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ABSTRACT. The observed seasonal variability in the thermal structure of the topmost 200 m water column
of the central Arabian Sea (Marsden Square No. 066) is presented with the aid of all the available historic BT/
XBT/Nansen cast data sets. The heat budget estimates of the water column are discussed in terms of net surface
heat gain extracted from Hastenrath and Lamb (1979) and of heat storage rate derived from successive mean
monthly vertical temperature profiles and divergence of heat derived as a residual term. The influence of seasonal

reversing monsoons on the observed seasonal variability of heat budget of the upper layers is highlighted.

1. Introduction

The seasonal scale variability in the thermal structure
of the upper layers (surface mixed layer and upper ther-
mocline) of the Arabian Sea is mostly governed by the
forcing of seasonal reversing monsoons. The sea
surface temperature (SST) exhibits bimodality due to
heating and cooling regimes caused by the summer and
winter monsoons superimposed by the latitudinal march
of solar heating. The annual range of SST is highest
in the western Arabian Sea and decreases eastward.
The SST is known to be controlled by a variety of sur-
face meteorological and sub-surface oceanic processes.
Surface heat budget components such as solar ra-
diation, net longwave radiation, sensible and latent heat
fluxes, coastal and mid-oceanic upwelling, advection of
warm or cold waters, lateral diffusion, entrainment of
colder waters from below and the thickness of the mixed
layer are all known to contribute to the variability of
the SST. The relative importance of these processes
vary both in time and space.

Several authors have attempted to explain the inter-
action between the monsoons and the Arabian Sea
both in the temporal and spatial domains. Surface
heating during summer (March-May) and cooling
during the following monsoon season (June-August),
as the dominant signal in the bimodal distribution of
SST, has attracted the attention of several workers.
Wyrtki (1970) found that over most of the Indian Ocean
the yearly cycle of thermal regime is the strongest sea-

sonal signal and is usually far larger than the non-
seasonal random fluctuations. Colborn’s (1975) re-
sults indicate that the monsoon-controlled northern In-
dian Ocean exhibits thermal structure variations in
the upper 500 m that are unique to these latitudes in the
oceans of the world. Tunnel (1963) suggested that the
advection of cold upwelled waters from the coastal
regions is the primary cooling mechanism in the north
central Arabian Sea. But Colon (1964) found that the
primary process causing the mid-summer cooling in the
central Arabian Sea is the change in net surface heat
exchange brought in by increased evaporation and
decreased incident solar radiation. Wooster er al.
(1967) found the intensity of cooling increases from May
through August along the Somalia and Arabia coasts
due to coastal upwelling. Duing and Leetmaa (1980)
in their preliminary study of the heat budget of the near
surface layers of the Arabian Sea found that in the
summer months heat loss due to upwelling more than
offset the net heat gain from the atmosphere and that
the effect of advection was relatively small. They sug-
gested that the relative importance of these terms will
vary from one part of the Arabian Sea to another.
Results of McPhaden’s (1982) heat budget analysis
at a station in the central equatorial Indian Ocean
indicated that about 809 of the observed variance in
the mixed-layer temperature on monthly time scales
can be accounted for by surface heat fluxes.
Shetye (1986) pointed out the relative importance of
both lateral and vertical advective transports of heat
against the surface heat fluxes along 10°N during the
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Square No. 066)

Fig. 2. Net annual oceanic
heat gain (W/m?)

