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Air-sea interaction on a seasonal scale over north Indian
Ocean—Part | : Inter-annual variations of sea surface
temperature and Indian summer monsoon rainfall
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ABSTRACT. Monthly me.an sea surface temperature (SST) obtained from ship observations have

1. Introduction

been studied for two ‘selected representalive areas’ (SRA) in the Arabian Sea and one in the Bay
of Bengal for the 13-year period 1961 to 1973, Each SRA is 3 degrees fongitude 3 2 degrees latitude.
They are cenlred, A at 11 deg. 00’N, 59 deg. 30’E, B at 14 deg. 00’'N, 71 deg. 30’E and C at
11 deg. 00’ N, 83 deg, 30’ E. 12 monthly ruoning means of the monthly mean SST of each SRA shows
a pronounced three-year oscillation during the whole period. The series of monthly anomalies of SST
for A, B and C were subjecied to harmonic and power spectrum analyses, which also show that apart
from the annual vaciation, the only prominent periodicity is the 3-year variation. For the 9-year period
1965 to 1973, five-degree square averages of monthly mean SST have been worked out for. the Indian
Ocean area north to 15 deg. S. It is found that the 3-year oscillation in SST covers a large area of norih
Indian Ocean, where power specirum analysis of SST monthly anomalies shows significant peaks at
confidence level 95% for this oscillation.

Correlations beiween monsoon rainfall of India and the S5T anomalies at A, B and C have been
worked out using data of 1961 to 1973. It is found that the SST of pre-monsoon moaths is positively
correlated with the following monsoon rainfall, but the correlation is low and not statistically significant,

- However, the monsoon rainfall is significantly negatively correlated with the post-monsoon SST of areas
A, B and C

rainfall is seen right from 1961, with good monsoons

1.1. During some epochs, Indian summer monscon
rainfall has shown large inter-annual variations, with
large scale monsoon failures occurring in some years.
Joseph (1976) has shown that Indian summer mon-
soon rainfall, the upper tropospheric winds over south
Asia and the tracks of post-monsoon cyclonic storms
of Bay of Bengal have undergone 4 3-year oscillation
during the period 1964 to 1973. The oscillation in

1323)

occurring in 1961, 1964, 1967, 1970 and 1973 and
monsoon failures occurring in between. From a pre-
liminary study by Joseph (1981) it is seen that the
ocean-atmosphere interaction on a seasonal scale is
the possible mechanism for this oscillation, Large scale
monsoon failures over India during 1965 and 1966
caused increase in sea surface temperature (SST) in
the Arabian Sea and Bay of Bengal. The warm sea
was taken as responsible for the good monsocon of
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Fig, 1. Average monthly frequency of SST observations (1965-1973)
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Fig. 2. Top figure gives the twelve months moving average of SST observation A. Bottom figure gives the munsoon
rainfall of India as derived by Parthasarathy and Mooley (1978). The 3-year oscillation is clearly seen in
both figures i
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TABLE 1
Number of SST observations in A, B and C during 1964

SRA Jan Feb Mar Apr May Jun Jul Aug Sep Oct  Nov Dec

A 107 105 105 118 100 133 81 89 93 84 101 93
B 25 50 44 38 45 28 38 45 33 34 23 40
C 28 23 36 31 22 26 21 27 14 20 12 21

1967 through changes introduced in the upper tropo-
sphere from the post-monsoon months of 1966. The
good monscon of 1967 cooled the sea areas and the
cycle repeated.

1.2, In this paper the inter-annual variation of S8T
during the period 1961 to 1973 and its relation with
the Indian summer monsoon rainfall have been studied,
As per decisions of WMO Congress-1V in 1964, India
gets meteorological observations from the ships of the
Voluntary Observing Fleet of about 40 maritime
nations, checked by the meteorological = services of
those countries, for the Indian Ocean area north of
latitude 15 deg. S as shown in Fig. 1. Qut of the 17
‘selected representative areas’ (SRA), three areas A,
B and C were chosen for study, as marked in Fig. 1.
Each of these SRA is 3 degrees longitude X 2 degrees
latitude. They are centred at 11.0 deg. N, 59.5 deg. E,
14.0 deg. N, 71.5 deg. E and 11.0 deg. N, 83.5 deg. E.

- Monthly mean SST for A, B and C prepared by India
Meteorological Department for inclusion in the publi-
cation ‘Marine Climatological Summaries’ for 1961 to
1967 were provided to the authors by India Meteoro-
logical Department, Similar monthly means for the

years 1968 to 1973 were derived from the data stored

in magnetic-tapes at the National Data Centre of
Meteorological Office, Pune. Details regarding these

data are desribed by Korkhao and Nene (1972).

