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ABSTRACT. Global correlation maps of the summer monsoon precipitation anomalies and Sea Surface Tem-
perature (SST) anomalies are presented. Thiny-year (1950-1979) time series ol monsoon index is correlated with the
SST time seres at each 2°x2° Tatitude-longitude box of the world oceans using COADS (Comprehensive Ocean
Atmosphere Data Set) data at various time lags of months fi.e, months of years preceding and concurrent to the
monsoon-year). Correlation-maps are prepured and malysed 1o identily teleconnections ol mansoon precipitation
with global SSTs.

It is found that the lagcorrelations with SST from central and eastern equatorial Pacific (ﬁinu-reginm are
suggestive of two types of interactions with the monsoon. The first one, which shows positive correlation of summer
monsoon precipitation anomalies with the central and eastern equatorial Pacific SST anomalies about a year before
the monsoon. suggests that the monsoon which follows about a year later of occurrence of warm episode of El-Nino-
Southern Oscillation (ENSO) is generally wetter. It is also suggested that this interaction might be taking place
through the influence of northern hemisphere winter temperatures. The second type of interaction of equatorial
Pacific SST with monsoon is revealed through the strong negative correlations beginning before the summer mon-
soon and continuing with greater magnitude and over wider extent. suggesting that a warm SST anomaly just preced-
ing and concurrent to monsoon season weakens the monsson.

Air-sea interactions between the Indian Ocean and monsoon are also emphasised in the analysis. Two key
regions are identified. The central Indian Ocean south of the equator shows strong positive correlations during the
late northern winter and spring. The other key region is in the north Indian Ocean. The correlations are significantly
negative, Some teleconnections with the Atlantic basin are also revealed which are rather difficult to explain but may
find useful applications in monitoring and long-range forecasting of the monsoon.

Key words — Indian summer monsoon, Global sea surface temperature, ENSO, Interannual variability,
Teleconnections.

1. Introduction climate system. Its large spatial and temporal scales
allow it to play an important role in the variability of

Summer monsoon of southeast Asia is the most the climate system. During recent decades, the global
pronounced seasonal phenomenon of the global climate in general and the monsoons in particular
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Fig. 1. Standardized rainfall departure values of Indian summer
monsoon (MI) and the global SST anomalies (°C) from
1950 10 1979

have shown considerably large year-to-year variability
(Verma 1990).

There is a growing body of modelling and obser-
vational evidence which suggests that the slowly vary-
ing boundary conditions of sea surface tempcrature
(SST). soil moisture, sea ice and snow cover at the
earth’s surface can influence the interannual varia-
bility of atmospheric circulation. Based on numerical

experiments with a global general circulation model
(GCM), Charney and Shukla (1981) suggested that the
Asiatic monsoon is a dynamically stable circulation
system and its intcrannual variability is largely deter-
mined by the slowly varying surface boundary con-
ditions. The physical mechanisms responsible forsuch
influences are rather complex and depend upon the
nature of the boundary forcing. However, the longer
time scale atmospheric variability is dominated by the
SST influence as its principle source of perturbations.

However, looking at the interannual variations of
globally averaged SST anomalies and the monsoon
rainfall in recent decades (Fig 1), it would be rather
difficult to identify even an apparent relationship bet-
ween the two : firstly, because information from various
regions is suppressed in averaging the SST anomalies
over the world oceans and secondly, the annual mean
SSTs smooth out the monthly/seasonal variations
which might be vital for a seasonal phenomenon like
monsoon. Hence, spatial distribution of the relation-
ship at monthly/seasonal time-lags ranging [rom few
seasons prior to few seasons after the monsoon season
is important to derive more comprehensive informa-
tion of the relationship of monsoon with SSTs over the
world oceans. The presentstudy addresses to this aspect
of the relationship.