(From Hastenrath

and Lamb 1979)

TABLE 1
Month No. of No. of Total
BT casts hydrocasts

January 103 8 111
February 30 20 50
March 46 21 67
April 22 20 42
May 27 52 79
June 57 40 97
July 6 15 21
August 16 41 57
September 20 6 26
October 26 28 54
November 28 30 58
December 151 7 158

Total 532 288 820

summer monsoon season. Molinari et al. (1986) also
resolved the relative importance of surface fluxes, en-
trainment, lateral advection and vertical diffusion in
maintaining the observed seasonal temperature cycle
at selected areas in the western Indian Ocean. The pre-
vailing clockwise/anticlockwise surface wind stress
curl during summer/winter monsoons produce a dy-
namic effect resulting in the convergence/divergence of
Ekman transports leading to the vertical displacement
of isotherms in the thermocline. The seasonal vari-
ability in the thermocline, therefore, mostly reflects
the relative importance of vertical advective processes.
In addition, geostrophic flow in association with the
prevailing energetic eddy field (Duing 1971) would
also contribute to the observed seasonal variability.
The relative contributions of surface heat-exchange
processes and lateral and vertical advection to the sea-
sonal heat storage rate are not known in clear terms.
An attempt is made to parameterize these processes
for the central Arabian Sea where the seasonal summer
monsoonal mixed layer deepening is largest and spatial
variability in the annual net surface heat gain field is

relatively weak (Fig. 1, Marsden Square No. 066)
with the available data sets.

2. Data

All the available Nansen cast and BT data from NODC
files pertaining to the Marsden Square No. 066 (ten
degree square bounded by 10°N-20°N and 60°E-70°E)
in the central Arabian Sea are utilized to con-
struct the monthly mean vertical profiles of tempera-
ture. Nansen cast temperature data are interpolated at
every 5 m interval from the values reported at standard
depths for the top 200 m water column following Bor-
kowski and Goulet (1971). Appropriate weights for
water-bottle temperature data and BT data are given
based on the total number of each type while
merging the two sets. The distribution of the
data utilized is shown in Table 1. Surface heat
budget estimates are extracted for the 10-degree
square from Hastenrath and Lamb (1979). Values
are read at 2.5° grid and are then averaged
out for the 10-degree square for each month.
Bunker (1972) provided the long-term mean (25-year
averages) values of the surface marine meteorological
elements for all the twelve months for this 10-degree
square.

3. Methodology

Following Etter (1983) the thermal energy budget
of an oceanic water column may be expressed as :

Os = Qs+ Qv (1)

where,
Qs = oceanic heat storage rate (W/m?),
Qp = net surface heat exchange through short and

long wave radiative and turbulent heat ex-
change processes (W/m?2).

Oy = divergence of heat flux due to lateral
and vertical advective processes (W/m?).

The net heat gain term at the sea surface (Qp) is
extracted from Hastenrath and Lamb (1979). The heat
storage rate term (Qy) is derived from successive profiles
of mean monthly vertical temperature. 0g may be ex-
pressed as :

0

éT, oH
Qs = f P o B =—r ()
—D

where,

T, = water temperature at depth z
t — time(month)
z = vertical coordinate (positive downward)

¢, = specific heat of seawater at
pressure

constant
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= density of seawater
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D = depth of integration (200 m)
H = heat content of the water column
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Following Emery (1976) the divergence Qy termmay be
expressed as :

W
Qvr=Vi. Vﬂ—TDP- (H— pe, D T,p) C)]
where,
V, = average horizontal component of velocity
in the water column bounded by the surface
and depth D

Wp = vertical velocity evaluated at depth D
T,p = water temperature at depth D

Applying the conservation of heat at depth D under
some assumptions, Emery (1976) formulated :

aT,lot
W ='T:w4-— (5
Sy Y )
aT,
where, 5 = monthly temperature change at D
oT, :
T mean monthly vertical temperature

