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ev“er the Ind1an Ocean

,'Shukla 1975, 1977).

1. Introduction

Conmderable work has been reported on the
_ meteorological - aspects of southwest Arabian
eing particularly so over west Arabian Sea
egh (1960), Colon (1964), Bunker (1965)
~and Findlater (1971)]. The extensive study of
Verploegh based on data of air and sea surface
‘temperatures over the Indian Ocean recorded
. during  1952-1956 brought out the variation
~ through the year of the above factors and the cold
upwelling off Somalian and Arabian coasts during
the . southwest monsoon -season. Rao et al.
6) examined the oceanographic parameters
_over the area and enumerated the various causes
 for -upwelling. Findlater studied the structure
of the wind field in the lower troposphere over
K 1d adjoining Indian Ocean (Somali Jet)

tempted to relate the fluctuations in the
ength of the wind to the variation in the subse-
ent activity of the monsoon (rainfall) along
est coast ol’ Indlan and adjoining land areas.

present smdy utihzes the monthly mean
f air (T4) and sea surface temperatures
16 representative areas over Arabian
ca and Bay of Bengal to examine their variation

h y period. Fur-

,A stud of the air and sea surface temperatures

ABSTRACT. Several studies on the air and sea surface temperatures over It
over west Arabian Sea have been reported (Verploegh 1960; Colon . 1964 Buﬁker 1965; 1970, 1974
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Oce”an ‘particularly .

~ - The present paper is a study of the air and sea surface temperatures ovei' the Arabxan Sea and
Bay of Bengal during the seven year period 1961 to 1967. Its purpose .is to derharcate, with the recent
te, Indian Ocean into separate zones each of a particular character with reference to the variation
-of the air and sea surface temperatures through the year as also the warmer jthan au'-sea and colder
“than air-sea conditions during the southwest monsoon season. An attempt to bxamme the association
of the anomalies of sea surface temperatures over the Arabian Sea to the variatxon in the activity of
mansoon over India in the respective years has also been made.

~ ther the anomalies of sea surface temperatures

during pre-monsoon season and southwest mon-
soon have also been examined during the good and
bad monsoon years to find their association, if
any, with subsequent activity' of the monsoon
(rainfall) over India in the respective years.

2. Data used

The study utilises the data of mean monthly air
and sea surface temperature during 1961 to 1967
at representative areas (WMO) over the Indian
Ocean shown in Fig. 1 (Zone 4 is in Red
Sea—not shown in the figure) for which Marine
Climatological Summaries are prepared by India.
These data are available on a large number of
punched cards. Data for area 4 have not been
examined because of large gradients of tempera-
ture in that area due to its being surrounded by
land on all sides.’ |

3. Monthly means of air and sea surface temperatures

Monthly means of air (TA) and sea sutface
temperature (T) for the seven _year periods 1961—
1967 for the areas shown in Fig. 1 have been
worked ‘out al?ed are given in Tables 1 and 2 res-
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TABLE 1

Monthly means of air temperatures (1961-1967)

Dec

Area Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
1 22,7 235 25.1 268 28.7 289 27.6 265 27.5 27.4 260 23.3
2 23.1 239 247 27.0 282 27,1 249 23.8 52,0 267 260 23.5
3 25.5 25.6 26.1 27.6 29.2 29.1 28,0 27.2 27.3 27.9 27.4 256
5 25.5 260 27.5 28,9 30.1 29.2 28.4 28.5 28.8 28.5 27.4 26.0
6 271 274 279 28,8 289 28.7 27.6 27.6 27.6 283 283 27.6
7 25.8 25,9 267 28.2 28,9 28.3 268 263 267 272 27.2 262
8 253 257 267 282 282 25.2 244 239 248 264 266 25.8
9 27.4 27.1 28.2 29.1 292 285 28.2 28.0 27.7 27.8 27.8 21.6