Studies, based on observations, by Bjerknes (1966,
1969), were the first among early research works, to
hypothesise that equatorial Pacific SST anomalies pro-
duce large changes in the mean tropical Hadley
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Fig. 2. Correlation coefficient (X 10) ol the Indian summer monsoon
rainfall (M) with mopthly mean SST anomaly for January of
the year preceding to monsoon-year. i.e. for JAN (—1). Con-
tour interval 1s 2.0 with negative values dashed. Significant
correlations at more than 953% level are numbered. Data
period : 1950-1979

circulation. Keshavamurty (1982) and Lau (1985) ex-
perimented with the idealised SST anomaly and with
the 15-year interannual variations of SST respectively.
in the equatorial Pacific and showed qualitative
impact on monsoon precipitation. in agreement with
the observed precipitation. Empirical evidence of the
suppressed summer rainfall over the Indian region
during EI-Nino years have also been indicated. There
have been some studics which emphasised the role of
Arabian Sca/north Indian Ocean SST on the summer
monsoon precipitation (Shukla 1975, Shukla and
Mishra 1977, Saha and Bavadekar 1973, Pisharoty
1981. Joseph and Pillai 1984 and 1986, Kusuma Rao
and Goswami 1988). These studies have not explored
the relationship of monsoon with the SST of the
Indian Ocean south of the equator the region known to
play a key role in the genesis of southwest Asian sum-
mer monsoon, mainly due to lack of data. The present
study overcomes this constraint by using the SST from
COADS. This study includes the Atlantic basin also.
as some teleconnection between monsoon and the SST
anomalies in Atlantic basin cannot be ruled out
altogether, in view of the studies by Lamb (1978),
Hastenrath (1984), Folland er al. (1986), Lough (1986)
and Wright (1987). A comprehensive and up to date
research survey of ENSO in the context of the interan-
nual variability of the global climate system is pro-
vided in the book by Philander (1990) published
recently.

The analysis time frame is partitioned to look into
the relationship of monsoon with the SST anomalies
for the seasons preceding, concurring and succeeding
to the Indian summer monsoon season. This is done
with a view to understand the possible feedback
mechanisms between the global SST and the monsoon
which may ultimately lead to better prediction of
monsoon/ENSO.
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Fig. 3. Same as Fig. 2 but for SST anomaly for APR (1)

2. Data and analysis procedure

The thirty-year period from 1950 to 1979 is con-
sidered for the present study. Indian summer mon-
soon precipitation data is taken from Mooley and
Parthasarathy (1984). They constructed the long-term
time series by area-weighting rainfall during June
through September over the contiguous region of
India excluding hilly areas. This homogeneous
series of rainfall is considered to be a satisfactory
representative of the large scale performance of
Indian summer monsoon and its variability on the
. short-term climatic scale. The rainfall departure
value is standardized by the long-term standard
deviation and denoted as MI (Monsoon Index). This
series is shown in Fig. 1. Sea surface temperatures are
taken from COADS. Release 1 (1985) which provides
values at resolution of monthly summaries of the
individual reports in 2° latitude X 2° longitude
boxes. Correlations are computed between the series
of monsoon index and the series of monthly mean
SST anomaly at each box of the world oceans begin-
ning in January of the year preceding to monsoon-
year or JAN (—1) through December of the
monsoon-year or DEC (0). Isolines of correlation
coefficients X 10 are drawn on the world base map.
Thus. altogether twenty-four correlation maps were
first drawn. However. it was considered sufficient and
reasonable to present and discuss only the maps of
representative (central) months of each three-month
season except monsoon season. These maps are
shown in Figs. 2-12. Negative (positive) correlation
values are depicted by dashed (continuous) lines.
Regions of significant correlations at more than 95%
level (ie. 0.35 for a sample of 30 values) are
numbered,
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Fig. 4. Same as Fig. 2 but for SST anomaly for JUL (-1)

3. Correlations of monsoon precipitation index with
global SST anomalies

3.1. Correlations with SSTs preceding to monsoon

Figs. (2-7) depict the relationship of summer mon-
soon precipitation during June to September with
world SST anomalies during months representing
seasons of previous year and seasons preceding mon-
soon under consideration. These maps show how the
large scale monsoon activity correlates with the SSTsin
different ocean basins during the period about a year
and a half prior to the onset of monsoon. Such maps
help identify the key regions in world oceans having
teleconnections with the Asiatic summer monsoon
wherever correlations remain above significant level
persistently for a considerable period of at least a
season over a relatively large area. These teleconnec-
tions will not only help in predicting and monitoring
the monsoon but also in understanding the mecha-
nisms of interaction between monsoon and SST.

