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ABSTRACT. Utilising thirty one years' marine meteorological data from 1961-91 recorded over the north Indian
Ocean the sea surface temperature (SST) and evaporation have been obtained for different regions of the Arabian Sea and the
Bay of Bengal. The moving pentad averages of SST and evaporation reveal increasing tendencies of both the parameters over
the Arabian Sea and that of evaporation over the Bay of Bengal during May. The changes are real and significant as revealed
by the trend analysis. The spectral analysis shows that SST has a 2-3 year significant cycle and evaporation rate has a 2-5 year
cycle over the Indian Seas. In addition, a significant | 5-year cycle is present in the SST over the Bay of Bengal and evaporation
rate over the Arabian Sea. Empirical orthogonal function analysis performed on the anomalies of SST and evaporation rate

over the Arabian Sea and the Bay of Bengal reveals that the time coefficient of first EOF has an increasing tendency.

Key words — SST, Evaporation, Moving pentad average, Bucket temperature, Injection temperature, Aerodynamic
method, Drag coefficient, El-Nino southern oscillation (ENSO), Spectral analysis, Empirical Orthogo-
nal Function Analysis (EOFA), Correlation coefficient (CC)

1. Introduction

Adequate estimates of global temperature change can
not be made without estimating the tendency of temperature
over the oceans which cover about 72% of the earth's
surface. Air temperature varialions over the oceans are
primarily determined by the SST changes. The first attempt
to estimate SST changes over the ocean areas was made by
Paltridge and Woodruff (1981). They reported that the long-
term temperature changes over the oceans differ signifi-
cantly from those over the land.

Bamnett (1984) has investigated the long-term trends in
SST and air temperature over the oceans. He concludes,
“The SST appears to have increased relative to air tempera-
ture over the oceans by approximately 0.2°C between the

early part of the century and recent times.” Hoflich (1973)
found a similar result (0.4°C) for the tropical Atlantic.

The changes in SST may lead to changes in evaporation
rate over the oceans which may have vital impact on the
atmosphere and global water budget.

The influence of Indian seas on the weather and climate
of Indian subcontinent which is dominated by monsoons and
tropical cyclones can not be overemphasized. Normally the
Indian seas are warmest during May; Hastenrath and Lamb
(1979). The tendencies of SST and evaporation over the
Indian seas in May during recent decades are definitely a
subject of considerable interest and importance. The main
problem addressed in the present study is the estimation of
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Fig.1. Different areas over the Arabian Sea and Bay of Bengal
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Fig.2. Anomalies of moving pentad averages of SST over Arabian Sea and Bay of Bengal during May

trends of SST and evaporation over the Indian seas in the been done as far as Indian seas are concerned. Recently
month of May during last three decades. Tanimoto er al. (1991) investigated the variability of SST
over the north Pacific Ocean during 37 years period from
1950 to 1986. They have reported different characteristic

scales in SST variations.

It may be remarked that although the variabilities of
SST and other marine parameters over the Atlantic and
Pacific Oceans have been extensively studied, not much has




SINGH: SST EVAPORATION OVER THE INDIAN SEAS

TABLE 1
Time-series of sea surface temperature (°C) over the Indian seas during May

SW SE wcC EC NW

wv
pz L

Sea Sea Sea  Sea = Sea

NE

Arabian Arabian Arabian Arabian Arabian Arabian Bayof Bay of

Sea

SwW SE wcC EC  North Arabian Bayof
Bayof Bayof Bayof Sea Bengal

Bengal Bengal Bengal Bengal Bengal (Mean) (Mean)

292
294 298
289 29.9
- 299
304 30.1 29.1 29.7 289
30.1 311 293 29.7 -
29.6 28.7 29.1
30.1 30.0 294
29.7 29.8 29.7
293 294
294 297
289 29.5
289 29.1
293 29.3
29.8 29.8
292 29.5
29.4 29.3
30.0 304 29.0
29.¢ 296 282
324 285 -
30.5 30.3 30.6
30.5 298
306 30.2 30.0
299 297 -
299 30.1
298 30.3
30.3 295
311 30.1

29.5 29.5
295
29.6

29.5

299 286
29.5 -
30.1 287
29.8 -

279
28.6
289

SE83KE&ERER8E

28.5
28.7
28.6
28.7
283
286
288
285

29.7
30.1
29.6
29.1
29.6
298
296
29.7
30.7
303
320
299
30.0
30.1 295
305 31.0
289 304
30.0 29.9
315 303
30.0 29.8 294 30.1

