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ABSTRACT. Heat budget analysis of the mixed layer indicated that the surface cooling of 2.3° C in the cen-
tral Arabian Sca with the onset and sway of the summer monsoon over five weeks during MONSOON-77 was
mostly due to the net ocean surface losses as compared with the contributions of entrainment and advection of
colder waters. A major portion of the corresponding mixed layer decpening of 55 m is eexplained by the one
dimensional forcing of surface cooling leading to convective turnover. Under the only forcing of surface net heat

loss, simple prognostic calculations simulated the observed cooling with a r.m.s error )
phases JJecpen.ing with the corresponding error of 2.8 m and 6.3 m in phases I and II respectively.

and
1. Introduction

The seasonal onset and sway of summer monsoon
cools and deepens the mixed layer of the Arabian Sca
with varying magnitudes. The cooling is of the order
of 10° C in the western, 4° to 5° C in the central and
2° Ciin the eastern Arabian Sea (INDEX 1977). Maxi-
mum deepening of the order of 60-80 m occurs in the
central Arabian Sea (around 10° N & 60° E) and the
layer depth reduces radially towards the coasts (Robinson
et al. 1979). Several workers have attempted to ex-
plain the observed drop in the surface temperature.
Colon (1964) proposed that increased cloudiness (re-
ducing the solar radiation at the sea surface) and eva-
poration as the primary factors (contributing to the
observed cooling in the eastern Arabian Sea. Saha
(1974) hypothesized that following the coastal up-
wcllm? off Somalia and Arabia coasts, during late May
or early June, a wedge of cold water is advected across
the central Arabian Sea by the southwest monsoon
current. Dding and Leetma (1980) computed the heat
budget of the upper layers of the Arabian Sea and
attributed upwelling as the dominant factor responsible
for the observed summer monsoonal surface cooling
in the western Arabian Sea. Krishnamurthi (1981)
suggested that the surface cooling of the central and
eastern (50° to 70° E) Arabian Sea around 10° N during
June *79 was mostly governed by mid-oceanic upwelling
caused by the positive curl of the surface wind stress
associated with the summer monsoonal onset. Mc
Phaden’s (1982) mixed layer analysis indicated that

(43)

of 0.1 °Cin both the

about 80% of the observed variance in mixed layer
temperature on monthly time scales in the central
equatorial Indian Ocean can be accounted for by ob-
served surface heat flux. Ramesh Babu and Sastry
(1984) concluded that the downward transfer of heat
due to the mixing of warm surface and cold sub-surface
waters associated with increased current shear is the
predominant process responsible for the observed
cooling in the central and eastern Arabian Sea.

The mixed layer deepening is mostly attributed to
mixing caused by wind and wave action, by convective
turn over caused by the surface buoyancy flux inducing
entrainment of colder waters from below, by increased
current shear in the vertical across the base of the mixed
layer and by quasi-geostrophic anticyclonic motion
in the surface layer induced by the curl of the surface
wind stress etc. These arguments imply that different
processes assume differential importance at different
geographic locations of the Arabian Sea. However,
no definite quantitative figures are available to resolve
the importance of various processes that are identified
to explain the observed cooling and deepening of the
mixed layer. The main lacune for this a situation is
the lack of adequate time series measurements of tem-
peratures made in the upper layers of the Arabian Sea
during the summer monsoon season. Fortunately
this has been partially overcome with the systematic
collection of time series of surface marine meteorologi-
cal parameters and BT data by deploying ships at
selected areas of the Arabian Sea under different regimes
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ARABIAN SEA
PHASE - 1: 7-20 JUNE, 1977
PHASE -1 : 30 JUNE-16 TULY, 1977)

Fig. 1. Station location map with the track of the onset vortex
system

of the summer monsoon during the recent summer
Monsoon Experiments (ISMEX-73, MONSOON-77
and MONEX-79). In the present exercise advantage
is taken of the time series data collected from a station-
ary USSR ship polygon over the central Arabian Sea
during MONSOON-77 to parameterize some of the
known processes responsible for the observed drop in
SST and to link it with deepening of the layer.

2. Data

Four USSR ships were deployed as a stationary
polygon over the central Arabian Sea. The geographic
locations of the ships are shown in Fig. 1. Measure-
ments of solar radiation and all standard surface marine
meteorological parameters at hourly intervals, BT and
salinity measurements at 3 hourly intervals were made
during two phases of the observational schedule.