Most remarkable relationships are seen in the
Pacific basin, particularly in the Nino regions of cen-
tral and east equatorial Pacific. The regions are charac-
terised by reversal in correlation sign from significantly
positive to significantly negative, as the seasons pro-
gress from DJF (—1) represented by JAN(—1) through
MAM (0) represented by APR (0)— a season just pre-
ceding the monsoon. The transition is equally signifi-
cant, since it evolves at the eastern equatorial Pacific off
the Peru coast. This, therefore, suggests that the large
SST anomalies in the central and east equatorial
Pacific influence the monsoon either favourably or un-
favourably depending upon the lag. The positive cor-
relations from JAN (=1) to about OCT (—1) would
suggest that warmer SSTs in the equatorial Pacific
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Fig. 5. Same as Fig. 2 but for SST anomaly for OCT (=1)

LJ_:_I_AJ_J_A_j

0 60E 120 180

Fig. 6. Same as Fig. 2 but for SST anomaly for JAN (0)

starting from about a year and a half earlier to mon-
soon and persisting for about three scasons are
generally favourable for a good monsoon precipitation
and vice-versa. During the next two seasons the cor-
relations in this key region tend to weaken, transition-
ing towards the reversal sign from positive correlations
to negative correlations commencing from the eastern
most equatorial Pacific region and spreading to almost
entire Pacific equatorial belt by APR (0), i.e, by the
season just preceding the summer monsoon. This sug-
gests that the SST anomaly in the east equatorial
Pacific has a tendency to change sign during the
northern spring. It is consistent with the findings of
Cane and Zabiak (1985) and others who argue that the
atmosphere and ocean become decoupled during
spring time due to climatological factors.

The north Pacific basin reveals two more regions of
teleconnection with the monsoon. The latitudinal belt
between 40°N and S0°N and to the east of date-line
shows significant negative correlations during about 6
months prior to monsoon [Figs. (6-8)]. This was amply
demonstrated after the recent ENSO event of 1986-87

Fig. 8 Same as Fig. 2 but for SST anomaly for JUN ()

The region of north Pacific was much cooler (~ 1°C)
than normal during December 1987 1o May 1988, This
anomalous feature was followed by a good monsoon
(MI=1.6) in 1988. Also. it has been revealed that the
monsoon which is phase-locked with the reversal of
ENSO is generally good (Verma 1990).

A region of significant positive correlation around
30°N in the western and central-north Pacific is also
revealed. This appears consistent with the mode of first
empirical orthogonal function of the variability in the
SST over the Pacific revealed by Weare et al (1976).
which is characteristic of ENSO, showing that the tem-
peratures in the north-central Pacific vary out of phase
with temperature anomalies in the eastern equatorial
Pacific.

The correlations in the Indian Ocean basin at lon-
ger time-lags, say from JAN (—1) to OCT (—1), are
generally very weak. This, therefore, would suggest that
SST anomalies in the Indian Ocean, much before the
onset of monsoon, are not relevant for the large-scale
activity of the monsoon. About two seasons before the
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Fig. 9. Same as Fig. 2 but for SST anomaly for JUL (0)

summer monsoon onset over south Asia, i.e., from JAN
(0), the correlations start becoming significant. The
region is generally located south of the equator and
southeastof Madagaskarextendingup to the southwest
coast of Australia. The correlations are positive imply-
ing that warmer SSTs in this region are favourable fora
good monsoon and vice-versa. There is progressive
increase in the magnitude of the correlation as well
as in the extent of the region from JAN (0), reaching
maximum (c¢ about 0.6) during APR (0).

_ The statistically significant positive correlations in
the southern Indian Ocean sub-tropical belt, antece-
dent to the summer monsoon, are of considerable
importance. This relationship of monsoon with the
SST in the Indian Ocean south of the equator, spread
over about two seasons in advance of the monsoon,
may be useful guidance tool for the long range forecast
of monsoon and for monitoring its year-to-year
variability.

Correlations, antecedent to monsoon, in the Atlan-
tic basin, are generally weak and variable except being
positive during OCT (—1) through JAN (0) in the
equatorial belt. It would be rather difficult to seek any
simple explanation for this.

