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Time series measurements of upper ocean

temperature made during ISMEX-73 at 18°N

ABSTRACT.
& 67° E from a stationary USSR ship during the periods 29 May-5 June 1973 and 26 June-2 July 1973 are
utilised to describe and to explain thopobserved thermal response of northeastern Arabian Sea to the forcing of
summer monsoonal onset with an embedded vortex system prevailed over the northern Arabian Sea during

6-13 June 1973,
and deepened by 50 m over a three week period

With the formation and the passage of the onset vortex the mixed layer cooled around 1.7°C
. The cooling is mostly attributed to heit exchanges at the sea

deepening had its

surface and vergence compared to the entrainment of colder waters from below. Thcul:z.u
largest component from the Ekman convergence resulting sinking in the surface layer. During the observed post-
onset vortex regime of one week, retreat in the layer depth of 20 m is attributed to the baroclinic modes of alter-

nate upwelling and sinking patterns set up in the track of the vortex system.

1. Introduction

The annual variation of the sea surface tempe-
rature (SST) in most parts of the Arabian Sea is
of bimodal nature (Colborn 1975). Seasonal reversing
monsoons are mostly responsible for this observed bi-
modal distribution of SST. The annual ranges in SST
differs with geographic location depending upon the
‘exposure’ conditions to the summer and winter mon-
soons. The heating and cooling cycles of SST are inti-
mately coupled with the behaviour of both the monsoons
in a complex manner. The phenomenon of pre-monsoon
heating and monsoonal cooling of the sea surface influ-
encing the behaviour of the monsoon has attracted the
attention of several workers in the recent past. However,
the exact coupling between Arabian SST and Indian
summer monsoon has not been established due to paucity
of adequate observations over the sea. A major field
experiment under international auspices, MONEX
(Monsoon Experiment) was, therefore, organised as a
regional component of FGGE?* in 1978-79 to address this
important problem. As a prelude to this, a pilot joint

*First Global GARP Experiment.

experiment ISMEX-73 (Indo-Soviet Monsoon Experi-
ment) was carried over the Arabian Sea during the sum-
mer monsoon season of 1973. These experiments provi-
ded an unique opportunity to the oceanographic com-
munity to look at the observed temporal variability of
some of the oceanic features at selected stations with the
onset and progress of the summer monsoon.

Using Indian ship data collected during ISMEX-73
Ramesh Babu et al. (1976) documented the changes in
the upper ocean thermal structure brought about by the
summer monsoon along a zonal and a meridional section
of the Arabian Sea. With the data collected on USSR
ships during ISMEX-73 along two other zonal sections
and a stationary position in the Arabian Sea, Ramam
et al. (1979) have reported the observed changes in the
upper ocean thermal structure with a greater emphasis
on the high frequency variability. Ramesh Babu et al.
(1981) further described the observed ocean thermal
variability in terms of 3 ifferences and auto correla-
tion coefficients at the USSR stationary position during
ISMEX-73. However, these studies have not adequately
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highlighted the role of the onset vortex as a responsible
agency in modifying the observed thermal features of the
upper ocean. In the present exercise advantage is taken
of the time series measurements made from the USSR
stationary ship in the northeastern Arabian Sea to des-
cribe the thermal response of the sea to the forcing of
the summer monsoonal onset vortex system.

2. Data

One USSR ship RV Priliv occupied the stationary posi-
tion at 18° N and 67° E during the following periods :

(a) 29 May-5 June 1973
(b) 26 June-2 July 1973

During these two periods time series of bathythermo-
graph (BT) data were collected at 3 hourly intervals. The
associated surface marine meteorological data are not
available for analysis purposes here. During the inter-
vening period, the monsoon set in with an embedded
vortex system over the North Arabian Sea. The track
of this system was laid very close to the observing
station (Fig. 1).

A low pressure area developed off Kerala coast on
2 June 1973. Moving northwestward, it concentrated
into a deep depression on the evening of 6th near 16°N
and 68.5° E. It further intensified on the evening of 7th.
Continuing to move northwest upto 9th and later south-
westward it intensified into a cyclonic storm on the morn-
ing of 10th. It weakened into a depression by 12th and
dissipated off the Oman coast by 13 June 1973 (Alexan-
der er al. 1979). There was a lull in the monsoon in
the second week of June. Monsoon was particularly
weak (during 19-25 June 1973 and was active during
4-8 July 1973.