10 27.0 27.6 28.2 28.8 28.7 284 28.1 279 298 27.3 27.5 21.2

11 263 269 28,0 28,6 28,6 2.9 26.0 256 26.4 26.9 27.3  21.0

12 274 27.8 28.3 28.6 28.6 28.6 - 28.2 28.1 28.0 28.0 27.7 V 27.2

13 27.5 277 28.2 285 284 28,2 279 279 27,5 213 215 27.1

14 27.4 27.7 27.8 28.1 277 27,0 27.0 27,9 '27.1 274 274 27.3

15 27.7 - 283 28,8 284 271 260 248 249 258 272 27.2 28.1
16 28,0 27.6 28.0 28,1 274 2.2 255 254 255 26.1 27.0 21.5

17 267 27.0 28.1 294 300 29.0 28,8 28.6 28.6 28.2 28.0 27.2

TABLE 2
Monthly means of sea surface temperatures (1961-1967)

Area Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1 234 240 25.2 269 287 290 277 266 27.0 28.0 2.9 249
2 24.2 244 255 26.8 28.0 26.3 235 22.6 24.6 21.1 26.7 25.0
3 25.5 25.6 26,6 28.0 293 29.0 28.0 27.2 27,5 28.2 27.6 26.0
5 25.9 263 274 300 30.1 29.1 28,3 28,4 28.8 28,7 27.4 26.5
6 27.6 27.5 283 29.3 300 29.2 28.1 27.7 27.9 28.8 28.5 28.2
7 26.2 264 273 28,7 296 28.2 26.8 258 263 27.6 27.5 26.8
8 25.5 259 27.1 28.6 27.9 24.2 22.8 22.3 23.3 262 27.0 26.1
9 27.9 - 28.1 28,7 29.8 29.9 28.8 28.2 279 28.1 28.2 283 28.2
10 27.8 28.1 285 295 294 284 283 28.0 28.0 28.1 28.3 28.0
11 26.5 27.0 28,2 295 28.6 27.0 260 26.2 26.4 27.2 28.1 27.2
12 28.2 283 28,6 29.0 29.0 28.6 28.5 28,5 28.5 28.4 28.1 28.1
13 28.2 28,3 28.6 2.0 29.0 286 28.5 28,0 28.0 28.1 28.1 28.3
14 27.7 28.2 28.4 285 281 27.8 27.8 274 27.7 21.7 27.8 28.1

15 28.9 293 292 29.1 277 263 252 24.8 250 259 27.5 28.7

16 27.8 28.1 28.2 28,5 27,7 26,7 25.8 256 255 26.2 27.2 28.0

17 26.7 269 28.2 29.5 300 289 288 284 285 28.6 28.1 27.4




AIR AND SEA SURFACE TEMPERATURES OVER INDIAN OCEAN 553

kY
P -
s 50 e B . |
Fig. 1. Selected representative areas over the Indian Ocean
for which Annual Climatological Summaries are pre-
pared by India
TABLE 3 ,
Difference between the sea surface temperature (7's ) and air temperatare
k (Negative values in italics) :
Feb Apr  May Jun Jul Aug  Sep Oct Nov  Dec
01 01 01 9.6 06 09 1.6
0.2 02 08 04 04 07 15
04 - 0.1 0.1 02 03 0.2 04
1.1 0.0 0.1 0.0 0.2 0.0 0.5
05 1.1 0.5 0.3. 05 0.2 0.6
0.5 0.7 0.1 04 04 0.3 0.6
04 0.3 1.0 1.5 0.2 0.2 0.1
0.7 0.3 0.4 04 05 06
1007 01 2 03 03 05 08
9 00 01 00 06, 00 03 08 00
04 00 03 04 05 01 04 1.1
06 04 06 01 05 08 06 1.2
04 08 08 04 06 03 04 08
06 03 04 9.1 08 1.2 03 06
0.3 0.5 05 0.2 0.0 0.1 0.2 0.5
0.0 0.1 0o 02 01 04 0.1 0.2
urface temperatures (7) for each ‘The profiles vary from area to area. Very
> 7 year iod have been plotted low sea surface temperatures are noticed during
‘the areas separately and are shown the southwest monsoon period, in areas 2 and 8.
_ The eq jal stations show the , IR ' P
in sea surface tempera- Shown in is

