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ABSTRACT

The Indian summer monsoon rainfail and the Darwin pressure anomalies are examined for the 81-year
period 1901-81. It is found that the tendency of the Darwin pressure anomaly before the monsoon season
is a good indicator of the monsoon rainfall anomaly. During the 81-year period, there were only two instances
(1901, 1941) when a negative tendency of winter (December, January, February) to spring (March, April,
May) Darwin pressure anomaly was followed by a monsoon rainfall anomaly of less than minus one standard
deviation; and only three instances (1916, 1933, 1961) when a positive tendency was followed by a rainfall
anomaly of more than one standard deviation. Therefore, if the Darwin pressure anomaly during March,
April and May is below normal, and if the Darwin seasonal pressure anomaly has been falling, a non-
occurrence of drought over India can be predicted with a very high degree of confidence. Similarly, above
normal Darwin pressure during March, April and May, and increasing seasonal pressure anomaly is a good
indicator of the non-occurrence of very heavy rain over India. .

1. Introduction

At the beginning of the present century, Sir Gilbert
Walker, then the head of the India Meteorological
Department, was searching for the potential predic-
tors of the Indian monsoon rainfall. Walker’s search
for global predictors at large distances from India was
motivated by the earlier work of his predecessor Sir
John Eliot who had noted an association between
high pressure over Mauritius and Australia, and
droughts over India. Walker was also motivated by
the already published papers of Hildebrandsson (1897)
who had noted an opposite polarity of pressure at
Sydney and Buenos Aires, and Lockyer and Lockyer
(1902) who had further confirmed the pressure see-
saw between the Indian Ocean and Argentina (Nor-
mand, 1953). :

Walker made a comprehensive study of the distant
correlations and coined the expression, ““the Southern
Oscillation”. He also denoted two Northern Oscil-
lations (in the North Atlantic and North Pacific) to
describe the global see-saws of surface pressure.
Walker (1923, 1924) developed regression equations
which used South American pressure (Santiago) and
equatorial pressure (Djakarta) in antecedent seasons
as predictors to estimate the monsoon rainfall over
different parts of India. The other predictors were
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South Rhodesia rainfall, Java rainfall, Zanzibar rain-
fall, Dutch Harbor temperature and Capetown pres-
sure. Although it is beyond the scope of this paper
to examine the relative independence of various pre-
dictor parameters, it is reasonable to state, based on
the present-day knowledge of the time evolution of
the Southern Oscillation phenomenon, that most of
the Walker’s predictors (with the possible exception
of the Himalayan snow accumulation) were mani-
festations of different facets of the Southern Oscilla-
tion.

Pressures in South America and in the equatorial
Pacific have been used by the India Meteorological
Department as predictors of the monsoon rainfall and
are considered to be two of the more reliable predic-
tors (Rao, 1965). However, Jagannathan (1960) has
pointed out that not only do different periods have
large fluctuations in the value of the correlation coef-
ficient between the April and May South American
pressure and the seasonal mean (June, July, August,
September) rainfall over the Indian Peninsula region,
but that the overall correlation coefficient for the pe-
riod 1875-1960 was only 0.34. Similarly, for the pe-
riod 1901-60, the correlation coefficient between
mean January-May pressure over Djakarta and sub-
sequent monsoon rainfall over northwest India was
only —0.12. Pant and Parthasarathy (1981) have re-
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ported that the correlation coefficient between the
spring Southern Oscillation index [as defined by
Wright (1975)] and Indian monsoon rainfall is 0.34.

The purpose of this study is to re-examine the re-
lationship between the Southern Oscillation and the
Indian monsoon rainfall using Darwin pressures for
the period 1901-81. We chose to examine the Darwin
pressure because its long-term record is considered to
be more reliable and homogeneous than that for other
equatorial stations (Trenberth, 1976). Although the
Tahiti minus Darwin pressure is considered to be a
better index of the Southern Oscillation (Chen, 1982;
and E. M. Rasmusson, personal communication,
1983), a long time record of Tahiti pressure is not
available, and moreover, for the available data (1935-
81) the correlation coefficient between the spring Tahiti
pressure and Indian monsoon rainfall is only 0.01.
The summer monsoon rainfall data over 31 subdivi-
sions of India was provided by the India Meteorological
Department. We carried out a detailed space and time
consistency check on this data set and, with the help
of the scientific staff of the India Meteorological De-
partment, corrected several errors which were either
due to keyboard errors or copying mistakes. This data
set uses all the raingage stations available at the time
of compilation of these data and, in our opinion, is
one of the more reliable data sets for Indian monsoon
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rainfall, A detailed discussion of the rainfall data in-
cluding its space-time variability will be published
elsewhere (Shukla, 1983). The seasonal (June, July,
August, September) percentage departure from normal
(P) for a subdivision is calculated by

= [(R — R)/R] X 100,

where R is the average of rainfall for all the stations
in the subdivision for which data are available during
that season, and R the average of normal rainfall for
the same stations for the same season. Normal is de-
fined as the average for 50 years (1901-50). Since the
number and locations of the stations for which rain-
fall data are available is not the same for each year,
the percentage departure as defined above is probably
the most appropriate parameter with which to study
the interannual variability of monsoon rainfall. An
area-weighted average of the percentage departures
for each of the 31 subdivisions of India is taken as
a measure of the Indian summer monsoon rainfall
anomaly.