Phase 1: 7-20 June 1977
Phasc 11 : 30 June-15 July 1977

These data collected over a five week period provide
an unique opportunity to examine the observed vari-
ability of the upper ocean thermal structure under the
observed atmospheric forcing regimes. Daily averages
of marine meteorological parameters and BT data at
all the four ships are averaged to represent the polygon
average. Some preliminary studies using some of these
data were reported by Ramanadham et al. (1981), Rao
(1982) and Rao et al. (1985).

3. Analysis and discussion

The polygon averaged marine meteorological para-
meters representative of surface meteorological forcing
are shown in Fig. 2. In general larger fluctuations were
observed during the disturbed meteorological condi-
tions. Sharp variations in the surface pressure (drop
of 5 mb), wind speed (increase of nearly 6 m/s), vapour
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surface marine meteorological parameters

pressure gradient (drop of 2.5 mb) and sea minus air
temperature (drop over 2° C) are associated with the
onset vortex system (track shown in Fig. 1) during
8 to 12 June. After the passsage of the system retreat
to pre-onset conditions is evident only in the surface
pressure. After the monsoonal onset sea minus air
temperature continued to remain near zero value im-
plying neutral equilibrium conditions to have prevailed.
Sea surface temperature progressively cooled through-
out with time. During Phase Il the variations were
relatively less violent as near steady state conditions
were set in the monsoonal flow.

The progressive evolution of therimal profiles in the
topmost 200 m layer averaged for the polygon area is
shown in Fig. 3. During the five week period from 7
June 1977 the mixed layer cooled by 2.3” C and deepened
by 55 m. However. the cooling and the deepening
rates are higher in June compared to those in July
implying that oceanic response is relatively stronger
during the disturbed onset conditions of the monsoon
compared to that of the steady state monsoonal sway.
An inference may be drawn here that the cooling and
the deepening of the mixed layer might have also been
mostly influenced by the atmospheric forcing which is
relatively stronger during the burst of the onset event.
This would be illustrated further in the following dis-
cussion :
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Fig. 3. Daily variation of polygon averaged BT profiles
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Fig. 4. Depth-time variation of polygon averaged
temperature of the top 200 m layer

The observed thermal structure in the top 200 m
layer averaged for the polygon area is shown in Fig. 4.
Isotherms are contoured at 1° C interval through linear
interpolation in both depth and time domains. The
progressive cooling and deepening of the near surface
mixed layer is clearly seen. Below mixed layer in the
upper thermocline, a progressive downwelling of iso-
therms with higher rate in June over July is also noticed.
The average rate of down-welling reduced with depth.
For instance 27° C isotherm descended by 30 m during
the five week period implying an approximate sinking
of 75 cm/day. The corresponding figure for 17°C
isotherm is less than one third of the above. Yoshida
and Mao (1957) have linked up the observed vertical
velocities below the base of the mixed layer with the
prevailing wind stress curl. Rao (1984), Ramesh Babu
and Sastry (1984) have shown the occurrence of negative
(clockwise) wind stress curl estimated from the wind
measurements made from the four corners of the poly-
gon as a responsible mechanism promoting Ekman
type of convergence leading to sinking below mixed
layer (Yoshida and Mao 1957). The short ‘period
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embedded waves in the thermocline may be attributed
to inertial oscillations caused due to the monsoonal
wind forcing (Pollard 1970), ‘

To depict the thermal changes resulted in the top 200 m
layer with the onset and sway of the monsoon over
a five week period with respect to 7 June all the succes-
sive daily averaged BT data are subtracted from that
of 7 June and the deviations are contoured and shown
in Fig. 5. Positive values correspond to cooling and
negative values to warming with respect to the thermal
profile observed on 7 June. Progressive cooling of
over 2° C in the top mixed layer is evident. Durin
Phase II the cooling monotonically decreased from
surface to 60 m depth. A corresponding warming
below the layer is also seen prominently from end of
Phase 1. Highest warming of over 2° C and with re-
duced magnitude on either side in the vertical has
occurred around 95 m during Phase II, These observed
thermal changes clearly demonstrate that heat is effec-
tively redistributed in the vertical under the monsoonal
forcing. The probable mechanisms responsible for
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these observed changes, viz., cooling in the mixed layer
and warming in the upper thermocline will be discussed
later.
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The changes in the vertical temperature profiles from
7 June to 15 July are reflected in Fig. 6 (a). The two
profiles reveal the occurrence of cooling and heating
above and below 60 m, respectively. By 15 July the
cooling decreased with depth from the base of the mixed
layer of 7 June (~ 40 m) while heating increased from
60 m to almost 95 m and then reversed downward.
These changes show that cooling of the layer has occurred
not only due to heat exchange processes across the sur-
face but also due to heat flow across the base of the
mixed layer. Penetrative deepening of the mixed layer
reflected in the BT profiles of 15 July clearly calls for
the incorporation of heat flow across the mixed layer
base. In this case the entrainment of cold waters
from below must have also contributed to the observed
cooling.