s is also true with the di 1

ases toward




334 T. S. S. ANJANEYULU

°U
t
o
4
=]
IS
<4
[:4
w N
s 31 ZONE @ o ZONE © [ ZONE 10
w /o‘ X :,c/:‘
r TN 0N, B :\_
g LN I ]
i ®
30
28 -
26
24
3 ZONE 14 o ZONE IS ZONE 16 ZONE 17

e
JMMJI SN MM I SN

0~ MAX -0 — 0~ ~ ~ MEAN vt oo MiN

Fig. 2. Annual variation of highest, lowest and mean monthly sea surface
temperatures (75 ) at the representative areas

While during NE monsoon Ts>T,4 both over areas in the Arabian Sea; both .the air and sea
the Arabian Sea and Bay of Bengal this feature surface temperatures, however, falling fro.m April/
" is reversed with the reversal of the monsoon circu- May and reaching the lowest value during July-

lation Ty becoming lower than Ty in certain August the peak period of SW monsoon. This
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TABLE 4

(Ts‘—‘m o

“Type - Temperature character 'Remarks
annual variation Ts -
i 1,‘2',' 7,8 Northem hemispheric ~ Double Max. Negatlve durmg SW Ts predominantly - lower
(Monisoon) type—Sea monsoon seazzcmr n T4 during SW
c%l;ierthan airduring Summer Max. (May) monsoon inareas 2.& 8
SW. monsoon and second Max, (Oct) :
. Double Min. i
. = Winter Min, (Jan) i .
e Monsoon Min, (Aug) ' ‘
|| . '3,‘ 5,6,9 Northern = hemispheric  As above Positive through the May minus Aug values
(Monsoon) type—Sea year of T4 and Ts small
warmer than air during
SW monsoon
m 10,11, 12, ' Equatorial type thtle change in both Do. "A.rea 11 ‘only behaving
13, 14 T4 & Ts through the like northern  hemis«
year pheric . type (Double
‘maximum, Double mini- -
mum) however with seaq
warmer than air through
‘the SW monsoon season
. i also
v 15,‘1‘6 . -Southern hemispheric = Summer (Feb) Max.

Winter (Aug) Min.

GUATORIAL tvaet:v

LIT TLE CHANGE OF TS&TA
_ THROUGH THE YEAR

B>T t

uemsm_:_ea;c o l:_
t!. SUMMER MAX (FEB) | :
Lio WINTER MIN (AUG) . .
;  ®>T THROUGH THE b;
, e oy .
. 50" S a0’ 90

S i G A D 3y i

i

: th. 3 Anuual vanatlon ‘of sea surface temperature in
| different areas of Indian Ocean and boundaries

separaiing zones of dtﬂ'erent characteristic features

. is 80 probably 80 in the lower troposphere (Ver-
' ;pl egh 96@) It ma seen that sea is predomi-
. n ' than air in areas 2 and 8 during the
; ;s@uthw st. ,ansoan season.

into four zones each having particular characteris-
tics. The groupmg of the areas is given in
Table 4 ‘ e :

Area 11 marks the transition between the north-
ern hemispheric (mopsoon) ‘type and southern
hemispherie type. Shghtl to its north lies the boun-
dary between. cooler n air sea to the north
and warmer than alr sea to. the south. during the -
Sw monsoon. ~

Area 17 marks the tra.nsltwn betWeen equatonal
and porthern hemispheric (monsoon) type thh
little change in temperature aﬁer June. :

Areas 2 and 8 show the most ccmspmuous fall in
temperature after April/May and this fall conti-
nues till the middle of August. They show largest
temperature dlﬁbrﬁnne etween :
maximum and monsoon minimum with predonn-‘
nantly colder sea. Area 11, however, shows sea
warmer than air eva, durmg the monsoon season.

