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- Principal component analysis of monthly mean
sea surface temperature over the Arabian Sea,
Bay of Bengal and north Indian Ocean for two
contrasting sets of monsoon years
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ABSTRACT. The spatial distribution and temporal variation of the monthly mean SSTA over the Arabian
Sea, Bay of Bengal and the north Indian Ocean were investigated for aset of contrasting vears of monsoon over

the period 1961-8¢ for months April throngh luly using Empirical Ortk
view to identify repions that are significantly related to the monsoon rainfall,

Orthogonal Function (EOF) technigue with a
Qver 752, of the total variance 15

explained by the first mode EOF. SSTA over the north and northeast Arabian Sea during pre-mensoon months

were found to be possible indicators of the ensuing monsoon activity.
northeast Arabian Sea mayv signal good monsoon and vice versd.
tribution of SST over the Arabian Sea between the two sets of the years, the castern Arabian Sea
the entire Arabian Sea except over the extreme north Arabian Sea is cool
formation of SSTA over the equatorial Indian Ocean area close to Indo-

the deficient monsoon years while
during good monsoon years. There is

nesian island commencing from May which is more marked in June

rainfall activity over India.

The higher eigen vectors in May over
In June there ic a marked contrast in the dis-
is warmer for

and is positively correlated with seasonal

Key words — Sea surface temperature anomaly, Spatial distribution of sea surface temperuture differences.

1. Introduction

The contribution of the oceanic bodies to the varia-
tion of climate and weather over the globe arising
from large area and thermal capacity and long time
scale of the oceans is considerable but complex. Among
the oceanic parameters, SST plays a pivotol role on the
variation of atmospheric circulation. SST is known to
be controlled by a variety of atmospheric and oceanic
processes such as the incident solar radiation, net
longwave radiation, sensible and latent heat fluxes,
coastal and mid oceanic upwelling, advection of warm
and cold water, lateral diffusion, entrainment of cold
water from below and thickness of mixed layer: the
relative importance of these processes vary both in
time and space. The factors that determine the influence
of the SSTA on the atmospheric circulation are rather
complex; the immediate effect being change of sensible
heat flux and evaporation which are confined only
over the oceanic surface may not produce significant
changes in the atmospheric circulation. For an SSTA
to affect the atmospheric circulation, it should be able
to produce a deep heat source in the atmosphere.
Numerical model experiments have suggested that

(69)

deep heat source associated with SSTA depends upon
the structure and magnitude of the SST and their
anomaly fields, basic flow in the atmosphere, the lati-
tude of anomaly and the atmospheric instability mechani-
sms in the region. As tropical region is dominated by
Hadley, Walker and monsoon circulations, changes
in the boundary conditions can alter the location and
intensity of these systems. The heat released by oceans
to the overlying atmosphere is a function of air-sea
temperature difference, vapour pressure difference,
wind velocity and radiation which again is a function
of clouds and moisture in the atmosphere.

Several cbservational and numerical modelling studies
have been made correlating SST over the Arabian Sea,
Bay of Bengal and monscon rainfall of India. Shukla
and Mishra (1977) with the Geophysical Fluid Dyna-
mics Laboratory (GFDL), GCM found that SST over
western and central Arabian fea is negatively correlated
with rainfall over India. Washington er al. (1977) using
National Centre fer Atmespheric Resesrch (NCAR)
model found local responses to encmelics cver the
Arabian Sea and remote respense fcr anomelies over
central Indian Ocean while Weare (1979) found negative
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correlation between SST and rainfall. Shukla and Mishra
(1977) obtained positive correlation between SSTA
in central Arabian Sea and rainfall over west and central
India. Joseph and Pillai (1986) based on data of a few
years concluded that for good monsoon, the warm
pool over the Arabian Sea and Bay of Bengal during
pre-monsoon months were having higher magnitudes
and were over more northerly latitudes. Sadhuram
et al. (1990) obtained negative correlation between
SST over southeast Arabian Sea and rainfall over west
coast of India. Shukla (1987) based on a composite
SSTA both for heavy rainfall and drought years came
to the conclusion that pre-monsoon SSTA is negative
for both the cases. Rao and Goswamy (1988) from
a similar study obtained that SSTA over southeast
Arabian Sea in March and April is positively correlated
with rainfall over India. Ray (1991) observes that
SST over southeast Arabian Sea has to be more than
30°C for occurrence of good monsoon. Most of the
observational studies reported above were based on
sparse data sets, Some of the studies have mixed space

