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The upper thermo-haline structure and the surface
meteorological parameters of the central and eastern
Arabian Sea during the inter-monsoon (April-May,
1994) and winter monsoon (February-March, 1995)
periods, were analysed to understand physical forc-
ing that leads to the observed high productivity dur-
ing winter in the northern Arabian Sea. The weak
northerly winds and increased solar insolation dur-
ing the inter-monsoon period, led to the development
of a highly stratified upper layer with warm sea sur-
face temperature (SST) (29.5°C) and shallow mixed
layer depth (MLD) (25 m). In contrast, during win-
ter, the upper thermo-haline field showed a dramatic
change, with cold SST (25°C) and deep MLD (100 m)
in the north, though the winds were weak (5 ms™).
The atmospheric forcing that leads to the observed
changes in the upper layer of the ocean is a combina-
tion of enhanced evaporation under the influence of
the dry continental air from the north brought by the
prevailing northeasterly trades and reduction in the
solar insolation. Subsequent cooling and convective
mixing injects nutrients into the surface layers from
the thermocline region, which in turn triggers the
primary production.

IT is well known that during summer monsoon (June-
September) upwelling is a dominant mechanism which
triggers plankton bloom and results in extremely high
productivity in the Arabian Seal?. In contrast, the spa-
tial variation in the productivity during winter (Novem-
ber—February) is less studied. On the basis of analysis
of published data, Banse® inferred that the central Ara-
bian Sea is more productive than subtropical gyre else-
where, and the area north of 20°N to be richer than the
central Arabian Sea. Our results from a recent Indian
Joint Global Ocean Flux Studies (JGOFS) cruise, during
February—-March 1995, revealed the evidence of high
productivity in the northern Arabian Sea, the details of
which are presented elsewhere, in this issue®. In this ar-
ticle, we analyse the upper thermo-haline structure and
the physical forcing that lead to the observed high pro-
ductivity.

Data and methods

As a part of the Indian JGOFS programme, 36 CTD
(Conductivity Temperature Depth) profiles were col-
lected at one degree interval (up to 1000 m depth)
onboard ORV Sagar Kanya during 4 February to 4
March 1995 (Figure 1a). In accordance with the
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JGOFS protocol’, Sea-Bird Electronics CTD was used to
obtain temperature and salinity profiles. CTD salinities
were calibrated against water samples collected simulta-
neously by a rosette sampler and analysed with a
Guildline 8400 Autosal. The conversion of conductivity
to salinity was made using the modified UNESCO for-
mula®. The data collected during the JGOFS cruise of
14 April to 14 May, 1994 (Figure 1 b) were also utilized
to highlight the changes in the water column. Apart
from the CTD profiles, surface meteorological param-
eters were also collected during both the cruises. The
surface meteorological observations on a 2°x 2° grid
from the Comprehensive Ocean Atmosphere Data Set’
(COADS) were used to obtain monthly mean values of
surface heat flux and evaporation. The surface fluxes
(Wm™) were calculated using standard bulk aerody-
namic formulae® for latent (Q, and sensible (Q,) heat
exchange:

Qc = pLCc (qs - qd) U’
Qh = pCpCs(Ts_Ta) U’

where L is the latent heat of vaporization, C, the spe-
cific heat of water, g the specific humidity, C, and C
the empirical exchange coefficients, T, the sea surface
temperature, T, the air temperature, U the wind speed.
The evaporation is computed by using the equation

E=pC(q-q)U.

The precipitation data were obtained from the Very
High Resolution Radiometer (VHRR) onboard the
INSAT (see ref. 9 for details). From these data, monthly
mean precipitation on a 2°x 2° grid was generated.
Further, monthly values of evaporation—precipitation
(E-P) were computed along 64°E.

Results

To understand the physical process, we analysed the ob-
served surface wind as well as the vertical structure of
temperature, salinity and sigma-¢ along the 4 legs (Fig-
ure 1).

Winds

The surface winds during February—March (Figure 2 a)
were predominantly north/north-easterlies with occa-
sional north-westerlies. Along the shelf, the observed
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Figure 1a, b. Location map of CTD stations occupied during () 4 February to 4 March (winter monsoon) 1995 and (b)
14 April to 14 May (inter-monsoon) 1994. H indicates profiles taken with hydrocast.
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Figure 2 a, b. Wind vector during (a) winter monsoon, (b) inter-monsoon.

wind speed varied between 4 and 7 ms~!, except at 18°N
where it was about 12 ms™'. In the open ocean, the wind
speed showed a gradual increase from about 2 ms™ to
5 ms™ towards south. During April-May (Figure 2 b)
the surface winds south of 17°N were predominantly
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northerly and weak (<4 ms™'), but became progressively
stronger towards north. Along the northern shelf, the
wind speeds were between 8 and 10 ms™!, decreasing to
6 ms™' towards south. In the open ocean, wind speeds
were high north of 18°N reaching up to 8 ms-'.
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Thermo-haline characteristics