An attempt has been made, therefore, to resolve and
quantify the contributions of various processes as net
oceanic surface heat loss, entrainment and vergence
of heat to explain the observed drop in the temperature
of the mixed layer. The heat budget equation for the
mixed layer for each observed phase may be wtitten
as

T ; | , ' ;
= |t 2otz Q:«-J [ eesi @
where, ¢T/at : change of temperature from beginning
to the end of each phase.

ZQy : cumulative net ocean heat gain/loss
across the surface through all radiative
and turbulent exchanges from begin-
ning to the end of the phase.

2Qp : cumulative entrainment of heat ac-
ross the base of the mixed layer from
beginning to the end of the phase.

ZQy : cumulativelateral vergence of heat into
the mixed layer from beginning to
the end of the phase.

i : phase averaged mixed layer depth.

The surface heat budget estimates from Rao e al.
(1985) have been utilised for Qy in this study. The
distribution of heat input through insolation, of heat loss
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Fig. 7. Daily variation of polygon averaged surface heat
budget estimates

through net long wave radiation, of latent and sensible
heat fluxes and of the net heat gain as a balance between
these is shown in Fig. 7. Negative values imply loss
to the ocean. Heat input varied from 200 cal/cm?/
day to nearly 600 cal/cm?/day mainly as a function of
cloudiness. On the whole lower heat input was received
in June compared to July. The opposite is the case for
the heat loss from the sea. Higher heat losses are noticed
in June compared to July. The coincidence of low
heat input and high heat loss values on the disturbed
days is evident. The net heat gain is mostly negative
throughout implying loss to ocean. Values reached
as low as —700 cal/cm?/day during the initial days
associated with the onset vortex system which traversed
westward north of the polygon. Higher net heat
losses occurred to the ocean in June compared to July.
This is in accordance with the observed higher cooling
anfl deepening of the mixed layer in June compared to
July.

A simple graphic method is devised to indirectly
estimate the contributions of cooling from entrainment
(ZQp) and vergence (ZQy). Fig. 6(b) shows a
typical representative situation of upper ocean thermal
conditions before (profile CDEGH) and after (profile
BEFH) the forcing of the monsoon. The mixed layer
cooling might be equated to the graphically integrated
difference in the heat contents of ABCDEGA and
ABEFGA, i.c., heat contents with respect to the tempera-
ture at G as the final BT profile showed the mixed
layer deepening upto that depth. Excluding the com-
mon area ABEGA, areas BCDEB and EFGE are of
interest. Here it is proposed that the heat content of
BCDEB is to be equated to the sum of XQy and
2Qy. ZQy isestimated as a residual term as ZQy is
derived with marine meteorological data. The heat
content of EFGE is to be equated to the contribution
of ZQp The cooling values from these individual
estimates of ZQy, ZQp and 2'Qp are shown in
Table 1.

The sum of the computed cooling for each phase due
to all these three processes is shown in the fourth row
for comparison with the observed cooling of the mixed
layer shown in the fifth row. The error as the differ-
ence between computed and observed cooling is shown
in the last row. During Phase I surface heat fluxes and
entrainment across the base of the mixed layer contri-
buted to the cooling (the former being much higher)
while the vergence of heat contributed to warming of
the layer. This situation changed in Phase 11 only in
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TABLE 1
Mixed layer cooling (°C) in the central Arabian Sea from heat budget estimates during MONSOON-77
7= 20June *77 (Phase I) 30 June — 15 July *77 (Phase IT)
I A \ p A,
UN UE U UW ¥ UN UE U UW ¥
(1) Z Qv (Surface heat budget) —1.18 —1.26 —0.83 —1.12 —1.10 —0.42 -0.13 -0.03 —0.33 —0,23
(2) Z Qk (Entrainment) —0.47 —0.15 —0.20 —0.05 —-0.22 —0.23 —0.01 0.01 —0.03 —0.07
(3) Z Qv (Vergence) 0.23 0.40 —0.17 0.63 0.36 0.26 —0.26 —0.41 —0.14 —0.14
@ ZQv+ZQe-+ZQv —1.42 —1,01 —0.86 —0.54 —0.96 ~0.39 —0.40 —0.44 —0.50 —0.43
(5) Obs. cooling —1.24 —1.05 —0.77 —0.54 —0.90 —0.20 —0.42 —0.44 —0.50 —0.39
(6) Error 0.18 —0.04 0.10 0,00 0.06 0.20 —0.02 0.00 0.00 0.05