Eigen indices of mean SST for May based
upon \'i\ PUUI' monsoen _\"32“"

Fig. 4.

and time variation of SST. Itis well known that SST over
the Arabian Sea and the Bay of Bengal increases during
pre-monsoon months and falls after the onset of mon-
soon. The magnitude of this rise or fall considerably
varies from one location to another even over the Arabian
Sea itself and hence mixing of space and time may not
yield the desired results. Keeping in view the above, an
attempt has been made in this paper to utilise maxi-
mum possible data set over the Indian Ocean area and
prepare monthly mean values of SST for every 357
square based on the principal components analysis
(PCA) for a period of 20 years from 1961.

2. Data used

India is holding responsibility for the collection,
processing and publication of ships data of the Arabian
Sea, Bay of Bengal and north Indian Qcean, north of
15°S latitude between 207 E and 1CO°E longitudes. On
an average nearly 1.5 lakh observations per year are
on our archives which is the optimum number of
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TABLE 1

Variance of first eigen indices of mean SST for good and
POOT MONS0ON Years

Month Good Bad
monsoon monsoon

April 75,17 85.57
May 79.02 81.93
June 83.78 87.75
July 86.62 836.83

records possible. As the incoming data are hetero-
geneous, since they are coded and recorded by several
nations, they have been converted to a homogeneous
data set by a set of computer programs. These data are
then subjected to electronic quality control checks and
observations for the 4 months April through July are
extracted. Monthly means of SST were calculated
for every 57 Lat./Long. square over thisarea. The
seasonal rainfall departures over the country for indi-
vidual years over this period were scrutinized and set of
six years 1961, 1964, 1970, 1973, 1975 and 1978 having
rainfall departures (percentage) 22, -}-10, 12, -8,
15 and -9 respectively and set of six deficient monsoon
years 1965, 1966, 1968, 1972, 1974 and 1979 having
rainfall departures (percentage) — 18, —13, —10, —24,
—12 and—19 respectively were identified. The means of
six good and six poor monsoon years were then compu-
ted for these 5° square and these are subjected to EOF
analysis,

3. Method of analysis

The principal component analysis providesa simple
means due to its restrictions to linear functions of the
original variables expressing a linear function of the
p variable of the form given by :

Z=a Xy + asXo

where, @y, aoy. ..o a, are constants,
As we change ay, @y,............q, we get different
linear functions and we can calculate the variance of any
such linear function. The first principal component
(PC) is that linear function which has the maximum
possible variance: the second PC is the linear function
with maximum possible variance subject to being un-
correlated with the first PC; the third PC is the linear
function which maximises variance subject to being un-
correlated with the first and second PCs, and so on.
Thus, it is easy to construct p principal components pro-
viding optimal m-dimensional representation of the
dataforeachm=1, 2.........., pforvarious different
definitions of optimality. In particular, at each stage
the sum of the variances of the PCs is as large as possible.
In other words, with PCA we get for eachm=1,2,..., p
the m linear functions xp. xo........ , X, which acc-
ount for the maximum possible proportion of the
original variations. Expressing in more general terms,
the kth principal component is given by :

2= X3 T GuXg -rriieinns. i
== a‘k <

T dkp Xp

' p. Here a'iare vectors consisting
of the weights to different variables. We compute
eigen vectors of the ( p  p) co-variance matrix.

Thus the empirical orthogonal function (EOF) is
the set of coefficients ay,, @;, appearing in the first PC.
Similarly subsequent EOF consist of coefficients of
Xis Xoyevvuv.an....X, in each successive PC. The
first eigen value is the variance of the first PC and so on.
To define the principal components uniquely the nor-
malisation constant 1s imposed. Method of normali-
sation used in this paper is given by :

v |
2 =

which gives Var (z;)=1 for all k=1, 2,....... P

The primary advantage of the principal component
solution is itsability to compress the complicated variabi-
lity of the original data set into a relatively few temporal-
ly uncorrelated components. However, the spatial ortho-
gonality of the eigen vectors is a strong and often unde-
sirable constraint imposed on the principal component
solution. While the first principal component and its
eigen \ectors are not influenced by this constraint, the
remaining eigen vectors often bear predictable geo-
metric relationship to the first eigen vector.