1987
1988
1989
1990
3 1991

284

28.7

300 292 30.5 292 30.2 292 29.8
294 297 30.1 30.1 30.5 29.5 30.0
300  30.1 29.7 - - 29.3 299
302 293 30.3 29.5 29.7 29.8
303 30.2 28.5 . 29.6 29.7
206 306 - < 30.0 30.1
- - 30.6 - - 30.6
293 295 29.6 28.1 294
30.1 30.4 30.5 30.0
29.3 - 295
28.5 - 287
295 30.0 29.1
29.6 30.0 29.7
30.0 30.1
29.4 29.2
29.0 29.3
29.1 289
295 29.5
29.2 29.5
29.7 29.7
289 29.2
304 30.5
29.9 30.5
30.1 30.0
30.7 30.5
29.2 29.9
292°
305
29.1
29.2
287

293

29.5

309

29.6

Linear Trend 4024 4014 4038  +0.11
per decade #e B

o +0.39 +0.25 +0.51 +0.24

0.0 -0.08

0.0 -0.14

# Significant at 99% level, ## Significant at 90% level.

2. Data and methodology

Archived ship observations from the north Indian
Ocean for the period 1961-91 have been used in this study.
SST data comprises of both bucket and injection tempera-
tures. However, it may be remarked that recent SST data
have come largely from thermometers located in the ship’s
water cooling intake line, called injection temperature. The
injection temperatures are biased high whereas bucket tem-
peratures are biased low; Roll (1965). The bucket- injection
bias is of the order of about 0.3°C; Tabata (1978). The
change of observational technique of SST would lead to an
increase in SST. Barnett (1984) has established that the
magnitude of this error is 0.3-0.7°C since early 1900’s. Thus
the increase of SST during last three decades due to bucket-

injection bias should not exceed 0.2°C. Any increase in SST
in excess of (.2°C would be real.

All ship observations comprising of SST, pressure, air
temperature, wind and dew point temperature were arranged
by 5° latitude X longitude squares. Means of less than five
observations have been rejected. In all about one lakh ob-
servations recorded over the Indian seas during May (1961-
91) have been considered. The evaporation rates (mm/day)
over different areas of Indian seas were computed using
aerodynamic formula with drag coefficients that vary with
wind speed and stability. The computational details are
given by Singh and Joshi (1993). The geographical locations
of sea areas have been depicted in Fig.1.




MAUSAM, 50, 4 (October 1999)

TABLE 2
Time-series of evaporation (mm/day) over the Indian seas during May

Sw SE wC EC NW NE

ze

Sea Sea Sea Sea Sea Sea

Arabian Armabian Arabian Arabian Arabian Arabian Bay of

Sw SE wC EC North
Bayof Bayof Bayof Bayof

Bengal Bengal Bengal Bengal

Arabian Bay of
Sea Bengal

Bengal (Mean)  (Mean)
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6.0
43
4.2
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5.7
35
4.2
1.8

28
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39
30
1.6

34
32
38
39
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3.1
1.6
3.1

s
5
1.6 1.0
20
5.0 22 37
42 3.6 36
23 33 30
4.0 35 35
38 37 4.0
49 4.1 4.0
36 36 36
35 38 39
6.3 5.1 49
33 35 29
28 34
37 43
1.8 2.1
6.4 39

9 -
1985 - 49
1986 23 25
1987 33 3.1
1988 5.5 5.6
1989 55 3.7
1990 5.8 5.0 4.7
31 1991 3.1 23 29
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2.7
32

30 30
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42 -
43 -
26 -

— et
W R -

-
L

16
17
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22
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24
25
26
2
28
29
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49
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49 30 28 26
39 29 25 2.1
4.1 33 - 5

49 4.2 2.8 - 36
29 33 47 : -

34 36
39 3.0
37 36
38 39
1.5 39

33 3.4
36 36
33 39
5.6
4.7
35
4.7
48
53
45
6.7
4.1
35
3.1

27 35
28 2.7
34 25
4.1
44
43
2.7
42
33
37
54
34
29
31
7.1
4.8
8.5
43
1.9
5.1
49
54
2.7

3.6
34
22

4.1 27
35
35
37
35
31
4.1
33
37
38
2.1
5.0
4.0
42
30
i3
48
45
4.9
27

38 -
43 44 31
6.0 37 4.1
4.1 2.1 -
46 37 4.1
42 2.7 27
50 24 43
4.6 30 6.0
38 27 3.0
34 25 1.8
32 -
7.0 -
4.1 6.8
6.0 9.2 9.7

