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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.
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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.
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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.
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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.
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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.
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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.



Z“:5%  {V  Ii  A  % % % |“‘!!I  %%|AAéHm%m%O/ElgmHpL>¢UAHl%O_§%Qz%4m OnoZ%w§Hmmé:¢1m%lH|EU YO: a_HNU%HHmO%>_é12HHzE_Om n Q U:2 2 mm on ‘I‘__IWt1j __fltn  _ _ .mq w.H:. '|_ ‘ll Iw  I‘ é!__‘ _ 1 O _ __o__F _ _ 7% _ % _ i _ _ _ %_ “l_!|_l|__l1_1|L‘Ifl_J_‘_  fi ‘ll J ifi _\_ _H[A1_%l|O . Q I' II\ _____ f_H ‘ll’! . I _ . . . I1 _O I . _ _ . _ _ mI. ‘\L: _ O _ D  ‘IW _ __  _  _ __ 4 2 O m I?_ ‘ _ _ _ ' _ _ FW O _ . _ . . . _ _ ‘ 8 ____|‘all   OFH 3 _ _ Q , _ N L2'.‘ _ 1on ‘ _ _ _ _ U __r  \ é NV oM LJ_{ ____ O _ _ ’ _ Q L_m_r _  _ _ _ _  Km;_‘ 3 O _ _ _ J _ l__mm _ _ mm_ O 3 ,mm\|_)_ LOQ__|l__‘}%\Li]|_\_'Lll_ _|l_?|_i, LI  _L_ 1‘|l_llrL|‘_A_:im ‘L8 _A I AIL‘ ‘TL 41|i‘_H+i _ l_ 5 _A |_|_ “:i_ TIA __l_i|%_£bu.4ll1‘mmmq L3 _(_3_|<_Oz_  _ <_m<m< 9W S ‘ _ L"WM [FU: .8 Mm E um _om Os O0A Q



55
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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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