4. Results and discussion

4.1. April

Figs. 1 and 2 represent the eigen values of first EOF
mode for good and poor monsoon years respectively for
the month of April. For the good years, the first EOF is
having a variance of 75%, and for poor monsoon years
the variance is nearly 80 %, of the total variance as can be
seen from Table 1. The region of positive maximum
corresponds to warm area. Comparing the two sets of
years, it is seen that the region of warm pool over the
Arabian Sea extends to a more northerly location in
this month. Their average magnitude is higher for poor
monsoon years and not for good monsoon years as
reported by Joseph and Pillai (1986) and Singh (1980).
Rao and Goswamy (1988) studied the interannual
variation of monthly mean SSTA over the north Indian
Ocean for the months of March and April with the
seasonal rainfall over India. They obtained positive
correlation between mean SST of March and April on an
arca over the Arabian Sea between S5°N-10°N Lat.
and 60°E-70°E Long. From the present study, it is
clear that the mean eigen values over this area for April
is 1.86 for good monsoon years while it is 2. 86 for poor
monsocn years. Since monsoon is the result of large
scale thermal gradient from heat low over northwest
India to further south over extreme north Arabian Sea
it is logical to assume that the response of the oceans
lying close to the heat low to the incident solar radiation
during pre-monsoon months of good monsoon years has
to be higher than that for poor monsoon years. The
north Bay of Bengal presents a striking contrast between
the two sets of years. For the good monsoon years the
value of theeigen vectorsis —2.11 over the extreme north
Bay of Bengal while it is --0.25 for deficient monsoon
years implying that north Bay of Bengal is considerably
cooler during good monsoon years as against deficient
monsoon years.

4.2. May

Figs. 3and 4 represent eigen values for the month of
May for good and deficient monsoon years respectively
May is the peak summer month when SSTs attain
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maximum amplitude over the Arabian Sea and the Bay of
Bengal. In both the sets of years the eigen values are
positive over the entire Bay of Bengal and the Arabian
Sea excepting the extreme north Arabian Sea and the
east African coasts. The contrasting features between
good and poor monsoon years are the large difference in
the eigen vectors over the extreme north Arabian Sea.
The anomaly is maximum over northeast Arabian Sea
in the area bounded between 70°-75°E Long. and 15°N-
25°N Lat. where the mean diflerence in the eigen values
between good and poor monsoon years is 1.90.
It decreases both towards south and west and
becomes negative south of 10N, Over the latitude belts
between 157 and 257 N the magnitude difference decreases
westwards excepting over the Persian Gulf area where
there is a marginal increase which may be due to flow
of warm water from the Persian Gulf. The eigen values
over the southeast Arabian Sea is higher for poor mon-
soon years. Over the extreme north Bay of Bengal, the
change over from April to May is more marked during
good monsoon years where there is reversal of phase

1 1 i
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from negative to positive. Though the north Arabian
Sea and north Bay of Bengal lie over the same latitude
circle, the eigen vectors are having opposite sign signify
that different processes assume differential importance
at dilferent geographical locations. Over the Bay of
Bengal the position of warm pool is roughly along
I5"N latitude in both the sets of years. South of the
equator the western parts of the Indian Ocean is warmer
than the eastern portion for good monsoon years. This
clearly brings out the fact that the contribution of the
western Indian Ocean towards the Indian southwest
monsoon is higher by way of generation of large flux of
moisture. Another feature is the presence of a trough
along 85°E longitude south of 10°S latitude in Fig. 3
while in Fig. 4 besides the trough along 80°E there is
another trough along 60°C longitude as revealed by
low eigen vectors, implying weaker Mascarine High.

Another significant feature observed in both the sets of
years is the warm SSTA over the equatorial east Indian
Ocean which is marginally higher during poor mon-




MONTHLY MEAN SST OVER THE INDIAN OCEAN 73

T T T T T T T T T

6. GOOD & POOR MONSOON Yrs

.35.N ..APRIL

1 T T T T T T T T

7
MAY 6_ GOOD & POOR MONSOON ¥rs.

Jss. Al A
Fig. 9. Difference in eigen values between sets of six
good and six poor monsoon years for the month
of April

///

/%/

5 85 95E]|

AND POOR MONSOON Yrs.