Winter monsoon (February-March)

The thermal structure during February—March, along
the shelf (leg 1), (Figure 3, top panel) showed a weakly
stratified surface layer extending to 100 m depth, and
the sea surface temperature (SST) rose from about
24.2°C in the north (21.5°N) to about 29°C at 10°N, ap-
proximately 0.5°C increase per degree latitude. The
mixed layer depth (MLD), in general, was deep varying
between 120 m at 21°N and about 80 m at 10°N. The
packed isotherms below 100 m, along the southern
shelf, indicated a strong thermocline. Salinity structure
(Figure 3, bottom panel) also showed a weakly stratified
layer of high salinity (36.4 PSU), in the north, thinning
towards south. The very low salinity waters (< 34.6
PSU) towards south indicate the influence of the Bay of
Bengal waters, being carried along the shelf by north-
ward flowing coastal current. The high salinity surface
waters (36.4 PSU) in the north is the Arabian Sea High
Salinity Water mass (ASHSW), the core of which deep-
ens towards south (about 100 m depth) and was identi-
fied by the 36.0 PSU isohaline.

Along 64°E (leg 3), the thermal structure showed a
weakly stratified surface layer extending to 100m
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Figure 3. Vertical section of temperature (top) and salinity (bottom) along
the shelf during winter monsoon. Salinity >36 PSU is hatched to demarcate
the Arabian Sea High Salinity Water mass.
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depth, as seen along the shelf, with colder waters
(<25°C) north of 17°N, while south of it, the SST in-
creased to 27°C (Figure 4, left panel). Thermal struc-
ture depicts deep mixed layer in the north (21.5°N)
which shoals to about 80 m at 20°N and once again
deepens to 125 m at 17°N. South of 17°N, mixed layer
depth shoals steadily, reaching up to 65 m at 11°N. Iso-
therms below the upper thermocline showed consider-
able shoaling towards south giving rise to strong gradi-
ent in the lower thermocline as well. This thermal
structure essentially reflects the zonal flow pattern in
the open ocean circulation. Below 500 m, the waters
are well stratified with no appreciable north—south vari-
ation.  Salinity structure (Figure 4, middle panel)
showed the presence of ASHSW near the surface
(> 36.4 PSU) in the northern region, the core of which
deepens towards south. The surface salinity decreased
from 36.4 PSU in the north to less than 35.7 PSU at
11°N. This low salinity water is the indication of North
Equatorial Current (NEC), which carries along with it
the low salinity waters from the Bay of Bengal as well
as the eastern Indian Ocean into the western Arabian
Sea during this season. The second subsurface high sa-
linity (36.0 to 36.2 PSU) seen between 200 and 400 m
in the north and spreading southward is the Persian Gulf
water mass, which was also seen spreading eastward
along leg 2. As it moves southwards beyond 14°N, the
water mass loses its identity due to mixing with the Red
Sea water mass, normally encountered south of 13°N,
between 400 and 80 m depth and sigma-¢ 27.0, which is
manifested by the thick isohaline layer between 200 and
800 m depth near 11°N. The sigma-¢ structure (Figure
4, right panel) mainly reflects the combined effects of
thermo-haline structure. In the northern region, sigma-¢
greater than 24.5 was encountered at the surface with
thick isopycnal layer (100 m), which gradually de-
creases southward and becomes as low as 22.0

The MLD along the zonal section (nominally along
10°N, leg 4), increased gradually from about 50 m in
the west to almost 100 m towards the east with SST in
general, warmer than 28°C (Figure 5, left panel). The
packed isotherms in the upper 300 m indicate the signa-
ture of the NEC active during the winter monsoon. The
presence of NEC brings about drastic changes in the
surface salinity along this section (Figure 5, right panel)
with very low salinity waters (34.6 PSU) from the east-
ern side over-riding the high salinity waters of the west.
The core of the ASHSW (36.0 PSU) consequently
showed an eastward deepening. The thick isohaline
layer between 200 and 1000 m (which thins towards
east), once again is the admixture of Persian Gulf and
Red Sea waters.