3.2, Correlations with SST anomalies concurrent to
monsoon

From the discussion that follows in this section it
may be clear that correlation maps of individual
months during this period are more appropriate
instead of the representative month’s map only. These
are depicted in Figs. 8-11. The tropical belt, more pro-
minently the belt between 10°S & 10°N in the central
and eastern Pacific shows negative correlations, imply-
ing that warmer SSTs concomitant to monsoon, in the
equatorial belt, are associated with the drier monsoon
and vice-versa.
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Fig. 10. Same as Fig. 2 but for SST anomaly for AUG (0)

This is obviously due to EI-Nino during which the
dominant tropical centres of convective activity and
rising motion shift eastward resultingin an altered con-
figuration of east-west overturning circulation cells
(Walker cells) and causing anomalous subsidence over
south Asia.

Among all the oceanic basins, the most remarkable
correlations, as high as —0.72, are revealed in the
equatorial belt of Pacific. These correlations, actually,
are in continuation from the months preceding to mon-
soon (section 3.1). The magnitudes of the correlations
have increased. This could imply that the association
of warmer (colder) SSTs with the drier (wetter) mon-
soon is much stronger during the concurrent months
compared to the SST anomalies during the preceding
months though the sign of the correlation remains
same.

In the Indian Ocean, during this season of the
northern summer, more relevant regions are the
equatorial belt and the Indian seas, namely, the
Arabian Sea and the Bay of Bengal. The correlations
are negative but weak except in June (onset phase of
monsoon) and in September (withdrawal phase of
monsoon) when the Indian seas reveal stronger nega-
tive correlations. This suggests the association of
warmer SSTs in these regions with weaker monsoon.
The relationship is physically plausible. The weaker
monsoon (often linked with ENSQO) implies shallow
convection, less cloud cover and weaker lower tropo-
spheric southwesterlies. These anomalies would tend
to increase the radiational heating of the sea surface
and reduce the upwelled cooling respectively—both
the processes tending to increase the SST—hence the
concurrent negative correlation between the north
Indian Ocean SST anomalies and the monsoon
precipitation.

Itis interesting to note that the negative correlations
in the Indian seas are weakest during July and August
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(months of the peak monsoon activity). The lower
tropospheric winds over the Indian seas are strongest
during this peak monsoon period and play dominant
role in determining the SST anomalies. which. because
of thorough mixing of the thermocline by strong
winds. are generally smaller in magnitudes. This leads
to small interannual variations in the SST anomalies
and hence its correlations with the Indian monsoon
rainfall are weak and non-significant during July-
August.

Prominent negative correlations with the SST
anomalies in the equatorial Atlantic basin appear to
be due to the same factors as in the north Indian
Ocean since ENSO related anomalies are of global
nature.

3.3. Correlations with SST anomalies succeeding 1o
maonsaon

Relationship of monsoon index with the SST ano-
malies during the season following the monsoon is
depicted in Fig. 12 for the representative month—
November. Qualitatively, the relationship reflected
during this period. remains essentially the same as
during the months concurrent to monsoon (as des-
cribed in section 3.2). Negative correlations with the
SST anomalies in the equatorial belts ol all the three
oceans persist.

In the Pacific equatorial belt correlations are
significantly negative. However, in the eastern sector
the magnitudes are higher and latitudinal extent wider.
Poleward to this region of negative correlation, in the
sub-tropics of either hemisphere. are regions of posi-
tive correlations. This pattern persists in all the three
months of post-monsoon period and the relationship
in the eastern equatorial belt shows tendency to
strengthen slightly from October through December
(not shown).

120 180

Fig. 12, Same as Fig. 2 but for S8T anomaly tar NOV (()

In the equatorial region and the Indian seas of
the Indian Ocean the area of significant negative
correlation increases and the magnitude decreases
slightly as compared to September. It seems that the
SST anomalies. more or less. persist for few months
even after the monsoon withdrawal in September in
the northern parts of the Indian Ocean.

In the Atlantic basin. the correlations are generally
negative in the tropical belt and significantly large to
south of the equator and off the African west coast.
This might be linked with the large scale dry con-
ditions associated with ENSO and modulated by the
scasonal cycle.

