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ABSTRACT. The thermal response of upper eastern Arabian Sea to the summer monsoonal forcing
is documented with the aid of surface marine meteorological and upper ocean temperature (BT) time
series data cellected frem two Indian stationary ships during Monsoon-77. Near surface mixed layer
cooled over 2 deg. C and deepened non-penetratively of the order of 25-35 m with the onset and
progress of monsoon. Depth-time sections of temperature constructed with daily averaged BT data
revealed upwelling below mixed layer resuiting a cooling of 2 deg. to 3 deg. C. A double cored maxima
in the vertical thermal gradient was noticed only at the northern location while at the southern location
w single cored maximum was noticed throughout. Diminishing tendency in the heat content of top

most 100 m and 200 m layers was attributed to the upwelled colder waters from below.

r

1. Introduction ! T

In response to the wind stress exerted by the summer
monsoonal flow during May to August, the Arabian
Sea exhibits surface cooling and deepening of the nedr
surface mixed layer with varying magnitudes in its
spatial domain, The sea surface temperature (SST)
drops over 10 deg. C in the western, 4 deg. to 5 deg. €
in the central and 2 deg. C in the eastern Arabian Sea
with the onset and progress of summer monsoon,
(INDEX 1977). However, the phenomenon of mixed
layer deepening does not exhibit such as well defined
longitudinal asymetry from west to east but it deepens
maximum in the central Arabian Sea (around
10 deg. N & 60 deg. E) and with a decreasing magni-
tude towards the coasts around during the same period,
The mixed layer even shoals off the west coast of
India from May to August. The surface cooling is
mostly attributed to the coastal upwelling, advection
of colder waters from upwelled areas, net occanic heat
loss mostly through evaporation and entrainment of
colder waters from below through erosion of thermo-
cline etc. The deepening of the mixed layer is usually
attributed to the influence of mixing caused by wind

1)

and wave action, convective turn over caused by
buoyancy flux, dynamic instability /stratification below
the base of the mixed layer and sinking/upwelling
caused by the large scale wind stress curl,

The seasodal (Summer monsoon) anticlockwise
wind stress curl causes Ekman transport leading to
convergence in the surface layers of central Arabian
Sea which results in the thickening of the warm sur-
face mixed layer. Conversely, the coasta] oceanic belt
of north Arabian Sea, experiencing cyclonic wind
stress curl, manifests in the thinning of the surface
layer. On a seasonal scale these broad features are
well portrayed in the Atlases of Hastenrath ef al.
(1979) and Robinson er al. (1979). However, on a
synoptic scale in the temporal damain of summer mon-
soon, the variability in the characteristics of the surface
mixed layer and upper thermocline in the eastern
Arabian Sea is not well reported in the literature, In
the present study advantage is taken of the time series
measurements made at two selected stationary posi-
tions in the eastern Arabian Sea during a monsoon
experiment (Monsoon-77) in 1977, to document the
thermal response to the summer monsoonal forcing.



78

-~ .
”L-i‘ INDIA
N 7

- -

g

~ 3

ARABIAN SEA \
\

L L
1N & 7%y

\

oI5 _ |
FAAEE REd m‘E\
1 - 26MAY-7JUN,77 \
0 - 26JUN-I5JUL,77
H ~ &AUD -18AUG, 77 (ONLY IN)

Koo

70°E

A

% \

Fig. 1. Indian station locations map
during Monsoon-77
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2. Data

To Indian ships occupied stationary positions in
the eastern Arabian Sea during Monsoon-77 experi-
ment. The geographic locations of the ships and the
periods of deployment are shown in Fig. 1. The three
observational phases considered in this study corres-
pond to pre-monsoon (phase-1: 26 May to 7 June),
established monsoon (phase-11 : 26 June to 15 July)
:md' break monsoon (phase-111 : 4 Aug to 19 Aug)
periods. The two ships occupied the same positions
in all the phases with the exception of southern ship
which occupied a stationary position in northern Bay
of Bengal during phase-II1.” Time series measurements

of routine surface marine meteorological parameters
and bathythermograph data collected at three hourly
intervals from these two stationary ships form the
main data input to the present study. Only daily ave-
rages of the observed data are used. The stationary
locations 17 deg. N & 71 deg. E and 13 deg. N &
72 deg. E are designated as IN and IS respectively
in the following discussion. ,

3. Analysis and discussion

3.1. The distribution of observed near surface wind
speed at both IN and IS is shown in the top panel
of Fig. 2. During phase-I, the winds were weak with