Inter-monsoon (April-May)

Along the western shelf (leg 1), thermal structure
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Figure 4. Vertical section of temperature (leff) salinity (middle) and sigma-t (right) along 64°E during winter monsoon. Salinity
>36 PSU is hatched to demarcate the Arabian Sea High Salinity Water mass.
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Figure 5. Vertical section of temperature (leff) and salinity (right) nominally along 10°N during winter monsoon. Salinity
>36 PSU is haiched to demarcate the Arabian Sea High Salinity Water mass.
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showed thin mixed layer, varying marginally from 10 m
in the north to 25 m in the south, with SST more than
30°C (Figure 6, top panel). More or less uniformly
thick, high salinity waters (36.4 PSU) are encountered
along the northern shelf, north of 16°N (Figure 6, bot-
tom panel). However, along the southern shelf, low sa-
linity waters are seen in the upper 20 m. The core of the
ASHSW, which is seen almest at the surface in the
north, deepens to about 80 m towards south.

The thermal structure along 64°E (leg 3) showed a
well-stratified surface layer. The upper thermocline
showed an overall trend of deepening from 21°N to
11°N, except between 13.5°N and 15.5°N where iso-
therms greater than 20°C shoals, appear to be a signa-
ture of a meso-scale (cold core) eddy (Figure 7, left
panel). The MLD remained thin showing a general
deepening, though small, toward south as in the case
along the western shelf (leg 1). Salinity structure re-
sembled that during February—March, except for the re-
duced spatial extent of the low salinity water in the
southern region (Figure 7, middle panel). The thick
isohaline layer seen in the north, during February-

March, is no longer present. Instead, the high salinity -

(36.6 PSU) protrudes into the water column, indicating
the spreading and deepening of the ASHSW towards
south.  Unlike during February—March, the sigma-t
structure showed the presence of low density waters
uniformly throughout from 21°N to 11°N (Figure 7,
right panel) and strong stratification.  The 24.5
isopycnal seen at the surface in the north during winter
monsoon is not encountered at 60 m.
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Figure 6. Vertical section of temperature (fop) and salinity (botlo;n) along
the shelf during inter-monsoon. Salinity >36 PSU is hatched to demarcate
the Arabian Sea High Salinity Water mass.

Along leg 4 (nominally along 10°N), thermal struc-
ture showed extremely shallow MLD in comparison
with February-March with the mixed layer temperature
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Figure 7. Vertical section of temperature (left) salinity (middle) and sigma-t (right) along 64°E during inter-monsoon.
Salinity >36 PSU is hatched to demarcate the Arabian Sea High Salinity Water mass.
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Figure 8. Vertical section of temperature (leff) and salinity (righr) nominally along
10°E during inter-monsoon. Salinity >36 PSU is hatched to demarcate the Arabian

Sea High Salinity Water mass.

at least 2°C warmer (Figure 8, left panel). Though, in
general the salinity structure was similar to that during
February—March, the haline gradient seen at the eastern
region is diffused (Figure 8, right panel). The thickness
of the ASHSW also showed considerable change.

Surface meteorological parameters

To highlight the changes of the top layer of the ocean
during winter monsoon, we over-plotted the air tem-
perature, SST and MLD of inter-monsoon period along
64°E (leg 3).

The air temperature, during winter monsoon, in-
creased from 23°C in north to a little more than 26°C in
the south, while it was, in general, more than 28°C dur-
ing inter-monsoon, and at times reached up to 30°C
(Figure 9a). The SST showed about 3°C rise from
north (25°C) to south, in winter as compared to 1°C rise
in inter-monsoon (Figure 9 4). The MLD during winter
was deep (100m) in the north (Figure 9 ¢), which
shoals up to 80 m at 20°N and once again deepens to
120m at 17°N. South of this MLD shoals steadily
reaching up to 65 m. In comparison to winter monsoon,
MLD was very shallow, varying between 10 m in the
north and 35 m towards south, during inter-monsoon.

To understand the atmospheric forcing that lead to
the observed changes in the upper thermo-haline fields,
we analysed the heat and fresh water (evaporation—pre-
cipitation) fluxes along 64°E.
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The time-latitude distribution of the latent heat flux
along 64°E showed two high values, one during Novem-
ber-January, specially north of 10°N (130 Wm™), and
the other during May—August (220 Wm=) in the central
Arabian Sea (Figure 10 a). The sensible heat flux
showed heat gain in the central Arabian Sea from June
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Figure 9 a-¢. Distribution of (a) air temperature, (b) SST and (¢c) MLD.
The solid line indicates winter monsoon and broken line inter-monsoon.
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Figure 10 a—d. Time-latitude section of (2) Latent heat flux (Q,, Wm3), (b) Sensible heat flux (Q, Wm?), (c) Net
heat flux (Wm), and (d) evaporation—precipitation (E-P, mm/month) along 64°E. The hatched region in (¢)
represents a net heat loss while that at (d) shows where evaporation exceeds precipitation by more than 100 mm/

to September, while the northern Arabian Sea experi-
enced significant heat loss during winter monsoon
(about 7 Wm2, Figure 10 b). The net heat flux (Figure
10 ¢) pattern was similar to that of latent heat flux. E-P
depicted a net fresh water loss north of 12°N, with two
distinct maxima, one in summer (200 mm/month) and
the other in winter (125 mm/month) monsoons (Figure
10d). Throughout the year, the equatorial region re-
ceives excess precipitation over evaporation.

