern Boundary
Currents prevail in the Arabian Sea even at lower
scale of action. To identify them, further studies
at closer network with moored buoy stations for
current measurements and SID data that provides

continuous profiles enabling the study of finer
structure are to be carried out.
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