The above featuxes, namely, the proﬁle of va.na-
tion of SST throug the year and the sign of magni-
of Tg and T, enable us to

vest Arabian Se:
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Fig. 4, Mean depth-temperature profiles (Rao et al. 1976)

between colder than air-sea and warmer-than air-
sea southwest monsoon over the Arabian Sea.
It also shows the boundary between areas 11
and 12, area 11 showing considerable fall of T
from May to August, the temperatures reaching
lowest values in August and area 12 showing no
perceptible change in Ty during the period.

Bunker (1965) on the basis of the study of the
lower layers of the atmospbere over the Arabian
Sea make a mention of the inversion over the
west Arabian Sea which gets progressively lifted
up eastward being altogether broken up some
hundreds of kilometres off west coast of India.
The boundary AB shown in Fig. 3 also marks
the separation of the region of inversion in the
very low levels above the sea surface, CD marks
the eastern boundary of marked equatorial cros-
sing of the southern hemispheric air. The air
over the sea off the coast of Somalia is cooled by
cold upwelled water. Heat is brought down from
the upper layers and is again transported upward
from the sea surface so the air at the lower level
is warmed during its passage over the Arabian
Sea. This warming decreases the horizontal
temperature gradient and, in turn, results in dec-
rease of wind speed and consequent streamline
convergence toward the eastern half of the Ara-
bian Sea. Bunker noted that while sensible heat
is transported downward west of Long. 60°E, it
is transported upward to the east of Long. 70°E.
But water vapour is transported upwards over
both the areas. Therefore, the boundary AB
also separates zones of downward transport of
sensible heat (to the west) and the upward trans-
port of sensible heat (to the west). This boun-
dary AB also agrees with the zones of separation
between warm continental airmass and cool mari-
time airmass at 850 mb over the Arabian Sea
(Saha 1974), XC makes the boundary between
the northern hemispheric (monsoon) type (double
maximum and double minimum) and southern

hemispheric type (single maximum and single
minimum).

Findlater (1971) made detailed analysis of the
relatively narrow band of high speed transequa-
torial current over Kenya and adjoining Indian
Ocean. Daniel Cadet ef al. (1976) construc-
ted the low level air flow from the data of satel-
lite tracked superpressure balloon trajectories
during the summer of 1975 and conclude that
air reaching west coast of India cross the equator
west of Long. 55°E. Rao et al. (1976) examined
the bathythermograph data for every 5 degree
square grid over the Indian Ocean in the latitude
belt of 10°N and 15°N and conclude that during
May and July the surface layer is more or less
uniform west of Long. 60°E giving place to iso-
thermal layer east of Long. 60°E with a pheno-
menal increase in thickness in July. They did
not examine the data for August and September.
This is probably so for August and September
also. Shown in Fig. 4 is the plot of subsurface

- temperatures against depth in that latitude belt.

The boundary (CD) shown in Fig. 3 also agrees
well with the eastern edge of the cross-equatorial

“flow as also the boundary shown by Rao et al.

with subsurface temperature date. The boundary
probably lies somewhere between 55°E and 60°E -
say, Long, 57°E. The Somali jet enters east Africa
around Lat. 3°S and leaves it at Lat. 9°N. From
considerations of wind drift across the equator
and subsurface balance of vorticity there should
be considerable divergence and hence upwelling
to the immediate south of the equator [Yoshida
& Mao (1957)], Verploegh (1960).] However it
is seen that the sea surface temperatures are lo-
west north of Lat. 10°N and extend upto 22°N
(zones 2 & 8). This is probably due to large
evaporative cooling north of 10°N where the
Somali jet comes out of land causing considerable
air sea coupling. This may also be due to spread
of cold upwelled water [Swallow & Bruce (1964

1966)].
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. Fig. 5. Annual variation of sea surface temperature (75 )
and dew point temperature (7p ) at selected areas

T minus T4 is markedly negative in zones 2
and 8 throughout the monsoon season and slightly
negative at zones 1 and 7 for some period during
the monsoon season. To determine the relative
importance of wind and saturation deficit in
causing evaporation these areas Tg and Tp
(dew point temperature) have been examined
~ during 1964 and 1965, the years for which mean

T, data are avajlable. ' Shown in Fig. 5 are the
plots of Ty and T against the month during the
~years 1964 for areas 1, 2, 7 & 8.