Discussion

The above analysis of the upper thermo-haline structure
and the surface meteorological parameters brings out
the interesting changes from winter monsoon to inter-
monsoon as well as the predominant north~south varia-
tions. The thermal structure during April-May showed
a thin mixed layer, varying from 20 to 35 m, with SST
more than 29°C. The core of the ASHSW, seen below
the surface in the north, deepens while spreading to-
wards south. Unlike this, during February—March, the
thermo-haline structure showed considerable changes in
the upper layers. The most dramatic change takes place
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in the mixed layer, which becomes deeper than 90 m in
the north, reaching up to 120 m at 17°N, while towards
south it is shallower (about 65 m). A weakly stratified
upper layer was observed, both along the shelf as well
as in the open ocean. The surface meteorological condi-
tions during April-May showed predominantly weak
northerly winds south of 17°N, which becomes progres-
sively westerlies and stronger towards the north. This
indicated the prevalence of north-east monsoon condi-
tions south of 17°N, and setting in of south-west
monsoon north of it (Figure 2 b). The increase in SST
(>29.7°C) over the air temperature (on an average 28°C)
indicated the increasing solar insolation during this pe-
riod (Figure 9 a), making the upper layer of the ocean
highly stratified. Under the prevailing weak wind con-
ditions and increasing solar insolation, one expects a
rather thin and more or less uniform MLD as observed
(Figure 9 ¢). During February-March, the winds were
weak throughout, on an average 5 ms™!, and were pre-
dominantly north/north-easterly indicating the prevail-
ing winter monsoon conditions (Figure 2 a). North of
17°N, the air temperature (Figure 9 a) was very low
(23°C) and accordingly the SST (Figure 9 b) also was
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low (25°C). However, south of 17°N, conditions were
warmer. Under the weak wind conditions, one would
expect shallow MLD, as is the case during April-May.
In contrast, the thermal structure showed deep MLD
(Figure 9 c), specially north of 17°N in the open ocean.
This suggests that the deepening of mixed layer in the
north, during winter, is not due to wind but is driven by
other atmospheric forcings.

In order to probe this further, we computed the heat
and fresh water flux into the atmosphere (E-P) along
64°E. During winter the northern Arabian Sea (espe-
cially north of 10°N) experiences a net heat loss (about
140 Wm™). This value is slightly lower than that of
Hastenrath and Lamb'® which showed a net oceanic heat
loss about 160 wm™ from October to December. An
examination of the climatological values' of specific
humidity during October (19 g kg™') and January (about
10 g kg™) in the northeastern Arabian Sea indicates the
prevalence of dry air during winter. The cool dry conti-
nental air brought into the northern Arabian Sea by the
prevailing north-east trade winds enhances evaporation,
as evident from E-P values (Figure 9), leading to sur-
face cooling. We estimated the cooling due to loss of
heat to the atmosphere using the formula!' AT=Qt/CM
[where Q is the net heat flux to the atmosphere (Wm™),
t the time period (seconds) over which the heat flux oc-
curs, C the specific heat of water (4.18 x 10%J kg™ K1)
and M the mass (kg) of the water cooled], which works
out to be about 3°C. Apart from the cooling due to
evaporation, the decrease of solar insolation (net short
wave radiation) from 220 Wm during October to about
160 Wm? during January'® also contributes to the fur-
ther cooling of the surface waters. Thus, in short the ob-
served reduction in SST (by about 4°C) and deep MLD,
in the northern Arabian Sea during winter is forced by a
combination of enhanced evaporation and reduction in
the solar insolation. In fact, this starts during December
and persists till end of February. Accordingly, the
northern Arabian Sea, north of 15°N, experiences cool-
ing and densification (Figures 4 and 7). This leads to
the formation of ASHSW'2, sinking and convective mix-
ing; and injects nutrients into the surface layers from the

thermocline region, as is evident from the shoaling of
2 UM nitrate contour, which is seen at 30 m at 13°N and
surfaced at about 17°N (ref. 13). In the Arabian Sea, ni-
trate in the surface layers is below detection level
except during monsoonal upwelling. The nutrient injec-
tion to the upper layers of the water column triggers the
primary productivity which was about 807 mg C m per
day*. On the basis of coastal zone colour scanner data,
Banse and McClain'* deduced the occurrence of highest
pigment concentrations north of 20°N. The data pre-
sented here is the first ever observational evidence elu-
cidating the physical forcing that brings about the win-
ter bloom in the northern Arabian Sea.
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