3. Analysis and discussion -

A brief summary of the upper ocean thermal climate
of this region is presented here. The monthly mean
SST (Hastenrath & Lamb 1979) at 18° N & 67°E is of
bimodal type with a primary maximum in May/June,
a secondary maximum in October. The s=a surface cools
by 2.2° C from June to August in response to the sum-
mer monsoonal forcing. Fig. 2 shows the daily march
of observed SST and derived mixed layer depth (MLD:
depth where SST minus 0.2 °C occurs in the daily
averaged BT profile) during the observed periods.
The discontinuity in the time domain from 5 to 26 June
may be noted. A mild warming of 0.7 °C over a week
(29 May to 5 June) before the onset of the monsoon is
seen due to intense pre-monsoon solar heating. This
heating could have resulted in the ocean gaining approxi-
mately 250 cal/cm 2/day for a mixed layer of ~ 25 m.

With the onset, over a peiod of three weeks (5 to 26
June 1973), the SST dropped by 1.9° C with a corres-
ponding deepening of the mixed layer from 30 to 80 m.
This drop in SST accounts for about 85 % of the seasonal
summer monsoonal cooling. During the post-onset
regime the MLD gradually retreated by 20 m. Anthes
(1982) has shown that baroclinic modes of alternate
upwelling and sinking regimes prevail in the track of a
storm. This retreat might have been manifested due to
the upwelling tendency at the base of the mixed layer.
However, no change in the SST is seen during the post-

onset regime probably due to mild surface heat losses
with deep mixed layer.

The annual march of observed thermal structure in the
topmost 150 m layer is shown in Fig. 3. Contours are
drawn at 1° C interval for the long term averaged BT
data extracted from Robinson et al. (1979). A clear
bimodal heating and cooling regime confining to the
upper 60 m layer is prominently seen. Pre-monsoon
heating is of the order of 3,5° C from March to June
while the summer monsoon cooling accounts 2.5°C
until August. A similar but weaker cycle followed
during the northeast monsoon season. Below this
active layer, the thermocline appears to be nearly steady
with mild slopes. The ascent and the descent of iso-
therms in the upper thermocline is mostly governed by
the driving atmospheric wind stress curl (Yoshida &
Mao 1957). The curl estimates by Hastenrath & Lamb
(1979) indicate that this station is located in the vicinig
of the zero curl contour durin% the seasons (January
July) of strong atmospheric forcing. The weak slopes
of the isotherms in the thermocline may imply the same.
The observed sinking from February to May followed
by upwelling during the rest of the year can only be
explained qualitatively with the aid of the analysis of
Hastenrath and Lamb (1979).

The daily averaged BT data collected during ISMEX-
73 are contoured in the depth-time domain with 1°C
interval to depict the evolving thermal structure of the
topmost 200 m layer (Fig. 4). During the pre-onset
regime, a shallow mixed layer capped over a 40 m thick
highly stratified thermocline is evident. The packed iso-
therms in this stratified layer show a mild ascending
tendency. Below this stratified layer, waters with very
weak vertical gradients are noticed. Such weak gradients
in the thermocline are not observed in the long term
averages (Fig. 3). These weak gradients might have
been resulted due to weak monsoonal forcing during the
preceding year 1972 (declared as a global drought year).
The author has compared the vertical thermal gradient in
this area before and after the onset of the monsoon dur-
ing ISMEX-73, MONSOON-77 and MONEX-79.
He found weak vertical thermal gradient in the 100-160
m depth range only in the ISMEX-73 profile.