-1t may be seen that a areas 2 and 8 during 1964
(zood monsoon year) Tg, though higher than
- Tpis nearly e'%ual to it indicating that the strength
of the wind factor is primarily responsible for
‘evaporation over this arca. The importance of
stronger wind over the Arabian Sea for good
~ monsoon rainfall over India is well known to
- monsoon meteorologists.

of the difference between the highest
g the préemonsoon and
temperatures during the

S. Distribution

ibution of difference
surface temperature
season and the lowest
> during. ~monsoon

© TABEE 5
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Year

—

Pre-monsoon max,

[ 4

Percentage
subdivisions

‘ .. having nor-
A : o
- Area8

malfexcess

1963
1964
1965
1966

70
6.4
46
4.4

82
8“;35 ~
4.1
4.2

o

55

i

and the’ niean diﬁ‘éfé;é; ove‘l‘:‘the o e

large in years when the mon
small during the s wh
poor. Shown in Table 5 is the
in sea surface temperature and the
number of subdivisions of India, havi
excess rainfall n

1963-1966.

The large difference may be either duc to low
mnmmlmg 1nf~:Aag;11jsi;‘~ or hlg ; n An

W
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the difference is
vas good and
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Fig. 6. Distribution of pre-monsoon (highest) minus monsoon (lowest) sea surface temperature

during good and bad monsoon years

(a) Mean, (b) 1963, (c) 1964, (d) 1965, (&) 1966

6. Utility of SST anomalies in Long Range Forecasting

Monsoon meteorologists are aware of the
association of the activity of the monsoon with
westerly waves of either hemisphere and the move-
ment of low pressure system over west Pagcific
Ocean. These are, however, more or less concurrent
relationships and are, therefore, not of much prac-
tical utility in issuing seasonal forecasts.

Considerable attention is being paid in the
recent years to relate the anomalies of sea surface
temperature to anomalies of sca level pressure
and other parameters. Bjorknes (1966, 1969),
Sutcliffe & Murray (1970), Roger (1976), Namias
(1978) related the anomslies of sea surface tem-
peratures over oOceanic areas to anomalies of
sea level pressure/1000-500 mb thickness/700
contour over adjoining land masses. Saha (1970,
1974) suggests a possible relationship between
observed variation in west coast rainfall in July
and August and advection of cold water across
central Arabian Sea. Shukla (1975, 1977) in a
numerical experiment finds lag relationship bet-
ween. sea surface temperature over the west Ara-
bian Sea and monsoon rainfall over India.

Sea surface temperatures are quasi-steady be-
cause of the heat storage factor in the ocean and
could, therefore, have lag relationship with mon-
soon activity. Heat sinks in the ocean can be identi-
fied by the rate of fall of temperature from highest
pre-monsoon value to the lowest value in the
monsoon as well as the mean maximum tempera-
ture in pre-monsoon season (Verploegh 1960). If
an area is to be considered as a heat sink the lowe-
ring in temperature of the sea surface should co-
mmence earlier over there than over the surround-
ings. The distribution of sea surface temperature in
March/April/May gives the area of lowering of
temperature earlier. Such sink regions are also the

TABLE 6
. Mean rate

Area Highest Lowest of fall
cC) ©C) of temp.