‘Table 1 gives the number of SST observations availa-
- ble in each month of a typical year 1964 for A, B and
C. - =

1.3. For the period 1965 to 1973, five-degree lati-
tude-longitude square averages of monthly mean SST
were also worked out for the Indian Qcean, north of
15 deg. S. Fig. 1 shows the average number of 8§T
observations per month available for each five-degree
square during this period, Total number of SST obser-
vations available for the whole area monthwise is
given in Table 2. It may be seen that the number of
SST observations available is somewhat less in 1973.

2. Analysis of SST dafa of A, B and C, 1961 to 1973

2.1, Twelve month moving average of the monthly
mean SST of A, B and C shows a pronounced 3-year
oscillation.. Fig. 2 shows this for the area A. Even

after applying a 12-month moving average, the double

amplitude is considerabl¢-about 0.7 deg. C for the

first two cycles and about 1 deg. C for the third and -

fourth cycles. The figure also shows the monsoon rain-
fall index June-September for the whole of India as
derived by Parthasarathy and Mooley (1978). The 3-

year cycle is seen in the -rainfall also “but with the
opposite phase, :

2.2. To see the real double amplitude for the 3-year
cycles in SST at A, the normal SST for each month
was calculated as an average of 13 years and monthly
anomalies were obtained as departures from the
monthly normals, Monthly normal is calculated giving
equal weights to all the individual observations of a
month during the 13-year period. Thus the normal or
the 13-year average SST of a month 7 is given by :

i=1973
N; T;
= . i=1%l
r 7= 1973
< w
i = 1961

The index i denotes the year and T is an individual
monthly mean value obtained from N observations
of SST. To have some smoothing the four 36-month
cvcles beginning January 1962, January 1965, January
1968 and January 1971 were averaged and the mean
cycle thus obtained for A is shown in Fig. 3. The
thick line marked is the S-month moving average of
those vatues. It is seen that the double amplitude of
the 3-year oscillation in SST at A (with the annual
cycle removed) is about 1.5°C (Maximum SST—
Minimum SST). The thick line shows that SST increased
during two consecutive years and decreassed during
the third year, thus giving a saw-tooth type of wave.
Dotailed examination of the data showed that the
increase and decrease of SST occurred across the mon-
soon months June to Sepiember and that the anomaly
generated by a monsoon persisted till the next mon-

- soon. It may be noted that a 3-year periodicity in the

heat storage in the top 100 metre layer of the north
Indian Ocean during the period 1964 to 1974.-has been
reported by . Golvastov (1980).

-2.3. To study the amplitude and phase of the 3-year
wave in SST, the 144 monthly anomaly values of each
area A, B and C from January 1962 to December
1973 were subjected to harmonic analysis. The series
was expressed as :

i=Nj2
- . 2wit
X = X -+ (A.-smwf%p—l—w%«
i=1
- [ t
-+ B; cos 2 )
P

';vhere, p is the total period (144 months) and N is the
number of observations (144). The amplitude of the it
harmonic is : '

C; = (48 + BAPF

and the time at which i*t harmonic reaches maximum
(phase) is: - . :

ém_%j# arc tan (4/By)

ty =
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Fig. 3. Average SST anomaly in a 3-year cycle at Jocation A
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Number of SST observations in each month over Indian Ocean north of 15°S during 1965 to 1973
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Year Jan  Feb Apr  May Jun - Jul Aug Sep  Oct Nov Dec
1965 7507 7564 8217 7441 7887 7322 8314 8637 7234 8615 8101 T
1966 5648 8055 9308 8274 8149 8095 7521 8181 7069 7629 8484 8115
1967 8037 8076 8340 8055 8286 6748 6586 6261 6034 6123 5225 6007
1968 - 6698 6757 8247 8617 8653 7986 7506 7963 7615 7098 7489 7742
1969 8241 7278 7623 7509 6442 7708 8391 7746 7452 8307 7686 7611
1970 7382 6623- 6943 6290 7497 6965 7481 7346 6941 7026 6560 7361
1971 7075 6481 7144 6789 nin 6458 6697 7365 6740 7217 7883 73 15
1972 7011 6504 7390 6508 6966 6845 7057 7433 6863 7264 6698 6593
1973 4945 4810 4946 4566 4218 4199 4513 4659 4334 4491 1145

4451

- The variance accounted for by the i*® harmonic is

Cpj2s2, where s is the standard  deviation
(See Panofsky and Brier 1968). Data in respect
of the first 12 harmonics are given in Table 3, At
all the 3 areas, the fourth harmonic (36 months wave)
has the maximum amplitude and it accounts for the
highest per cent of variance. For all other harmonics
the variance is very low. This shows that the only
prominent oscitlation is the 3-year oscillation. The
phase of maximum SST at A is 20 (August of second
year), at B is 21 (September of second year) and at
C is 26 (February of third year}.