After the onset of the monsoon, the shallow steady
mixed layer during the pre-onset regime was replaced
by a deep, shoaling mixed layer. This layer deepening
was also associated with sinking of waters just below the
base of the mixed layer. For example, the 28°C isotherm
descended by nearly 40 m in 3 weeks from 5 June im-
plying an approximate sinking rate of 2 m/day. The
24° C isotherm descended only at the rate of 1 m/day.
This sinking rate progressively decreased with depth
indicating its causative factor to lic probably near the
surface. Anthes (1982) summarises the sequence of
cvents associated with the storm forcing on the upper
ocean. As the storm approaches, the increasing winds
produce stronger turbulence, deepening and slight
cooling of the mixed layer. Outside the radius of maxi-
mum wind, the anticyclonic relative vorticity is asso-
ciated with a stress field with negative curl. Convergence
is induced in the mixed layer and downwelling occurs,
which also acts to deepen the mixed layer. During the
post-onset regime the general nature of the isotherm
slopes remained same with some changes in the resulting
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TABLE 1

S. No. Heat budget of mixed layer Temp. (°C)

(1) Average temperature of the 0-25 m layer of the

pre-onset profile 29.9
(2) Average temperature of the 0-40 m layer of the

pre-onset profile 29.6
(3) Probable entrainment cooling :

(1) minus (2) 0.3
(4) Average temperature of the 0-75 m layer of the

post-onset profile 28.2
(5) Mixed layer cooling : (1) minus (4) i |
(6) Probable cooling due to net surface heat loss and

vergence

(5) minus (3) 1.4

gradients. A mild ascent of isotherms in the lower region
with the onset of monsoon is noticed. No perceptible
change in the below layer vertical thermal gradient is
noticed from pre-onset regime to post-onset regime.
However, the gradient between 24° and 22° isotherms
got nearly doubled due to descent of isotherms above
24°C and ascent of isotherms below 22° C from pre-onset
regime to post-onset regime.

The thermal changes brought about in the topmost
200 m layer with respect to 29 May (initial day of obser-
vations) are shown in Fig. 5. Positive values indicate
cooling with respect to 29 May. In the surface layer a
mild pre-monsoon solar heating of over 0.5°C by 4
June and monsoon coeling of over 1°C throughout the
post-onset regime is evident. In the upper strata of the
thermocline, cooling of 1.5°C is present during thg pre-
onset regime due to the upwelling of waters. During the
post-onset regime warming of 3.5°C resulted due to
the descent of these highly stratified waters as a conse-
quence of surface convergence caused at larger radii
of the onset vortex during the onset of the monsoon.
During this post-onset regime a fast retreat during the
last three days has resulted due to the upward tendency
of the stratified layer below MLD. This strong upward
tendency cannot be accounted in terms of seasonal sur-
face wind stress curl (7 X7 ). A rise of 20 m during this
6-day period warrants Y/ X7 to be one order higher
than the classical estimates of Hastenrath and Lamb
(1979) for July. This ascent can be viewed as a segment
of baroclinic mode as proposed by Anthes (1982). No
prominent changes are noticed in the lower layers ex-
cepting a warming of 1°C due to dsscent of waters
around 180 m depth.

Fig. 6 shows the BT profiles of pre-onset (average of
3-5 June 1973) and post-onset regimes (average of 26-
28 June 1973). Here three day data closest to the onset
event are averaged to minimize the influence of inertial
oscillations at this location. Mixed layer cooling and
deepening is evident, The profiles intersected at 40 m and
125 m depths. The area above the top intersection point.
(through graphical integration) showed a net heat loss
of 5.3K cals over the three week period. This heat loss
might have occurred across the sea surface and entrain-
ment of colder waters embedded between the base of the
mixed layer and 40 m depth in the pre-onset profile. The
relative importance of these two processes is shown in

TABLE 2
Pre-onset  Post-onset
regime regime
Thermal parameter (3-5 June (26-28 June
1973) 1973)
Mixed layer mean temperature (°C) 29.9 28.2
Mixed layer depth (m) 25 75
Vertical thermal gradient below mixed layer
(°C/30 m) 4.2 4.1
Heat Potential with respect to 28°C (K cals/
cm®) 6.3 1.8
Heat content top 10 m (K cals/cm?) 28.6 26.7
Do. G, 100 m) 255 265
Do. (,, 200 m) 467 474