2. Results

Fig. 1 shows the data used for the present study:
the thin line denotes the 12-month running mean of
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FIG. 1. Twelve-month running mean of normalized monthly Darwin pressure anomaly (thin line) and
normalized Indian monsoon rainfall anomaly (bars). Years with normalized rainfall anomaly of more
than one or less than minus one standard deviation are shown by solid black bars for positive, and
hatched bars for negative trend of the Darwin pressure anomaly.
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the normalized Darwin pressure anomaly and the
bars denote the normalized Indian monsoon rainfall
anomaly. For normalization, the anomaly is divided
by its standard deviation. The normalized rainfall
departure is larger than one standard deviation for
the years 1908, 1916, 1917, 1933, 1942, 1953, 1956,
1959, 1961, 1970, 1973 and 1975; and is less than
minus one standard deviation for the years 1901,
1904, 1905, 1911, 1918, 1920, 1939, 1941, 1951,
1965, 1968, 1972, 1974 and 1979. The former group
of years will be referred to as the heavy monsoon
rainfall years and the latter as the deficient monsoon
rainfall years. In Fig. 1, all the heavy and deficient
rainfall years are shown either by solid black or
hatched bars, depending upon whether the trend of
the seasonal Darwin pressure anomaly (March, April,
May, minus December, January, February) was pos-
itive or negative.

The composite normalized seasonal mean Darwin
pressure anomalies averaged for all the heavy mon-
soon rainfall years, and the deficient rainfall years,
are shown in Fig. 2. The central block of the graph
denotes the summer months for which the monsoon
rainfall was considered, and the following and the
preceding months are represented along the abscissa
to the right and to the left of the central block. Along
the ordinate are the values of the composite three-
month running mean pressure anomaly. In the re-
mainder of this paper, the northern winter season,
consisting of the months December, January and
February, are denoted as DJF, and the spring season,
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consisting of the months March, April and May, -
as MAM.

One of the remarkable features of this figure is the
simultaneous occurrence of high (low) Darwin pres-
sure anomaly with low (high) monsoon rainfall and
the persistence of this pressure anomaly for approx-
imately six months after the monsoon. This associ-
ation of pressure anomaly and monsoon rainfall,
however, is not useful for the long-range forecasting
of monsoon rainfall. For the purpose of predicting
monsoon rainfall, the most useful antecedent param-
eter appears to be the trend of the Darwin pressure
anomaly before the summer monsoon season. The
Darwin pressure anomaly decreases from DJF to
MAM before the occurrence of heavy monsoon rain-
fall, and increases before the occurrence of deficient
monsoon rainfall. The value of the Darwin pressure
anomaly itself during the preceding DJF and MAM
does not appear to be a useful parameter because its
values fluctuate around zero. Because of this striking
relationship between the composite Darwin pressure
anomaly in the pre-monsoon months and the com-
posite monsoon rainfall, we have examined the as-
sociation between pre-monsoon Darwin pressure
trend and summer monsoon rainfall over India. The
Darwin pressure trend is defined as the MAM minus
DJF pressure anomaly.

The correlation coefficient between the normalized
monsoon rainfall anomaly and difference of nor-
malized MAM and DJF Darwin pressure anomaly
is —0.46, which, in absolute value, is higher than that
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FIG. 2. Composite of normalized Darwin pressure anomaly (three-month running mean)
for heavy monsoon rainfall years and deficient monsoon rainfall years.
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for the normalized MAM Darwin pressure anomaly
(0.32). The correlation coefficient between normal-
ized Darwin pressure trend and rainfall anomaly is
—0.42. We are not aware of any other antecedent
parameter whose correlation coefficient with the
monsoon rainfall is as high as —0.42 for a time series
as long as 81 years.