Fig. 10. Difference in cigen values between sets of six
good and six poor monsoon years for the
month nt May

T T T T T T T T T
[ JuLY

i

Isb‘ 1 xjs. 1 185. i IBS’E

i ;; 1

Fig. 11. Difference in eigen values between sets of six

good and six poor monsoon years for the month
of June

soon years. Indonesian region isone of thecontinen-
tal areas where much heating over the tropical region
is found to occur (Ramage 1968, Krueger and Winston
1974). In the case of ocean-land proximity the response
is rather complex (Webster 1987). However, it is logical
to assume that the oceanic bodies lying close to the land
heat lows, get warmed up, their intensity decides the
strength of the monsoon flow. In other words
since northwest India is the region of heat low,
the SSTA over north Arabian Sea has to be larger for
occurrence of good monsoon. Also since the maximum,
accumulated summer heating is observed in May,
it is logical to look for this anomaly in this month.

Fig. 12, Difference in eigen values between sets of six

good and six poor monsoon years for the month
of July

Hence the finding that SSTA over the extreme north
Arabian Sea in May is larger for good monsoon years
than for deficient monsoon years is well substantiated
by theabove physical reasoning.

4.3. June

Figs. 5 and 6 show the distribution of eigen vectors
for the month of June for excess and deficient monsoon
years respectively. For both the sets of years the eigen
vectors are positive over the Bay of Bengal and the
Arabian Sea except over the east African/Arabian
coasts and the west coast of south Peninsula. The
Arabian Sea presents a contrasting picture between
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the two sets of years as reflected in the eigen vectors.
For good monsoon years the warm pool is confined
only over the extreme north Arabian Sea while for
deficient monsoon years a tongue of warm water ex-
tends from northeast Arabian Sea, southwestwards
up to the equator. During pre-monsoon months transfer
of energy and momentum is from oceans to the atmos-
phere while with the commencement of the monsoon
the feedback from atmosphere to the ocean caused by
large wind stress associated with the monsoon flow
which results in fall of SST. Larger is the drop over the
Arabian Sea, greater is the intensity of the monsoon.
From Fig. 6, which is for pocor momsocn years. it is
clear that cooling associated with the wind stress is
observed only over the western Arabian Sea which does
not reach the Indian region as seen from the persistence
of warm SSTs over the east Arabian Sea. In Fig. 5,
which is for good monsoon years on the other hand
the entire Arabian Sea is cool except the extreme north
Arabian Sea where the monsoonal effects are not felt.

Somali current system plays a major role in the heat
budget of the Arabian Sea through a combination of
upwelling and offshore advection of cold water. The
intense cooling associated with Somali current system
with embedded vortices corresponding to gyre systems,
one over the Somali coast and another over the Arabia
coast is seen in both the figures. The contrast between
the two sets of years is that in the good monsoon Cise
the intensity of cooling associated with the southern
gyre is marginally higher than for bad monsoon years.
There is large eastward extension of cooling associated
with these current systems during good monsoon years
than over poor monsoon yedrs. [t may be noted that
the intensity of cooling associated with the Somali
current system is not greatly different between the two
sets of the years. The cooling over the west coast of
south Peninsula is observed for both the sets ol the
years, the magnitude of eigen vectors being smaller
during poor monsoon years. Towards north, i.¢., over
the Karnataka-Goa coasts there is reversal of phase
as seen from the eigen vectors, the magnitude being
smaller during good monsoon  years. The cooling
over the west coast of India can be attributed to the
development of current parallel to the coast which
undergoes variation during its north-south flow along
the west coast. Recent studies (Kesava Das and Desai
1990) have revealed that there is an equatorward sur-
face current and a poleward under current along the
continental slope, whose intensity was found to decrease
qorthwards. Duing and Leetmaa (1980) from heat
budget calculations of the Arabian Sea postulated

that the western boundary current may balance the
accumulation of hact over the Arabian Sea. During
good monsoon years the north Bay is the region of
highest 58T with gradual fall of temperature from
north Bey to south Bay while for deficicat monsoon
years the warm pool is over the central Bay with fall
in temperature both northwards and southwards. The
north Bay of Bengal is the region of cyclogenis and
presence of warm pool creates  conditions conducive
for the Mrmation of monsoon depressions.