4.4 34 57

2.1 - -

5.0 42 49

7.7 4.7 3.0

5.5 54 - -
3l - - -

- 7.3
49 28
9.2
40
1.7
6.1
39
5.2

22

Linear trend +0.03 +0.16 +0.34
per decade #4
€cC +0.02 +0.13 +0.35

+0.21 +0.60 +0.92
LA
+0.59

+0.23 +0.46

+0.18 +032 +0.74 +1.00 +0.92
H#

+0.42

+0.31
##
+0.35

+0.49
#H#

+.11  +0.24 +0.43 +0.35 +0.32

# # Significant at 90 % level.

The time-series of SST and evaporation rate for differ-
ent regions of Arabian Sea and Bay of Bengal have been
presented in Tables 1 and 2. The moving pentad averages of
SST and evaporation rate and their anomalies have been
computed from the time-series of respective parameters.

3. Results and discussion
3.1. SST variability over the Arabian Sea

Time-series of SST over different regions of Arabian
Sea alongwith trends per decade have been presented in
Table 1. It may be pointed out that linear trends of SST over
different areas of Arabian Sea range from 0.1°- 0.4°C per
decade. Noteworthy feature is that the trends are positive

over each segment of Arabian Sea. Some of the trends are
not statistically significant but marine parameters like SST
and evaporation rate exhibit very small trends. A trend of
only + 0.1°C/decade in SST is practically significant and
very important although i1t may or may not be statistically
significant.

During 1960’s, barring 1965 and 1966, the mean S5Ts
over SW Arabian Sea were below 30°C mark whereas
during 1970’s over the same area the SSTs never reached
30°C. The contrast during 1980's is significant showing
mean SSTs more than 30°C during all the years except 1981
and 1988. More quantitatively the mean SST in May over
the SW Arabian Sea during 1960’s was 29.7°C, during
1970's it was 29.5°C and during 1980’s it was 30.1°C. The
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Fig.3. Anomalies of moving pentad averages of evaporation over Arabian Sea and Bay of Bengal during May

mean SST during 1990-91 was 30.3°C. This shows an
increasing tendency of SST over the SW Arabian Sea from
1970’s to early 1990’s. As revealed by the trend analysis the
trend during entire period is about 0.7°C.

Superimposed on an overall increasing trend is the
interannual variability. During 1965 and 1966 the mean
SSTs over the SW Arabian Sea were quite high, i.e., 30.4°C
and 30.1°C. It is interesting to note that summer monsoons
during these years were deficient yielding only 82% and
87% of the all India normal monsoon rainfall. Similarly,
during 1970’s the years 1972 and 1979 registered highest
SST, i.e., 29.9°C. SW monsoon performance during both
these years was extremely poor (77% and 81% respectively
of the normal rainfall). During 1980’s the highest SST was
recorded in 1987 which was again a highly deficient mon-
soon year; 81% of the normal rainfall. The foregoing dis-
cussions clearly bring out a significant interannual
variability of SST over the SW Arabian Sea exhibiting good
negative correlation with the monsoon rainfall (Singh and
Pai, 1996). However, a one-to-one correspondence between
mean SST over the SW Arabian Sea and subsequent mon-
soon rainfall should not be expected. The year 1990 appears
to be an exception with SST of 31.5°C but normal monsoon
rainfall (107 % of normal).

The SSTs over SE Arabian Sea also exhibit more or less
similar pattern with 1970’s registering lowest SST followed
by 1960’s whereas 1980’s and early 1990’s registered high-
est SST. The quantitative details are being omitted which

78 B0 82 B4 B BB O

could be easily worked out from Table 1. The linear trend
during the period 1961-91 is +0.4°C which is less than that
observed over SW Arabian Sea.

As we move on to WC Arabian Sea the increasing trend
of SST becomes more pronounced with trend value of
+0.38°C per decade (Table 1). The pronounced increasing
trend is evident from the mean SSTs during 1960’s, 1970,
1980’s and early 1990’s which are 29.4°C, 29.3°C, 30.3°C
and 30.3°C respectively. Table 1 shows that the trend since
1961 over WC Arabian Sea is 1.1°C which was only 0.7°C
over the SW Arabian Sea. It may be pointed that the entire
magnitude of these changes may not be real which will be
discussed later.

The interannual variability of summer SST diminishes
over the WC Arabian Sea which is clear from the fact that
highest SSTs were not necessarily observed during below
normal monsoon years. Thus the correlation between SST
over the WC Arabian Sea and the monsoon rainfall over
India is practically non-existent. As this aspect has already
been discussed by Singh and Pai (1996) the details are
omitted.