Fig. 3a shows a scatter diagram between the nor-
malized Darwin pressure trend and the normalized
Indian monsoon rainfall anomaly. Most of the severe
drought years are in the lower right quadrant, and
most of the very heavy rainfall years are in the upper
left quadrant of the scatter diagram. It is seen that
during the 81-year period examined here, there were
only two occasions when a negative Darwin pressure
trend was followed by a normalized rainfall anomaly
of less than —1.0. The near absence of points in the
lower left corner of this scatter diagram suggests that
a negative Darwin pressure trend should be a very
useful predictor for the non-occurrence of drought
over India. Similarly, a positive Darwin pressure
trend should be a good predictor for the non-occur-
rence of excessive rain. This can also be seen in Fig.
1, where the solid black bars and the hatched bars
represent those years for which the trend of the Dar-
win pressure anomaly was positive and negative, re-
spectively, and the absolute value of the rainfall
anomaly was greater than one standard deviation. It
is seen that there are only two years of deficient rain-
fall with negative trend, and only three years of heavy
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rainfall with positive trend of Darwin pressure
anomaly.

Rasmusson and Carpenter (1983) have identified
18 El Niilo years during the 81-year period examined
here, and these years have been denoted by incom-
plete circles in Fig. 3a. For 8 of the 18 El Niiio events,
the normalized rainfall anomaly is less than —1.0,
and for 14 of the 18 events the rainfall anomaly has
a negative sign. However, the predictive value of this
relationship is limited only to the El Nifio years. Dur-
ing the 81-year period examined here, there were 14
instances of normalized rainfall anomaly being less
than —1.0, and 6 of these 14 cases were not associated
with El Niifio. If an El Nifio event has already been
observed in the preceding winter and spring, a pre-
diction of deficient monsoon rainfall over India can
be made with some degree of confidence. But the
relationship between the El Nifio and the monsoon
rainfall applies to a limited number of years, the ones
when El Nifio occurs, whereas the relationship be-
tween the Southern Oscillation and monsoon rainfall
is applicable for all years. Monitoring of both the
parameters can provide very useful guidance for the
long-range forecasting of monsoon rainfall.

It is likely that a negative trend in the DJF to MAM
pressure is an indicator of below normal pressure
during the monsoon season. If so, a combination of
the Darwin pressure anomaly and its trend during the
pre-monsoon season should provide better guidance
for the anomaly of monsoon rainfall. Fig. 3b shows
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FIG. 3a. Scatter diagram between the normalized Darwin pressure trends (MAM — DJF) along the
abscissa, and normalized Indian monsoon rainfall anomaly along the ordinate. The numbers denote the
year (minus 1900). The El Niiio years are enclosed within incomplete circles.
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FIQ. 3b. Scatter diggram between the normalized Darwin pressure trend (MAM — DJF) along the
abscissa, and normalized MAM (northern spring) Darwin pressure anomaly along the ordinate. The
numbers denote the normalized Indian monsoon rainfall anomaly.

a scatter diagram between Darwin pressure trend normalized rainfall anomaly equal to or greater than
along the abscissa and normalized MAM pressure 1.0 occur on the left half of the diagram for negative
anomaly at Darwin along the ordinate. The numbers Darwin pressure trend, and twelve of the fourteen
represent the normalized monsoon rainfall anomaly years with normalized rainfall anomaly less than or
for each of the 81 years. Nine of the twelve years with equal to —1.0 occur on the right side for positive
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FIG. 3c. As in Fig. 3b except for the normalized DJF (northern winter)
Darwin pressure anomaly along the ordinate.
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values of the trend. It is remarkable that none of the
17 years with normalized rainfall anomaly close to
or less than —1.0 occur in the lower left quadrant of
the diagram. In fact, of the 26 years in the lower left
quadrant, there was only one year (1928) when the
normalized rainfall anomaly was as small as —0.7,
and the remaining four negative values were not any
smaller than —0.4. Similarly, most of the large neg-
ative values fall in the upper right quadrant. Of the
13 years with standardized rainfall anomaly larger
than 1.0, there was only one year (1961, with a value
of 2.0) in the upper right quadrant; and of the 24
years in the upper right quadrant, the rainfall anom-
aly was more than 0.9 only in two years (2.0 in 1961,
and 0.9 in 1915). This scatter diagram suggests that
if MAM Darwin pressure is lower than its normal
value, and if DJF to MAM trend shows that the Dar-
win pressure is falling, a prediction of non-occurrence
of drought over India in the subsequent monsoon
season would be generally accurate; similarly, a pos-
itive anomaly in MAM Darwin pressure together with
a positive trend from DJF to MAM would provide
a highly reliable forecast of non-occurrence of heavy
monsoon rainfall.

Fig. 3c shows a similar scatter diagram between the
normalized Darwin pressure trend along the abscissa
and normalized DJF Darwin pressure anomaly along
the ordinate. The most prominent feature of Fig. 3¢
is the strong inverse relationship (correlation coeffi-
cient = —0.74) between DJF pressure anomaly and
DJF to MAM trend; if DJF pressure anomaly is above
normal, the DJF to MAM tendency is negative and
vice versa. This suggests that the Darwin pressure
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anomaly is not stable during northern winter and
undergoes a marked transition from DJF to MAM.
However, the DJF Darwin pressure anomaly by itself
has little value for the prediction of the subsequent
Indian summer monsoon rainfall.