2.4, Power spectrum. analysis of the series of 156
monthly anomaly values for A, B and C for the years
1961 to 1973 with lag of 54 months was also carried
out as per the method outlined in WMO technical note
No. 79 (1966) on ‘Climatic change’, Fig. 4 shows the
spectrum for arca A. The 3-year cycle is significant at
confidence level 99%. Areas B and C also show the
3-year cycle; but it is significant at confidence level
939 at C and only at 90% confidence level at B.

5. SST and Indian monsoon rainfall (1961 to 1973)

3.1. It is of interest to examine whether the SST at
A, B and C is correlated “with the monsoon rainfall.
For this, seasonal averages of SST anomaly for the
four seasoms, winter (January and February), pre-
monsoon (March, April and May), monsoon (June,
July, August and September) and post-monsoon
(October, November and December) were calculated
for A, B and C. These were correlated to the anoma-
Lies of monsoon rainfall 1 Yune to 30 September of
the whole of India for the same year using the rainfall
series as derived by Parthasarathy and Mooley (1978).
The correlation coefficients between the monsoon rain-
fall anomaly and the SST anomaly are given in Table
4. The significance at confidence Tevel % of the corre-
lation coefficient * is also given in the table. The corre-
lation between monsoon rainfall and SST of previous

. winter and pre-monsoon seasons is positive but not

significant. The correlation changes sign during the
monsoon $eason (concurrent correlation) but is not
significant except at A. However, the monsoon rainfall
is significantly (at 97% confidence level) negatively
correlated with the SST of the following post-mon-
soon season at A, B and C, which shows that a poor
monsoon warms significantly the Arabian Sea and the
Bay of Bengal, In this connection reference is invited
to Weare (1979) who performed an Empirical Ortho-
gonal Function analysis of Indian Ocean SST data of
1949-1972 and found that a warmer Arabian Sea or
Indian Ocean is weakly associated with decreased rain-
fall over much of the Indian sub-continent, in agree-
ment with the concurrent negative correlation (signi-
ficant only at A) described in this para,

4, Area affected by the 3-year oscillation (1965 to 1973)

4.1. As described in section 1.3, for each 5-degree
square a series of 108 monthly values of SST was
obtained, With a condition of at least 5 observations
of SST for a monthly average, the data series of most
of the squares outside the thick line boundary of Fig. 1
were not complete and so could not be used. The
average 3-year cycle of SST anomalies were worked
out using data of the 3-cycles beginning January 1965,
January 1968 and January 1971. The double ampli-
tude (maximum minus minimum SST) of the mean
3-year cycle for each 5-degree square is given in Fig. -
5. The 3-year oscillation is found to have double
amplitude of about 1 deg. C ovgr a large area of the
north Indian Ocean; over western Arabian Sea it is
around 1.5 deg. C as at A.

4.2. The 108 SST monthly anomaly value series of
cach S-degree square was subjected fo power specirum
analysis with lag of 36. Practically all the squares show
a 3-year wave. The 3-year wave is significant at confi-
dence levels 80%, 90% and 95% as shown in Fig. 6.

" The “X’ mark shows that confidence level is less than

80%. It is seen that a large area of the Indian Ogean
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TABLE 3

Anfplitule and phase of and variance accounted by the first 12
harmonics of the monthly SST series 1962 to 1973

Area A
Harmo- > — v f \
nic Amp Phase Var 'Amp Phase Var Amp Phase Var
(°C) (month) (%} (°C) (month) (%) (°C) (moath) (%)

Area B Area C
P, .

v 1 0.03 5 ¢ 0,18 58 11 0,07 105 !
2 6.10 11 2 0.13 8 3 0.06 49 1
-3 0.14 40 4 007 0 2 0,21 43 10
4 0.35 20 25 0.25 21 20 026 26 15
5, 041 19 2 005 I6 1 002 24 0
6 0.02 23 ¢ 0.05 7 i 0.07 16 1
7 0.06 10 1 0.12 8 5 6,14 7 3