Over the EC Arabian Sea also increasing trend in SST

is observed. However trend is only the 0.11°C/decade which
is significantly less than that over the WC Arabian Sea.

The availability of SST data over the north Arabian Sea
is not satisfactory. This is a common problem as the north
Arabian Sea does not lie in main shipping lanes. Thus no
definite conclusions are being drawn here for the north
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TABLE 3
Comparison of decadal means with mean of entire period (1961-91) using Cramer’s test

Parameter

SST

Evaporation

Arabian Sea

Bay of Bengal

Arabian Sea Bay of Bengal

1 2 1
1 1961-70 NS 0.1 NS
2 1971-80 S* 0.3 S*
3 1981-90 S* 0.6 NS

0.2
-0.3 NS 0.2

1 2 1 2
S 0.4 S* 038

S 0.4 S* 0.7

* Significant at 95% level, NS - Not significant,

1- Level of Significance, 2- Difference between decadal and long term mean.

TABLE 4
Results of power spectrum analysis

Parameter

Significant periods in years

SST over Arabian Sea

SST over Bay of Bengal
Evaporation over Arabian Sea
Evaporation over Bay of Bengal

20%%,2.5%,22%*
15%,3.0%+,1.93%*
15%,22%*

5%, 2.86* *

* Significant at 95% level, * *Significant at 90% level.

Arabian Sea. However, the available data shows an increas-
ing SST trend of 0.24°C/decade over the NW Arabian Sea
and 0.34°C/decade over the NE Arabian Sea. Before we take
up the trend in grand mean SST over the Arabian Sea some
salient features of SST trends over different areas of Arabian
Sea may be pointed out. Firstly, the most pronounced trend
has been observed over the WC Arabian Sea and lowest
trend over the EC Arabian Sea. Secondly, in general the
western Arabian Sea has witnessed more warming as com-
pared to the eastern Arabian Sea.

The time-series of grand mean SST over the Arabian
Sea during May is also given in Table 1. Moving pentad
averages of SST have been computed for the period 1963-
89. The anomalies of such averages have been presented in
Fig.3. Table 1 shows that the linear trend of grand mean SST
over the Arabian Sea is 0.9°C during the three decade period
under consideration which is significant at 99% level. Sub-
tracting the bucket-injection bias of about 0.2°-0.3°C from
this trend the real trend would be of the order of 0.6°- 0.7°C
which is also significant. This would mean that May SSTs
over ithe Arabian Sea have been registering an increasing
trend of about 0.2°C per decade, thus making the Arabian
Sea warmer by about half a degree celcius by mid of twenty
first century from now.

Comparison of decadal means with the mean of entire
period (1961- 91) have been made and the results are pre-
sented in Table 3. The means for 1971-80 and 1971-90 are
significantly different (at 95% level) from the mean of entire
period.

The results of power spectrum analysis performed on
the grand mean SSTs and evaporation rates over the Arabian

Sea and Bay of Bengal have been presented in Table 4. A
2.5 year cycle (significant at 95% level) and a 20 year cycle
(significant at 90% level) have been observed in the SST
variations over the Arabian Sea. This shows the existence
of a prominent ENSO cycle in SST.

3.2. 88T variability over the Bay of Bengal

Table 1 shows that mean SST over the SW Bay of
Bengal during 1960’s was 29.9°C. During 1970’s and
1980’s the values were 29.3°C and 29.9°C respectively,
whereas the mean during 1990 and 1991 was 29.5°C. Table 1
shows that there is no trend of SST over SW Bay unlike that
over the SW Arabian Sea. Another significant difference
between the SST variabilities over SW Arabian Sea and SW
Bay of Bengal is that the interannual variability over SW
Bay does not show good monsoon rainfall.

Over SE Bay of Bengal mean SSTs during 1960’s,
1970’s, 1980’s and early 1990’s were 29.9°C, 29.3°C,
29.6°C and 30.1°C respectively. There is a little increasing
trend of 0.1°C per decade which is not significant.

Marine data coverage over central and northern Bay of
Bengal is extremely poor due to their locations being far
away from the main shipping lanes and therefore no definite

conclusions could be drawn about the SST variability.

Moving pentad averages of grand mean SST over the
Bay of Bengal have been depicted in Fig.2. Table 1 shows
that there exists no significant trend in SST in May over the
Bay of Bengal during last three decades. However, 2-3 and
15 year cycles are present (Table 4).
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TABLE 5
Results of EOF Analysis
(A) Input correlation matrix

Parameter 1 2 3 4

1 1 = - -

2 0.74 1 = -

3 037 0.60 1

4 0.64 0.55 0.68 1

1- SST anomaly over Arabian Sea, 2 - 55T anomaly over Bay of Bengal,
3- Evaporation anomaly over Arabian Sea, 4- Evaporation anomaly over Bay of Bengal.