3. Influence of monsoon rainfall on the Southern
Oscillation

The need for the prediction of monsoon rain makes
it necessary to examine the Southern Oscillation fea-
tures before the monsoon season; however, it should
be recalled that one of the important findings of
Walker was to show that the Indian monsoon rainfall
has significant correlations with the subsequent global
circulation. Normand (1953) aptly wrote,

To my mind the most remarkable of Walker’s results was
his discovery of the control that the Southern Oscillation
seemingly exerted upon subsequent events and in par-
ticular of the fact that the index for the Southern Oscil-
lation as a whole for the summer quarter June-August,
had a correlation coefficient of 0.8 with the same index
for the following winter quarter, though only of —0.2
with the previous winter quarter. It is quite in keeping
with this that the Indian monsoon rainfall has its con-
nections with later rather than with earlier events. The
Indian monsoon therefore stands out as an active, not
a passive feature in world weather, more efficient as a
broadcasting tool than as an event to be forecast.

Fig. 4 shows the correlation coefficient between the
normalized monsoon rainfall anomaly and the Dar-
win pressure anomaly for six months before and six
months after the monsoon season. The absolute val-
ues of the correlations are found to be the largest
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FIG. 4. Correlation coefficient between the Indian monsoon rainfall anomaly
and three-month mean Darwin pressure anomaly at various lags.
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during and following the monsoon season, suggesting
the possible role of the monsoon rainfall fluctuations
(and the associated changes in the location and in-
tensity of diabatic heating fields) in affecting the sub-
sequent global circulation. The correlation coefficient
between the monsoon rainfall and the Tahiti minus
Darwin pressure was very similar to the one shown
in Fig. 4 with opposite sign.

Fig. 5 shows the autocorrelation of seasonal mean
Darwin pressure anomaly at different seasonal lags.
In agreement with the earlier results of Walker, the
largest correlation between adjacent seasons is found
between the northern summer and fall, and the fall
and winter pressure anomalies. The smallest corre-
lations between adjacent seasons are found between
northern winter and spring, and spring and summer.
We do not know why the autocorrelations have such
a strong seasonal dependence. Nicholls (1979) has
suggested that the air-sea interaction over the In-
donesian region can explain the seasonal variation of
autocorrelation of Darwin pressure. It is also possible
that the slow decay of autocorrelations from summer
to fall and from fall to winter is related, at least in
part, to the impact of the summer monsoon rainfall
on the planetary-scale circulation.

4. Discussion and summary

The observational evidence presented here, taken
with a large body of earlier results, show a close re-
lationship between the El Nino, the Southern Oscil-
lation and the Asiatic syummer monsoon. We have
neither proposed nor explained any mechanisms, but
simply presented some observational facts which ap-
pear to be useful for operational forecasting. It is dif-
ficult, at this stage, to clearly identify the forcing and
the response, but it is reasonably clear that these three
phenomena influence or are influenced by each other
at different stages of their life cycle. Angell (1981) found
a strong relationship between the monsoon rainfall
and the equatorial sea surface temperature (SST)
anomalies in the following winter, but Rasmusson and
Carpenter (1983) showed that the equatorial Pacific
SST anomalies have a long life cycle and, therefore,
since the SST anomalies are observed even before the
monsoon season, they can be a potential predictor for
the monsoon rainfall. Since the El Nifio and Southern
Oscillation are intimately linked (Rasmusson and Car-
penter, 1983), the antecedent Southern Oscillation can
also be a useful predictor of monsoon rainfall. The
present study has demonstrated that the phase of the
Southern Oscillation is a better predictor of monsoon
rainfall than its spring or winter value. Although the
mechanisms of interactions between El Nifio, Southern
Oscillation and monsoons are not well understood,
the predictability of monsoon rainfall is especially en-
hanced due to its precise seasonality and the long-
period changes associated with the Southern Oscilla-
tion. Large changes in the monsoon rainfall naturally
influence the subsequent atmospheric circulation
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which may influence the rainfall of other regions. Since
it is appealing to think in terms of forcings due to
diabatic heat sources and sinks, the changes in heating
associated with the warm SST anomalies in equatorial
Pacific, and those due to the fluctuations of monsoon
rainfall, seem to be the two most important forcing
functions for atmospheric circulation anomalies. A
global distribution of observed precipitation would be
needed to test these concepts further.

In the present paper we have shown that the Dar-
win pressure and its trend can be utilized to make
highly reliable forecasts of the non-occurrence of
droughts or heavy rains over India. This was, how-
ever, only a preliminary study, and further analysis
might provide more quantitative relationships.
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