respect of vergence of heat with the only exception
at the northern location of the polygon. During
Phase I the cooling caused by surface heat exchange
processes is five times of entrainment. This factor is
reduced from five to three during Phase II. Rao (1982)
inadvertantly ignored the influence of inertial oscil-
lations while attributing entrainment as the dominant
process responsible for the observed cooling. During
Phase T heat gain due to convergence in the mixed
layer may be accounted due to the prevailing thermal
gradient from northwest to southeast (the average
SST values for Phase I at northern and eastern corners
of the polygon were 29.4° C and 29.0° C respectively),
and southeasterly currents upto 100 m depth (Ramam

et al. 1982). With no major change in the current
pattern, the thermal gradient got reversed during
Phase II (the average SST values for Phase Il at northern
and eastern corners of the polygon were 27.9° C and
28.2° C respectively). During Phase II the contri-
bution of advection of colder waters has become rela-
tively prominent (accounts one third of the observed
cooling). This may indicate that advection of colder
upwelled waters off Somalia and Arabia coasts becomes
significant only after the atmospheric and oceanic flow
patterns attain steady state conditions. The polygon
averaged error estimates being mostly less than 0.1° C
give considerable reliance on the scheme devised for the
heat budget estimation of the mixed layer.
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An attempt is made to simulate the observed cooling
and deepening characteristics of the mixed layer with
the following diagnostic calculations :

20y
MLD;+1 = MLD, - —2¥
t+1 D, ey AT 2
L = | Oy o
MLT; 11 MLT,; -+ b & MLD; (3)

where the subscripts 7 and [/ indicate time and initial
values respectively.

MLD : mixed layer depth
MLT : mixed layer temperature

ATy :drop of temperature just below mixed layer
in a slab of thickness Az,

Eqn. (2) from James (1966) is modified here. Calcula-
tions are repeated for different Az values from 10 m
to 100 m to get the best estimates of layer depth. The
calculations are made by considering the. values
ATy on 7 June and 30 June as initial conditions for
both the phases separately. Fig. 8 shows the temperature
drop in the slab versus thickness (Az) for 7 and 30
June. Almost linear increase in the drop of temperature
with slab thickness is evident. The thermal gradient
below mixed layer is sharper on 30 June over that of 7
June. The r.m.s. error in the predicted MLD with tem-
perature drop (AT for different slab thickness is
shown in the bottom panel of Fig. 8 for both the phases.
Best predictions of MLD are obtained with Az=50 m
forPhase Iand Az = 30 m for Phase Il with corres-
ponding temperature drops (A77) of 3.9° Cand 2.6° C
respectively. Mixed layer depth is predicted using these
observed temperature drops in the slabs of 50 mand 30 m
respectively for 7and 30 June as the initial bottom boun-
dary conditions and the variable daily heat budget
estimate Qy. Predicted MLD is incorporated in Eqn.
(3) to predict the MLT. Cumulative net surface heat gain
from 7 and 30 June is shown in Fig. 9 for both the
phases. In the bottom panel, observed and predicted
‘MLD and MLT show a remarkable agreement in their
slopes, thus pointing out the importance of surface
heat exchanged in regulating MLD and MLT. The
agreement between predicted and observed MLD
during Phase I is significant. However, during Phase
II the predicted layer depth is an under estimate of the
observed. As the cooling is concerned, the agreement
is alsc good though the predicted MLT is an over estimate
of the observed. It is logical to conclude here that the
surface heat losses cannot account for the total cooling
as the other processes like entrainment and vergence
also contribute to cooling.

4. Conclusions

(?) Polygon averaged mixed layer in the central
Arabian Sea cooled by 2.3°C and deepened
by 55 m with the onset and sway of the summer
monsoon.

(if) Cooling caused by net surface heat losses is
found to be 3 to 5 times that of entrainment.

(iii) Advection of colder waters seems to assume
importance only after the complete onset of
the monsoon (i.e., under steady state condi-
tions) :

(1v) Simple prognostic calculations incorporating
only surface heat exchanges simulated the
observed cooling and deepening remarkably
well with small r.m.s. errors.
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