THERMAL RESPONSE OF UPPER ARABIAN SEA TO SUMMER MONSOON 79

w TEMP{®C)—= ;
L) 16 18 20 22 24 26 28 3
T S

STATION I7N&TIE

120
1490

STATION I3N&T72E |
- —

— DEPTH (M)

N AVERAGE OF 76,274 28 May, 77

.4 AVERAGE OF 7,849 40677

¢+ AVERAGE OF 1314815 JJiv 77 |
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an average speed of 4 m/s. Towards the end of phase-
I, sudden increase in the speed can be noticed only
at IS, on account of the onset of monsoon around 5
June when wind strength got early doubled during the
last two days. The wind speed at both the stations was
consistently more than 8 m/s during phase-11. During
4 to 7 July a peak in the speed can be attributed to
the strengthened monsoonal flow in association with
a depression over Bay of Bengal. At IN the wind speed
progressively decreased from 8 Aug till the end of
the phase-IIT on account of prevailing break condi-
tions in the monsoonal flow.

Surface heat budget estimates (Fig. 2) are derived
by calculating the latent, sensible heat losses and net
long wave radiation following the procedure described
in the Rao ef al. (1985). As no direct measurements
of solar radiation were available, the observed radia-
tion data from the nearest coastal stations (Bombay
19.1 deg. N & 72 .9 deg. E for IN and Mangalore
12.9 deg. N & 74.9 deg. E for IS) were made use of
in estimating the net heat gain by the oceanic surface.
As the observed radiation depends upon the cloud
cover, a comparison is made for ship and coastal
station cloud data. On the whole the cloudiness at
Bombay and IN matched very well while the values
at 1S were found to be little higher over those of
Mangalore. No usage of empirical equations was made
in view of non-availability of reliable equations to
compute short term varying solar radiation, Hence the
net gain values may have to be viewed only as the
best approximations. Positive values indicate heat gain
to the ocean. IN recorded a gain of 200 to 300 cal/
cm®/day before the onset of monsoon while IS exhi-

bited two negative maxima around 30 May and 6 June
respectively. The former dip at IS was associated with
a well-marked trough of low pressure over Laksha-
dweep and off the southwest coast of India. The latter
steep fall of — 300 cal/cm?/day resulted on account
of the sudden burst of the monsoon. During phase-
II IN showed a progressively increasing heat gain
while 1S recorded heat gain only during the first eight
days and mostly heat loss during the following period.
The heat loss at 1S can be accounted to the strengthen-
ing winds in association with the depression over head
Bay of Bengal. Decreased insolation due to heavy
clouding in the ITCZ might have also contributed to
the heat loss. The increasing tendency of heat gain
at IN might have spuriously resulted on account of
over estimation of solar radiaton. During phase-T11
occanic heat gain was positive at IN probably on
account of clear skies associated with the break condi-
tions in the monsoonal flow.

3.2. Variability of SST & MLD

The variability of SST and MLD at IN and IS in
the temporal domain is shown in Fig. 3. The dotted
lines correspond to missing data. The SST was over
30 deg. C at both the stations before the onset of the
monsoon. A mild heating tendency was seen during
the first week of June only at IN mostly due to clear
skies. 1S occupying a southern latitude experienced
onset of the monsoon around 5 June lowering SST
from 3 June. When the ships occupied the same res-
pective stationary positions on 26 June, i.e., after the
complete onset of summer monsoon, SST dropped by
about 1 deg. C at IS and 1.5 deg. C at IN, over a
period of 3 weeks, This was the period when the cooling
rates were highest associated with the onset of the
monsoon. During the following three weeks (i.e.,
during phase-II) the SST further lowered at both the
stations but with a lesser magnitude of 0.5 deg. C duc
to the prevailing near saturated atmospheric condi-
tions. At IN, SST showed further cooling around
1 deg. C from 15 July to 14 Aug. The trend was,
however, reversed from 14 Aug, leading to an increase
in SST due to increased insolation under break mon-
soon condiiions.