4

1 74 289 Jun 26.5 Aug 1.2
Ts 29.0 Jun 26.5 Aug 1.2

2 T4 28.2 May 23.8 Aug 1.5
Ts 28.0 May 22.6 Aug 1.8

3 T4 29.2 May 27.2  Aug 0.7
Ts 29.3 May 27.2 Aug 0.7

7 T4 28.9 May 26.3 Aug 0.9
Ts 29.6 May 25.8 Aug 1.3

8 T4 28.2 Apr/May 23.9  Aug 1.5
Ts 28.6 Apr 22.3  Aug 2.1

11 T4 28.6 Apr/May 25.6 Aug 1.0
Ts 29.5 Apr 26.0  July 1.2

12 T4 28.6 Apr/May 28.0  Aug 0.2
Ts 29.2 Apr/May 28.5 Jsul/Aug/ 0.2

<P

15 T4 28.8 Mar 24.6 Aug 0.8
Ts 29.2 Mar 24.8 Aug 0.8

16 Ts 28.1 Apr 25.4 Aug 0.7
Ts 28.5 Apr 25.5 Sep 0.6

regions where maximum evaporation occurs. With
the above reasoning west Arabian Sea is asink. It
may also be seen from Table 2 that the highest
sea temperature during the monsoon season over
west Arabian Sea occurs in the month of April/
May and falls thereafter, whereas it occurs in May/
June in other zones. Shown in Table 6 are the
month of occurrence of the highest temperature
during the pre-monsoonseason and the lowest
temperature during the monsoon season and
the mean rate of all of temperature (°C/month)
for the selected zones where the maximum sea
surface temperature occurs in either May or ear-
lier and the rate of all of temperature is large.

N
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:Flg 7. Anomahes of - sea smface temperatures during

~ August in good and poor monsoon years (a) 1963
“(good monsoon), (b) 1964 (good monsoen), (c) 1965

" (poor monsooi) and (3 966 (poer monsoon)

V
——

. The marked smk areas can be seen to be 2,8
;and 11 considering both ‘ e

- ture and large rate of f:
u;:k to mmamum

tem; ure
15 1s a.lse a subsx-

ce tempera;tures to
southwest monsoon,
s of sea surface tem-
ood monsoon years)

. For relating the sea sur
the subsequent activity of
and May anomal
for 1963, 196
66, (poor monso¢
out on the basis of 7 years (1961-67)
d the same are shawn in Figs. 7 and 8.

_ The sink zones 2 and 8 seem to belmportant
The anomalies are large in August and small
~ in May. Anomalies of August are negative du-
“ ~ d monsoor yea. ‘and positive during
‘The anomalies of May,

ive over west Arabian
al Arabian Sea during
negative during poor

thc sign. of anoma;hes dunng May over
st and central Arabian Sea appears to be
1 éndxeator of the likely activity of the

on years) have been

k nibre good and poor .
ay be possxble to

Fig. 8. Anomahes of sea mffaoe temperatures durmg May g
& 965 and (d) o

(2) 1963, (b) 1‘,‘

c) 1

7. Limitation

~ The study is hm"ad |
of mean monthly se
for each ‘degree sc are. The d
only at the 17 represe
sea surface temperature data are
-67) The data

,f‘ computatla F fluxes
of sensible heatA‘a. d water vapour could not be
undertaken. No correlation’ could be attempted
between the anomalies of rainfall and the anomalies
of sea surface temperature because of the sbort -
series of data that 1s avallable. o

8. Concludons

The above stu reveals hat :

(?) In the good monsoon years the diﬁ‘erenw
between highest sea temperature during the pre-
monsoon season and the lowest sea temperature
during the monsoon season in areas 2 and 8 i
large. The dxﬂ'emnce is small in the paér mcmsoof
years. : ; ‘ ,

(i) Negative
ture
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(iii) Positive anomalies of sea surface tempera-
tures during May over the west and adjoining
central Arabian Sea, though small, are associa-
ted with subsequent good monsoon and vice
versa. This association may be useful for issuing
seasonal forecasts for monsoon activity.

(v) An examination of annual variation of
sea temperature as also colder than air sea
conditions at the different zones over Arabian
Sea enable us to separate Indian Ocean into
different zones. The major boundary which ex-
tends from Somalia to Gujarat separates air masses
of different stratification. A second boundary
roughly lying along Long. 57°E marks the eastern
extent of the marked cross-equatorial flow.
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