4. Discussion and conclusions

Global maps of correlations between summer
monsoon precipitation and sea surface temperatures
are presented. The analysis has identified many centres
of action in the world oceans which play significant
role in the interannual variability of the global climate
system. The most dominant one is in the equatorial
Pacific, particularly in the central and eastern Pacific.
Obviously. this is linked with ENSO. The present
analysis has brought out clearly the phase relationship
between Pacific SST anomalies and monsoon pre-
cipitation. The positive correlation of summer mon-
soon precipitation with the central and eastern
equatorial Pacific SST anomalies about a year before
the monsoon suggests that, in the statistical sense, the
monsoon which follows after about a vyear of
occurrence of a warm episode of ENSQ, is generally
weltter or good. Such a long time lag-relationship can
not take place directly between the SST anomaly and
monsoon precipitation. Then what could be the cause
of such a relationship ? The answer, probably, lies in
the results of the following studies : Jones and Kelly
(1988) demonstrated that the temperature integrated
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over the entire Northern Hemisphere (NII) atmos-
phere was highly correlated with the cast equatorial
Pacific SST. They showed that the maximum positive
correlation occurred when the NI temperatures
lagged by six months. Verma er al. (1985) revealed a
strong positive correlation between NIT  winter
(January-February) temperature and the subsequent
summer monsoon precipitation (Le. with about 6
months’ lag). Northern Ilemispheric temperature ano-
malies and snowcover anomalies being contemporary.
onc could as well link the correlation through snow-
cover over NII. The negative correlation between the
Eurasian snowcover and the monsoon precipitation
has been revealed in many studies (some recent oncs
arc by Verma 1990 and Barnett er al. 1989). Thus. the
one-year lag-relationship between equatorial Pacific
SST and monsoon is well corroborated. It suggesis that
warmer equatorial central and eastern Pacific in sum-
mer months, followed by warmer winter in NIL are
likely to lead to a wetter summer monsoon. This points
out to one of the possible mechanisms in the interan-
nual variability of the global climate system linking
equatorial Pacilic SST. NH atmospheric temperature
and the Asiatic monsoon. The relationship also iden-
tificd a parameter for monitoring and long-range
forecasting of the monsoon.

In the Pacific. one more key region of teleconnee-
tion with the monsoon is revealed. SST anomalics in
the belt between 40°N and 50°N close to the dateline
show significant negative correlations during about six
months prior to monsoon.

The correlations of monsoon with equatorial
Pacific SST from about two seasons preceding through
about two seasons following the monsoon offer to sug-
gest a feedback mechanism between ENSO and mon-
soon. The correlation coefficients are negative
throughout. but the magnitude and the extent increase
during this period. spreading in the cquatorial Pacific
from east to west. This suggests a positive feedback bet-
ween ENSO and monsoon in which the warm SST
anomaly creates weak monsoon (or negative precipita-
tion anomaly) over south Asian region. which in turn
enhances the warm SST anomaly. This feedback
mechanism can not continue further, probably beyond
one cycle, as by that time the summer monsoon pertur-
bation has withdrawn [rom southeast Asia with the
advance of scason in the annual cycle. On the other
hand. the energy available might strengthen the
Walker circulation which tends to restore the normal
conditions over the tropical Pacific. conducive for
reversal of ENSO.

The analysis has identified two key regions in the
Indian Ocean. whose SST anomalies show strong

relationship with the monsoon. The central Indian
Ocean basin south of the equator shows strong positive
correlaions with SST anomalies occurring during late
northern winter and spring. The relationship of sum-
mer monsoon rainfall over India with the preceding
scason’s SST anomalies in the central Indian Ocean is
of significance as they may provide a useful guidance
tool for the long-range forecast of monsoon well in
advance. Another key region in the Indian Ocean lies
well within the monsoon circulation consisting of the
Arabian Sea and the Bay of Bengal. The relationship
here is negative occurring during the period of mon-
soon and during the post-monsoon season.

Monsoon teleconnections with the SST anomalies
in the Atlantic basin arc generally weak and variable
except during the scason preceding to monsoon. in the
equatorial belt.
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