The variability of near surface Mixed Layer Depih
(MLD) at both the stations is shown in the bottom
panel of Fig. 3. The MLD is demarcated as the depth
where SST minus 0.2 deg. C has occurred in the daily
averaged BT profiles. Before the onset of monsoon,
MLD was around 20 m and with the progress of mon-
soon by 15 July the layer deepened to 40 m and 55 m
respectively at IN and 1S. At IN, the deepest MLD
was 60 m around 8 Aug followed by shoaling. This
shoaling was resulted on account of reduction in the
wind speed and accumulation of heat in the surface
layers associated with break monsoon conditions,
During phase-I the deepening tendency in MLD was
evident only at IS on account of the local atmospheric
disturbances durirg the monsoon onset process, During
phase-II, the deeper MLD at IS over that of IN may
be viewed in terms of greater heat loss from the ocean
compared to that of IN, The embedded oscillutions of
2 to 3 day period might have resulted due to the iner-
tial oscillations caused by monsoonal wing stress,
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Three-day averages of vertical BT profiles at both
the stations for different regimes of the monsoon are
shown in Fig. 4. Three-day averaging was done (o
minimise the influence ‘of inertial oscillations, The
changes brought about with the onset and progress of
monsoon were prominent in the surface mixed layer
than in the thermocline, Deepening of the mixed layer
was non-penctrative on account of upwelling in the
thermocline, unlike the corresponding pattern in the
central Arabian Sea where sinking was noticed (Rao
1984). Summer type pre-monsoonal heating was noticed
only at IN in the surface layers due to clear skies
before the onset of monsoon. In phase-11 around 14
July a mild positive gradient within the mixed layer
at IS might be viewed as a manifestation in terms of
severe surface heat loss as shown in Fig. 2. At 100 m
depth, over a 50-day period from 26 May, the cooling
caused below mixed layer due to upwelling was almost
double at 1S compared to that of IN, with a approxi-
mate values of 2.5 deg. C and 1.25 deg. C respectively.
With the further progress of monsoon for another
25 days from 14 July, the mixed layer at IN further
deepened penctratively mostly due to  surface heat
losses in the absence of significant upward or down-
wiard motion below during this period. No data was,
however, available for IS to estimate further changes
in the mixed layer with the progress of the scason,

3.3. Evolution of temperature in the 200 m deep
laver

The temporal evolution of temperature in the op
200 m layer at both the stations is shown in Fig, 5.
Daily averages of BT data were used to contour the
isotherms. Contours were drawn at 1 deg, C interval
for temperature lesser than 28 deg. C and at 0.5 deg. C
interval for temperature greater than 28 deg. C. Lines
with dots correspond to missing periods. Progressive
deepening of the mixed layer was quite evident at

s of temperature

TABLF 1

Nature of isotherm slopes and weather

Weather in
eastern
Arabian
Period Days i Sea from
satellite
pictures

26 May-7 Jun descending  ascending cloudy
7 Jun-26 Jun ascending ascending cloudy
26 Jun-4 Jul descending  descending fair

4 Jul-15 Jul ascending ascending cloudy
15 Jul-4 Aug ascending —

4 Aug-8 Aug descending -

8 Aug-15 Aug ascending -

15 Aug-19 Aug 4 des:ending

both IN and IS, Before the onset of monsoon warm
surface layer of 30 deg. C extended from surface to
20-30 m depth during phase-1 at both the stations,
Following the onset and progress of monsoon (by
I5 July 1977) the layer cooled by 2 deg. C and the
mixed layer depths got doubled from 20 m to 40-50 m
range,

On the whole, isotherms with values lower than
26 deg. C in the upper thermocline showed an ascend-
ing trend at both the locations. However, embedded
alternate ascending and  descending regimes of un-
cqual and irregular periods can also be noticed at hoth
the locations, Only before the onset of monsoon, i.e.,
during phase-I the trends at IN and 1S were of oppo-
site nature. This feature may be attributed to the pre-
monsoonal disturbed weather and carly onset of mon-
soonal conditions at 1S, Coherence in the nature of
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slopes of isotherms between the two stations during
the intervening periods of phase-1 and phase-il and
during phase-11 was good. Since the periods shown in
the Table 1 appear o be irregular, the possibility of
interactive wave propagation in the thermocline can-
not be ruled out. Alternately, the manifestation of
bands of ascending and descending isotherms may be
attributed to the vergence patterns caused by Ekman
transport caused by the forcing of the surface wind
stress curl. Data are not adequate to quantify either
of the phenomenon proposed, There exists a good

correspondence between periods  of disturbed /fair
weather (indicated by satellite cloud cover) and
ascent/descent of isotherms (Table 1), This may

imply the rapidity of the upper oceanic dynamic res-
ponse to the prevailing wind stress curl even on a
synoptic scale, The short period oscillations super-
imposed on the isotherms be viewed as internal waves
in the frequency domain of inertial range. Coherence
in the vertical for these short period oscillations is
consistently seen throughout. The amplitude of these
oscillations is higher below 120 m compared to the
corresponding ones above 120 m on account of diffe-
rences in the vertical stratification, Though the tempe-
raturg of surface waters at both the stations was of
equal magnitude, the waters of 200 m depth were rela-
tively warmer at IN compared to IS,