gradient at D

4. Analysis and discussion

All the available marine meteorological data for MSQ
066 collected during 1948-1972 have been compiled by
Bunker (1972). These values are utilized to describe
the near surface climatic conditions as some of the near
surface climatic elements described here are not given
on monthly resolution by Hastenrath and Lamb ( 1979).
The distributions of monthly means of these meteoro-
logical elements are shown in Fig. 3. The influence
of both the monsoons is distinctly seen in all the meteoro-
logical elements. The surface pressure varies between 1006
and 1014 mb with the occurrence of bighest and
lowest values during winter and summer monsoon seasons
respectively. The scalar wind speed ranges between 4
and 12 m/s with the highest values occurring during the
summer monsoon season. Visually observed cloudiness
ranges between 2 & 6 octas with the peak values appear-
ing during the summer monsoon season. Humidity mixing
ratio of the air progressively increases from 15 to 21g/kg
from January to May/June and decreases thereafter.
Both air and sea surface temperatures show bimodal
distributions with an approximate annual range of 4°C.
Pre-monsoonal heating from March to May followed
by summer monsoonal cooling are apparent in the tem-
perature distributions of air and surface water. The same
cycle is repeated with a mild warming phase from August
to October and with a mild cooling phase from October
to January. The air-sea temperature differences are weak
(<1° C) throughout the year, thus indicating neutral
equilibrium conditions near the surface.

Hastenrath and Lamb (1979) estimated net oceanic
heat gain for the Indian Ocean with the data base of
60 years. Fig. 2 shows the distribution of net annual
occanic heat gain for the Arabian Sea extracted from
Hastenrath and Lamb (1979). Positive values imply
heat gain to the ocean. The distribution shows
net heat gain by the ocean on an annual cycle.
The values are relatively higher in the coastal
regions with strong lateral gradients towards
the open ocean. This annual accumulation of
heat at the surface necessitates the redistribution of the
same through other oceanic processes as advection and
diffusion both downward and southward. However,
these heat gain estimates are to be viewed under the
following constraints : (i) the collection of surface marine
meteorological data are mostly biased to both concent-
rated shipping lanes and fair weather conditions as these
ships tend to avoid rough weather conditions and/or
areas ; (ii) the authors have used constant values for the
exchange coefficients in the estimation of turbulent heat
exchange terms. These exchange coefficients are known
to depend on the near surface wind strength and atmos-
pheric stability regimes. During the disturbed weather
conditions the numerical values of these exhange coeffi-
cients are not expected to remain constant. Both these
reasons probably contribute to the over-estimation of
net oceanic heat pain distribution shown in Fig. 2.

The merged data set of vertical temperature profiles
are smoothed in the temporal domain passing the data
through the Han window. Depth-time section of tem-
perature for the top 200 m water column (Fig. 4) is
constructed through linear interpolation. The topmost
50 m layer or so exhibits a well defined bimodal nature
with alternating heating and cooling regimes but with
unequal magnitudes. The downward penetration of




244 R.R. RAO

AI;INUAL TEMPz RANGE ('c)3

«mmnwaw-mbﬁf%aw DEPTH (M)
&~

Fig. 5. Annual range of temperature in the topmost 200 m

water column

these regimes also differed. Pre-monsoonal heating
and summer monsoonal cooling of about 3°C
and post-monsoonal heating and winter cooling of about
2°C is conspicuously noticed in the top 40-50 m layer.
Below 60 m depth, isotherms are parallel with a concave
shape in the themocline. Isotherms are displaced down-
ward during the summer monsoon season and upward
during the other part of the layer. The topography of
these isotherms suggest the dynamic response on a basin
scale due to the Ekman type of convergence/divergence
caused by the prevailing clockwise/anticlockwise surface
wind stress curl during the summer/winter monsoon
seasons. The amplitude of the isotherm displacement
is about 25 m implying an upwelling/sinking rate of
2 m/month in the upper thermocline. Large-scale wind
stress curl is well known to influence the topography
of the isotherms below the mixed layer through an
Ekman type of pumping (Yoshida and Mao 1957).
Meyers (1979) reported a good agreement between
Ekman forcing and thermocline displacements in the
region 10°-15°N of the Pacific Ocean. The vertical ther-
mal gradient in the thermocline moderately decreased
with depth. These vertical advective processss are,
therefore, expected to play an important role in the
observed seasonal temperature changes in the upper
thermocline.