Th~ warm pool over the zquatorial east Indian Ocean
that appeared in May persists during Juns also but differs
from May in that th2 int2nsity is higher for gocd mon-
soon years than aver poor monsoon yzars. It is genorally
known that ths anomali=s in the flow pattzrn cspzcially
over the upper troposphers causzd by heating over the
equatorial ragions is diff=r=nt for diffzrz2nt longitudss
which assumzs spzcial significanc: over the Indian Ocean
arza during summ=r. Th2 monsoon czll which spans the
sptire Indian Oczan longitudes is having larg: zonal
asymmztry. Thz equatorial hratingover the Indonesian
arsa in conjunction with hating ovar thz monsoon
trough ragion gzneratzs th: monsoon flow. Howaver, the
sffact of the westward shift of these anomalics together
with ths heating at mid-latitudz on the circulation pattern
has not been studizd by numerical m >thods.

4.4, July

Figs. 7and 8 depict the pattern for the month of July
for good and bad monsoon yzars respactively. This
month corresponds to thz pzriod when ths monsoon is
fully establishzd over the entirz country for most of the
years. Similar to Jun2, the phase of cigen vectors is
positive over the Bay of Banual and east Arabian Sea
except over the extrem? south Peninsula where it is
negative. The chicf fzatures of this month are the in-
tansification of the Socotra eddy from the previous month
in both the sats ol the yzars as reflected  in the lowest
eigan valuzs over this region, the magnitude being

4.47 for good and —4.0 for poor monsoon years.
The intensity of the “Grzat Whirl” over the Somali
coast is less pronouncad in comparison to May values
as well as in comparison to Socotra eddy. Another
significant featurs of this month is the presznee of warm
pool over thz equatorial region of the central and west
Indian Ocean extending from 60°E to 80°E during good
monsoon vears. whileit is only between the 65°E & 70°E
during poor monsoon yIars. The existence of the warm
pool near the equator ovar the western Indian Ocean is
very significant. There is also a northward displacement
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of this warm pool by 5° from the previous month. This
warm pool may be duz to the movement of anomalies
over the equatorial east Indian Ocean towards the west
which are reflected beforz reaching the east African
coast due to current shear associated with strong cross
equatorial flow. Another possiblz explanation may bz
that due to strong wind stress, evaporation, advaction of
water and clouding, the Arabian Sza dozs not attain the
temperature that it should have attained but for mon-
soonal effects. Equatorial region is, however, lzast in-
fluenced by these effects which results in comparatively
higher temperatures. Another reason for the extendzd
eastward temperaturz anomalics over the equatorial
west Indian Ocean may be that cross equatorial flow
which occurs during the monsoon priod is most intense
near the east African coast during years of good monsoon
giving rise to conczntrated jet while during poor mon-
Soon years, cross equatorial flow spread over large
longitudinal area and is weak. The cool southern hemi-
spheric waters while being advected towards north,
lowers the temperature over the equatorial regions.

4.5. Difference between active and weak monsoon

For April, May, June and July the difference in eigen
indices between good and poor monsoons were plotted
(Figs. 9-12). It may be noted that the differences are
generally less as compared to the composite maps for
good and poor monsoon years. Howaver., the location
of warm and cool pool over the seas remains in generag
unchanged. For example, in April the differences are
positive over the north Arabian Sea and south Indian
Ocean and the east coast of Africa and negative elsewhere.
In May, the north Arabian Sea is positive and the magni-
tude is quite significant (>1.0°C). The southwest Indian
Ocean area is another sensitive region where also the
difference is positive. In the month of June/July the differ-
ence is negative and of magnitude larger than 0.5°C over
the Arabian Sea and western parts of Bay of Bengal. Over
the east African coast the difference is negligible confirm-
ing the finding that the drop in SST over the Somali
coast is not very much different between contrasting
monsoon years.
5. Cenclusions

(?) The eigen values over the extreme north Arabian
Sea during pre-monsoon months may be related with
the following monsoon rainfall; higher values over the
north Arabian Sea in May may indicate good'monsoon
and vice versa.

(#}) The establishment of the Somali current system
with the associated cooling over the Arabian Sea is
observed during the month of June. During the poor

monsoon years the western half of the Arabian Sea
is ool whilz the eastern half is comparatively warmer
whilz during good monsoon yzars the entirz Arabian
Sea is cool.