(B) Cumulative proportion of total variance explained by different EOFs

S.No. EOF Total Variance Explained
1 First 64.0 %
2 Second 899 %
3 Third 96.7 %
4 Fourth 100.0 %

3.3. Variability of evaporation rate over the Arabian
Sea and the Bay of Bengal

SST is an important physical parameter governing the
evaporation rate from the ocean. But there are other impor-
tant factors like wind speed, dew point temperature and drag
coefficient that determine the rate of evaporation. Thus
probably the identical variations of SST and evaporation
over the oceans can not be always expected. The relationship
between the SST and evaporation is further complicated by

the fact that keeping all other factors constant, higher SST
would lead to higher rate of evaporation. But the converse
is not true. Higher evaporation rate lowers the SST.

The evaporation variabilities over the Arabian Sea and
the Bay of Bengal have been presented in Fig.3 and the
time-series alongwith linear trends are given in Table 2.

Fig.3 clearly brings out the monotonic increasing trend
of evaporation rate in May over the Arabian Sea since 1961.
Table 2 shows that the linear trend is 0.9 mm/day per decade
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during last three decades which is significant at 90% level.
Keeping in view the instrumental bias in SST leading to
an increase in evaporation the real trend may be about
0.6 mm/day per decade which is statistically as well as
practically significant. Thus there is an increasing trend in
summer evaporation over the Arabian Sea which is about
0.2 mm/day per decade. Needless to mention, this magni-
tude of real trend in evaporation is sufficient to cause far
reaching changes in the weather and climate of India and
neighbouring regions.

Interannual variability and the variabilities of other
scales in the evaporation rate are less dominant as compared
to the linear increasing trend. However, certain observations
could possibly be made. The dip in evaporation rate over the
Arabian Sea during mid 1960’s coincides with the period of
generally bad monsoon years, ie., 1965-68 followed by
generally good monsoon years 1961-64.

Similar dips in the evaporation curve are observed
during 1979 and 1982-83 as well. Thus a positive correlation
between the summer evaporation over the Arabian Sea and
Indian monsoon rainfall exists. The correlation coefficient
is +0.64 which is significant (Singh and Pai, 1996).

Variability of evaporation rate over the Bay of Bengal
is significantly different from that over the Arabian Sea. In
addition to the increasing trend the variations on the scale
of 3-5 years are present (Table 4).The linear trend is more
than that over the Arabian Sea, i.e., 1.5 mm/day per decade
(Table 2). Thus the real positive trend of evaporation rate
over the Bay of Bengal will be about 0.8-1.0 mm/day per
decade.

The most interesting aspect of evaporation variability
over the Bay of Bengal is the ENSO scale (3-5 years)
variability. The cause-and-effect relationships in the ocean
atmosphere system are so complex that it seems difficult to
comment on the reasons for the observed multiple time-
scale structure of the evaporation rate variations over the
Bay of Bengal.

3.4. Time coefficients of first Empirical Orthogonal
Function (EOF)

The four variables, viz, SST and evaporation anomalies
over the Arabian Sea and Bay of Bengal were subjected to
the Empirical Orthogonal Function Analysis (EOFA) dueto
their inter dependence (Table 5A). The first EOF explained
64% of the total variance (Table 5B). The time coefficients
of first EQF are presented in Fig.3. The increasing trend in
these time coefficients clearly reveals that the SST and

evaporation rate over the Indian seas have increased since
early 1960’s.

5. Conclusions

The study has brought out the following results.

(/) The sea surface temperature has shown an in-
creasing trend in May over the Arabian Sea dur-
ing last three decades. The trend is real and
significant which is 0.6-0.7°C during the entire
period. The SST trend over the Bay of Bengal is
not significant. The real evaporation rate trend is
+0.6 mm/day over the Arabian Sea and +0.9
mm/day over the Bay of Bengal; both trends
being significant.

(1i) The SST variations exhibit 2-3 year (ENSO
scale) and 15-20 year cycles over the Indian seas.

(iii) The evaporation rate over the Indian seas shows
an ENSO scale (2-5 years) variability and a 15
year cycle.

(iv) The time coefficients of first EOF of all four
variables (i.e., SST and evaporation over the Ara-
bian Sea and the Bay of Bengal) show an increas-
ing trend.
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