The annual range of temperature in the top 200 m
water column is shown in Fig. 5. The range is highest
in the top 20 m layer (>3°C). This large value is result-

ed due to the strong heating and cooling cycles caused
by the monsoons under variable seasonal sclar heating.
Below this layer the range progressively decreased do-
wnward, reaching a minimum value around 70 m depth.
This level approximately coincides with the annual
maximum of the mixed layer depth for this area. A
mild increase in the range is evident in the 70-100 m
layer. The secondary maximum occurred around 100 m
depth followed by a gradual reduction downward.
This maximum around 100 m depth might have been
due to large amplitude of the isotherm displacement
caused by the dvnamic response of the ocean to the
reversing monsoonal wind stress curl. The strong verti-
cal thermal gradient also influences the observed large
amplitude of the vertical oscillation.

The mixed layer depth (MLD) is estimated from the
mean vertical temperature profile as the depth where
the temperature is less by 1° C from SST. The annual
march of MLD and SST are shown in Fig. 6. Both the
the curves show bimodal nature. The broad agreement
in their phase indicates that the observed variability
in MLD and SST has probably resulted from the same
causative factors. The mixed layer shoaling is generally
caused by net surface oceanic heat gaino, leading to near
surface thermal stratification, upwelling/divergence,
internal/inertial waves, while deepening is attributed
to wind and wave mixing, convective turnover caused
by buoyancy flux, dynamic instability below the layer/
stratification and convergence. The MLD varied between
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Fig. 6. Aonual march of SST and MLD

25 and 75 m with the occurrence of minima in April
and October and maxima in February and September.
Steep shoaling resulted during the pre-monsoon season
due to intense solar heating of about 3°C when the
turbulent heat losses were very weak across the air-sea
interface. A progressive deepening of 40 m from April
to September resulted due to the enhanced mixing
caused by the summer monsoonal forcing with an
associated surface cooling of nearly 3° C. During
this period the deepening rate is highest when the stren-
gth of the summer monsoon is at its peak. Withdrawal
of the summer monsoon and resulting clear skies lead
to a secondary warming of about 1.5°C from August
to October. During the following winter monsoon season
the layer cooling and deepening are of the order of 2°C
and 40 m respectively. These observed seasonal cycles
clearly reveal the importance of the forcings of the rever-
gx;lnfpmonsoons in regulating the variability of SST and

Th: annual march of net surface heat gain (Qp),
heat storage (Qy), and heat advection (Qy) as the residual
term for the top 200 m water column is shown in Fig.
7. Positive values indicate heat gain to the ocean.
The relative contributions of Qg and Qy to the observed
variability of Q. is evident from this figure. Over an
annual cycle O mostly contributed to the supply of
heat with minor exceptions during June-July (summer
monsoon season) and December-January (winter mon-
‘soon scason). A steep rise in the heat storage rate during
the first four months suggests accumulation of heat mostly
through solar heating and advective processes during
this period. The heat storage rate begins to recede in a
dramatic way during May, June and July under the in-

Fig. 7. Annual march of net oceanic heat
gain (@p), heat storage rate (Qs) and heat
advection (Q¥) in W/m?

fluence of the summer monsoonal forcing. This rapid
reduction in Qg seems to be mostly determined by Qy if
the estimates of Qpare reasonably accurate, This heat
drainage through advection persists from May through
December to compensate for the anomalous accumula-
tion of heat through Qp. Interestingly, all the three
curyes are in phase although their magnitudes differed.
The annual march of the integrals of these estimates
(Fig. 8) show some interesting features. The integral of
all the three terms monotonically increased from January
to May. Although Z'Qp shows further increase during the
rest of the year, Z'Qgregisters a gradual decrease from
May and reaches zero by December, thus, indicating a
balance on an annual cycle. The reductionin XQy from
May is controlled by ZQyp suggesting drainage of heat
during April/May to December. There is an exact ba-
lance between the annual integrals of ZQp and ZQy
(~400 W/m?).