.8 0.1l 8 3 0.08 8 2 0.10 6 2
9 0.08 0 1 0.05 0 1 0,09 14 2
10 0.16 13 3 0.09 2 2 0.04 11 0
11 0.1k 9 2 0.08 3 2 0.06 9 1

0.03 9 0 0.03 § 0 0.03 10 0

[y
b

north of 5 deg. S has a 3-year oscillation in SST signi-
ficant at confidence level 95% (The values given in
brackets in Figs. 6 and 7 show that in fhese squares
one value of the 108 values in the series is an average
with less than 5 cbservations).

4.3, Harmonic analysis was done of the 108-month
SST series of each 5-degree square. In all the squares
the 36 months wave (third harmonic)- is the only pro-
minent wave, The phase of maximum SST of the 36-
month wave is shown in Fig. 7, with isolines marked
in months, July of second year (phase 19} to January
of third year (phase 25). The progression of phase
from west to east is interesting. The phase propaga-
tion is fast along centra]l Arabian Sea and slow over
south Arabian Sea and the equatorial regions. Ocean
currents may have a role in this.

5. Seasonal mean SST over noréh Indian Ocean 1965.1973

5.1. Using monthly mean data of 5-degree squarcs.

of 9-year 1965-1973, seasonal mean SST was calcu-
lated for each 5-degree square for the four three-
month periods December to February, March to May,
June to August and September to November. Using
these values seasonal mean SST charts were prepared.
These are given in Fig. 8. Isopleths of SST have been
drawn at intervalg of 0.5 deg. C. The axis of war-
mest temperature Hies close to the equator during
December-February, Along with increase of SST, this
axis shifts northwards by March-May. SST of June-
August shows the effect of monsoon cooling all over
the north Indian-Ocean. The effect of upwelling and
the spreading of the cold water generated thereby arc
seen over western Arabian Sea and to the south of
Peninsular India; these areas warm up by September-
November. The three-year oscillation in SST is super-
- imposed on this normal annual cycle.
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TABLE 4
i

Correlation between Indian monsoon rainfall anomaly and seasonal
mean SST anomaly at A, B-and C of the same year for
the period 1961 to 1973

Area A 7 Area B Area C
Season e iy e Rl e
r. s r 3 r 5
(%) (%) )
January & .
February 0.29 80 0.45 90 .35 80
March to May 0.35 80 (.43 90 0.28 80
June to
September ~{},54 95 —0.33 80 —0.25 80
QOctober o
December  —0.62 97 —8.59 97 —0.57 97

Serial-or Jag correlation were calculated for cach of the time
series of SST and rainfall. As no significant persistence was
found, the actual length of the series wag used for cstimating the
level of significance.

5.2. The normal SST over southeast Arabian Sea
is around 28 deg. C during September-November. In
this season the entire north Indian Ocean has warmed
considerably once in 3-year with southeast Arabian
Sea as the centre of the anomalous warming as may be
seen from Fig. 7. This may be responsible for the
change in upper tropospheric circulation described in
Joseph (1981).

6. Conclusions

6.1, The following conclusions may be drawn from
the study : _

(a) Sea surface temperature (SST) over the
north Indian Ocean is found to have under-
gone 2 significant three-year oscillation during
the period 1961 to 1973,

() Indian monsoon rainfall June to September
is found to be significantly negatively corre-
lated with the mean SST over north Indian
Ocean during the post-monsoon season

October - December.

(c) It is found that during the period 1965-1973
two consecutive monscon failures have
~ warmed the entire north Indjan Ocean. Since
the mixed layer deepens during the summer
monsoon season as may be seen from Rao
et al. (1976), the net result of iwo conse-
cutive monsoon failures is the production of
anomalously warm water in the north Indian
Ocean fo a depth of about 80 metres from
the surface. This vast reservoir of heat should
be important in relation to changes in the
upper tropospheric flow patteins over -south
Asia as reported by Joseph (1981).
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6.2. In Part II of this paper a detailed study of SST'
and related atmospheric parameters over the north
Indian Ocean during the two contrasting years 1972
and 1973 will be presented, 1972 was a major drought
year in India and in 1973 India had excess rainfall
during the monsoon season June to September. In
Part III of the paper the effect of the increase in SST
over the north Indian’ Ocean caused by failure of
monsoon rains over India on the post-monsoon tropi-
cal cyclones will be discussed.
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