Table 1. This heat loss of 5.3 K cals accounts for a cool-
ing of 1.3° C/3 weeks for this 40 m water column. This
accounts over 75% of the observed drop in mixed layer
temperature of 1.7°C/3 weeks. The large separation
noted between 40 m and 125 m depths is mostly attri-
buted to the descent of waters in response to the pre-
vailing anticyclonic wind stress curl outside the eyewall
of the onset vortex system. Analysing the temperature
changes due to the passage of 14 storms Federov (1973)
proposed a two cell vertical circulation in the plane
perpendicular to the track of the storm. The inner cell
with upwelling at the centre and downwelling at about
200 km is consistent with the observations of Leipper
(1967). The descent of isotherms can be further supported
by looking at the vertical thermal gradients just below
the mixed layer in both the profiles. These values during
pre-onset regime (4.2° C/30 m in the depth range of 25 m
to 55 m) and that of post-onset regime (4.1°C/30 m in the
depth range of 80 m to 110 m) are almost identical.

A crude heat budgeting of the mixed layer is done
and the estimates are shown in Table 1.

If entrainment of colder waters from the base of the
mixed layer to 75 m depth were to occur in the pre-onset
profile, the mean temperature of the topmost 75 m layer
of post-onset profile should be cooler than the corres-
ponding one of pre-onset profile. This is not the case as
the mean temperatures of topmost 75 m layer of pre and
post-onset profiles are 27.7°C and 28.2°C respectively.
This further confirms that the erosion of thermocline
did not extend upto 75 m but the highly stratified waters
only descended (Fig. 4). The convergence of waters
due to Ekman transport thickened the mixed layer, thus
pushing down the stratified waters below (Note the
descent of 28°C to 25°C isotherms by 40 m in Fig. 4).

The cyclonic heat potential (CHP) and heat content
(HC) of the topmost 10, 100 and 200 m layers as defincd
in Rao et al. (1983) have been computed and are shown
in Fig. 7. During the pre-onset regime the CHP oscillated
around 6 K cals/cm®. Following the onset a marked
drop of 4.5 K cals/cm® is registered implying an average
net oceanic heat loss of 210 cal/cm?®/day during the period
of three weeks from 5 June. Heat content of topmost
10 m layer mostly corresponded to SST variation shown
in Fig. 2. The HC of top 100 m layer during pre-onset
regime showed a mild decrease on account of upwelling
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Fig. 7. Daily variation of cyclenic heat potential and heat
content of top 10, 100 and 200m layers

of colder waters from below. After the onset of the
monsoon, the phenominal increase is due to sinking of
warmer waters and deepening of the mixed layer. During
the last four days of the post-onset regime, the lowering
tendency due to ascent of colder waters is again noticed.
The HC of top 200 m layer also is governed by the verti-
cal advection of waters. The progressive increase through-
out the observational periods can be accounted to the
overall sinking of isotherms. The vertical redistribution
of the bulk heat content in the upper 200 m layer
with the onset of the monsoon is clearly noticed. Table
2 summarises the salient thermal features of the pre and
post-onset regimes.

4, Conclusions

(i) The onset vortex and progress of the monsoon
during a three week period cooled the sea surface by
1.7° C and deepened the mixed layer by 50 m at the
observing station. The cooling is mostly attributed to
the sarface heat losses and vergence while the deepening
for the sinking of waters due to Ekman type of conver-
gence. Drop in SST of 1.7° C with the onset of the
monsoon has accounted for nealy 85 % of seasonal
summer monsoonal surface cooling of 2.2°C.

(if) With the formation and passage of the onset
vortex system the upper boundary of the thermocline
{say 28° C) descended by about 40 m implying an appro-
ximate sinking rate of 2 m/day. This sinking decayed
with depth. This sinking is attributed to the surface
convergence caused by anticyclonic wind stress curl
outside the radius of maximum winds of the onset
vortex.

(7iif) During the post-onset regime the mixed layer
shoaled by 20 m over one week. This type of shoaling
might have resulted due to the baroclinic modes of alter-
nate upwelling and sinking patterns set up in the track of
the disturbance. Such a strong shoaling cannot be ex-
plained by the classical seasonal estimates of the surface
wind stress curl.
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