In order to understand the relative contributions of
horizontal and vertical transports of heat, the advection
term (Qy) is further resolved into lateral (in the top 200
m) (Qyx) and vertical at 200 m depth (Qyy) contribut-
ions with the aid of Eqn. (4) and the distributions are
shown in Fig. 9. The vertical heat transport at 200 m
depth shows three typical regimes : downwaed transport
of warmer waters from January to May, very weak
transports from May to August, and upward transport
of colder water from August to December. The magnitu-
des of the slopes of the isotherms (Fig. 4) are reflected in
the estimates of Qpy. On the other hand, Qyy is
mostly negative (with the only exception in April)
implying divergence of accumulated heat in the top
200 m water column. During the summer season Qyg
is found to be larger than Qyy.
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In the following section an attempt is made to break
down these budget estimates for each 50 m slab from
surface to 200 m depth. The annual variability of the heat
content in each 50 m slab isshownin Fig. 10. As expect-
ed, the heat content of the slabs decreased with depth. A

bimodal distribution is evident only in the topmost 50 m
layer while a unimodal distribution is noticed in the other
three slabs between 50 and 200 m depths. The impact
of the winter monsoon in the central Arabian Sea appears
to be limited to 50 m or so. Accumulation of heat from
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January to May is a common feature in all the four slabs.
The accumulation is rapid while the depletion is rather
slow. The amplitude of the annual oscillation decreased
with depth. The variability of the heat storage rates in
all the four slabs is shown in Fig. 11. The magnitude
and amplitude of Qg for the topmost 50 m slab is
significantly different from those of other three. Large
seasonal variations are confined only to the topmost
50 m layer under the influence of surface heat
exchanges and advection associated with the reversing
monsoonal forcings. An agreement in phase in the
upper two slabs is also evident. The heat storage
rates in the lower two slabs resemble each other.

The heat advection term (Qv) for the top 200 m water
column is decomposed for each 50 m slab and the deri-
ved annual variability is shown in Fig. 12. Positive
values imply convergence of heat in the water column.
In the topmost 50 m layer heat diverged throughout the
year with its peak value occurring during July-
August. This heat divergence might have been accom-
plished either due to export of warm waters during the
winter monsoon season and/or due to the import of
cold waters during the summer monsoon season. The
colder waters upwelled off the Somalia and Arabia
coasts appear to have advected into the study area during
July-August. The corresponding pattern for the deeper
slabs is dissimilar to that of the topmost 50 mslab. In
the deeper slabs accumulation of heat is noticed from
January to May while depletion is seen during the rest
of the year in accordance with the vertical displacement
of isotherms in the upper thermocline.

5. Summary and conclusions

All the surface marine meteorological elements show
strong seasonal cycles. The net surface heat gain esti-
mated by Hastenrath and Lamb (1979) suggest accumula-
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tion of heat in the Arabian Sea on an annual cycle. Heat
divergence through lateral and vertical advection and
diffusion (not estimated in this study) must become im-
portant to maintain thermal equilibrium on an annual
mode. The semi-annual signal noticed in the surface
temperature appears to have penetrated only to a depths
of 40 to 50 m under the heating and cooling regimes
through the course of one year. Below 60 m depth,
annual signal is noticed in the vertical displacement of
isotherms in the thermocline, The topography of the
isotherms might have manifested as a result of Ekman
type of divergence caused by the prevailing surface wind
stress curl. The surface mixed layer depth exhibited a
similar variation as that of SST suggesting that both
these variables are influenced by the same causative
factors. The heat storage rate is positive (accumulation
of heat) during January through May and with the onset
and sway of the summer monsoon this accumulated heat
is drained out in a dramatic way during May, June and
July. Relatively large seasonal variationsare confined to
the topmost 50 m water column compared to deeper slabs
of water, Heat appears to have diverged out of the
topmost 50 m water column throughout the year while
in the deeper slabs accumulation of heat is noticed from
January to May and depletion of heat is found during
the rest of the year.
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