(7ii) There is a formation of warm pool over the
equatorial east Indian Ocean in May which is more
marked in June with its intensity bzing higher during
yzars of good monsoon activity. During July, ths warm
pool extends northward up to 10°N latitude. Thars
is also formation of warm pool over the equatorial
west Indian Oczan with markad conirast betwesn
good and poor monsoon yzars. During good monsoon
years the warm pool over the equator extends from
60°E to 80°E longitudes whils during poor monsoon
years, it is only betwezn 65°E & 70°E longitudes.

(iv) The western part of the Indian Oc2an south
of the equator is warmer during good monsoon years
as compared to poor monsoon yzars.

(v) The distribution of eigen values over the southern
hemisphere support the earlier results about Mascarine
High : weaker during poor monsoon vears and vice
versd.

(vi) The temperature gradient over the Bay of Bengal
also shows contrast between good and poor monsoon
years. In June the north Bay is warmer during good
monsoon years while the warm region is over the central
Bay during poor monsoon years. During July the
north Bay is cooler during good monsoon years and
warm during poor monsoon years.

Acknowledgements

The authors are thankful to Shri L. M. Sable for
typing the manuscript and to Shri G. R. Kadam for
computational assistance and to the staff of Drawing
Branch for preparing the diagrams.

References

Duing, W. and Leetmaa, A., 1980 , ‘Arabian Sea cooling : A
preliminary heat budget, J. Phys. Oceanogr., 10, pp. 307-312.

Joseph, P.V. and Pillai, P.V., 1986, *Air sea interaction on a
seasonal scale over North Indian Ocean—Part 1] : Monthly
mean atmospheric and oceanic parameters during 1972 and
1973, Mausam, 37, 2, pp. 159-168.

Krueger and Winston, 1974, ‘A comparison of the flow over the
tropics during two constrasting circulating regions', J. Atmos,
Sei., 31, pp. 358-370,

Kesava Das, V., Desai, B.N., 1990, ‘Exploring the seas the
National Institute of Oceanography’s venture’, Cwrr. Sci.,
59, 5. pp. 246-252.




76 T. K. BALAKRISHNAN et al.

Rao. Kusuma G.. Goswamy, B.N., 1988, ‘Interannual variation
of SST over the Arabian Sea and the Indian monsoon’,
Mon. Weath. Rev., 116, pp. 558-568.

Ramage, 1968, ‘Role of a tropical maritime continent in the
atmospheric circulations’. Mon. Weath. Rev., 96, pp. 365
370.

Ray, T.K., 199}, ‘Sea surface temperature and southwest monscon
over India’, Mausam, 42, 1, pp. T1-76.

Sadhuram. Y., Ramesh Babu, V.. Gopalkrishnan, V.V. and
Sarma. M.S.S., 1990, ‘Influence of the pre-monsoonal sea
surface tempzrature anomaly field in the eastern Arabian

Sea on subsequent monsoon rainfall on the west coast of

Indin’, International TOGA. 16-20 July 1990, Hawaii, USA.

Singh, R., 1980, "A study of sea surface temperature and pressure
patterns over the Indian Oczan regions in soms years of con-
trasting southwest monsoon rainfall in India, Mausam. 31,
4, pp. 601-608,

Shukla, J. and Mishra, B.N., 1977, ‘Relationship between sea
surface temperature and wind speed over the central Ara-
bian Sea and monsoon rainfall over India’, Mon, Weath-
Rev., 105, pp. 998 1002.

Shukla, J.. 1987, ‘Interannual variability of monsoons’, Monsoons
Edited by J.S. Fein and P.L. Stephens, pp. 399-463.

Washington, W.M., Cherin, R.M. and Rao, G.V., 1977, ‘Effects
of variation of Indian Ocean surface tempzrature anomaly
patterns on the summer monsoon circulation : Expzrimznts
with the NCAR, General Circulation Model', Pure Appl.
Geophys., 115, pp. 1335-1336.

Weare, B.C.. 1979, A statistical study of the relationship between
ocean surface tempzrature and the Indian monsoon’, J,
4tmos. Sci., 36, pp. 2279-2291.

Webster, P.J., 1987. *The variable and interactive monsoon’,
Monsoons, 1987, pp. 269-330.