The thermal gradient for every 10 m interval in the
vertical is evaluated and its temporal evolution is
contoured at 0.5 deg. C/10 m interval as shown in
Fig. 6. The patterns were contrasting at IN and IS.
Doubled cored maxima of 1.0 deg./10 m were noticed
at IN whereas only a broad single cored maximum
was seen at IS. At IN there was a seasonal tendency
for the upper cored maximum to penetrate downward
(from about 40 m to 60 m) upto about 10 Aug and
the second maximum near 100 m to propagate up-

.

ward to about 70 m during the same period. For the
IS the single maximum near 130 m at the beginning
of the period showed an upward tendency and reached
about 90-100 m at the end of the season. The gradient
situa'ed just below mixed layer was stronger at IS
compared to the corresponding one at IN. Rao (1984)
reported a similar double cored miaximum in the cen-
tral Arabian Sea during Monsoon-77 experiment. e
hypothesised that the top strong gradient-layer was
resulted due to mixed layer deepening while the bottom
strong gradient-layer was the remnant of the preced-
ing year's descended below mixed layer gradient. At
IN, with the progress of the monsoon both these two
strong gradient layers merged on account of mixed
layer deepening from above and rising of isotherms
from below. At IS the single cored maxima showed a
steady progressive rising tendency throughout. Pockets
of 1.5 deg. C/10 m gradient embedded in thls layer
appeared in a transient manner,

Temporal changes in the heating/cooling regimes
brought about in the vertical 200 m water column
with respect to initial day, i.e., 26 May were contour-
ed for the deviations arrived by successively differenc-
ing the BT profiles with respect to the initial day
(Fig. 7). Positive values indicate cooling with respect
to 26 May. Mixed layer cooling of 3 deg. C and
2 deg.C was clearly seen at IN and IS respectively.
The cooling was rapid at IS as 2 deg. C contour as
seen throughout phase-II while the same was seen at
IN only towards the end of the phase-II. In the upper
thermocline the cooling with unequal magnitudes occur-
ed due to the uplift of the isotherms. By end of phase-
IT greater cooling occurred at IS compared to the cor-
responding cooling of << 2 deg. C at IN. Only during
phase-1IT cooling > 2 deg. C has occurred at IN.
Further the depths of the cores of maximum cooling
in the thermocline were situated around 90 m and
110 m at IN and 1S respectively.



82 R. R. RAO
MAY'77  JUNE BATES JuLy
5 U
Ms‘\”s?mlmu 3 7 2628 30 | 3 5 7 262030 2 4 6 68 10 12 14
(pe2m30 1 3 5 7 o - Ve ey
1 1
20, ¢ 20,
\
40+ 20!
50' y 60+
| |
Z ooy E 6C1
I T |
Y I
8100 > wiocr
llzo 120/
1ot © 1oy
160 e
<1 : :
180 /\/ !.ﬁ-ni
9 L e e e 2CCE. - e e
.;.GO c@umvsmu £ _ = STATION 17 Ra71E] [fonici s pree T STATION:I3GATZE
Fig. 7. Depth-time sectiong of heating/cooling regimes
’ AT E S
MAY 77 JUN L
26 28 30 3 5 7 26 28 30 2 4 . 5 19 12
T T T T T—
20+
40

H (m )

80

W
o120
-0| 1 |

140 +

-

160

180

200

CONTOUR UNITS: DEG. C/DISTANCE BETWEEN 17°N, 71°E AND 13°N, 72°C

I

Fig. 8. Depth-lime section of horizontal temperature difference

The variability in the horizontal temperature diffe-
rence between IN and IS in the top 200 m water
column in the temporal domain is shown in Fig, 8,
Positive value inicates IN warmer than IS. Two dis-
tinct regimes in the horizontal thermal gradient in
the meridional dircction can  be noticed sepurated
around 130 m and 100 m depth during phuses-T1 and
IT respectively. At IS, the upper layer was warmer

than that of IN while the reverse prevailed in the
bottom layer. The magnitude of the horizontal gradient
in the top layer was weaker than that of bottom one.
The core of — I deg. C contour shifted upward from
phase-1 to phase-11 with a reduction in the vertical
extent due to mixed layer deepening from above and
upwelling from below, The meridional temperature
gradient was generally negative (— | deg. C) in the
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layer 60-100 m and positive in the layer 180-200 m
(2 deg. C). The two layers were separated by about
120 m in depth. The bottom layer gradient can induce
thermal circulation in a direction opposite lo the wind
driven surface circulation,

3.4. Variation of Cyclone Heat Potential (CHP)

The variation of CHP defined as the heat content
in the upper layer with respect of 28 deg. C and of
the Heat Content (HC) of the top 10 m, 100 m and
200 m slabs at IN and IS is shown in Fig. 9.

D
CHP = pe, [{r — 28°C) dz

o

D
&
HC = p('},J tdz
0
where, p = density of the sea water
¢p = specific heat at constant pressure
t = temperature at a particular depth
dz= depth increment
Dsg = depth of 287 isotherm
D = (10 m, 100 m and 200 m)

The average CHP value at both IN and IS during
phase-I was around 8 K cal/cm®, which can sustain
an intense tropical synoptic disturbance for about a
week with an assumed evaporation of 2 em/day. During
the onset of the monsoon, ie., 7 June to 26 June
(20 days) the ocean lost around 7 K cal/em’ at an
average of 350 cal/em®/day. During phase-IIT the
value of CHP was zero at IN, The HC of the top
10 m layer showed progressive decrease throughout
on account of surface cooling. The variations in the
HC of top 100 m and 200 m layers were governed by
vertical advective processes in addition to net surface
heat loss. In general the HC values showed a declin-
ing tendency from beginning of phase-I to end of
phase-II/IIT at IS/IN on account of uplift of the iso-
therms in the upper thermocline. The increasing/
decreasing tendency during any phase was in confor-
mity with the descending/ascending tendency of the
isotherms. The HC values of 100 m layer at IS were
higher over the corresponding values of IN and vice-
versa for 200 m layer, during phases I and II. This
reversal was due to the prevalence of warmer waters
above 100 m depth at IS over IN and of colder waters
below 100 m depth at IS over IN (Fig. 8). On 15 July
77, the HC values in the eastern Arabian Sea were
lower by 15 K cal/em® and 15 K cal/em® in the top
100 m and 200 m layers respectively over the corres-
ponding ones in the central Arabian Sea (Rao 1984).
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TABLE 2

Parameter

Sea surface temperature (“C)

Mixed layer depth {m)

Depth of 20° C isotherm (m)

Heat potential over 28° C (K cal/cm?)
Heat content of 10 m layer (K cal/cm?)
Heat content of 100 m layer (K cal/cm?)
Heat content of 200 m layer

~ S b W )

17° N & 71°E
P

13» N&72° E

2628
May" 77

30.3

28.
261.
438.

a ] - A |
26-28 13-15
May '77

Jul *77
27.2 30.4 27.9
59 18 54
117 130 112
0.0 8.8 0.0
25.9 29.0 26.7
246.0 268.2 252.3
419.7 442.0 414.3

7-9*
Aug ‘77

13-15
Jul *77

28.1
18 4]
123 118
7.3 0.2
8 26.8
7 247.6
3 423.4

*7.9 Aug '77 was chosen as a reference period in view of the observed minimum SST and maximum

MLD at IN instead of 17-19 Aug “77.

These spatial differences may be attributed (o the
vertical advection of waters of opposite nature (sinking
in the central Arabian Sea and upwelling in the castern
Arabian Sea) in the upper thermocline.

4. Conclusions

Table 2 shows various typical thermal parameters
at IN and IS in the eastern Arabian Sea for the pre-
and post-onset regimes of the monsoon. Based on this
and what is discussed in the preceding sections, the
following conclusions can be drawn :

(1) In the eastern Arabian Sea the surlace iempe-
rature cooled over 2 deg. C and near-surface layer
decpened nonpenetratively by about 25-35 m with the
onset and progress of monsoon over a period of seven
weeks,

(2) In the thermocline (waters cooler than 26 deg.
C) a broad trend of upwelling embedded with uncquai
regimes of alternate ascending and descending motion
was noticed.

(3) A double cored maxima in the vertical thermai
gradicnt (which subsequently merged into a single
corz) was seen only at IN while at IS a single cored
maximum was seen throughout,

(4) Cooling below mixed layer on account of up-
welling in the thermocline was higher at 1S compared
to IN.

(5) Waters were relatively warmer at IS over IN in
the upper half of 200 m water column and vice versa
in the lower half,

(6) Eastern Arabian Sea supplied 7 K cal/cm’ to
the atmosphere during the onset of the monsoon over

a period of 20 days implying an average net heat loss
of 350 cal/em*/day from the surface,

(7) Diminishing tendency in the heat content of the
topmost 100 m and 200 m layers was altributed to
the upwelled colder waters from below,
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