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Prospects of Prediction of Indian
Summer Monsoon Rainfall using
global SST anomalies

A. K. Sahai!, Alice M. Grimm?, V. Satyan and G. B. Pant
Indian Institute of Tropical Meteorology, Pune 411 008, India.

ABSTRACT

A methodology is presented for making optimal use of global sea surface temperatures (SST)
for long lead prediction of Indian summer monsoon rainfall (ISMR). First, a correlation anal- "
ysis is used to identify the regions and seasonal lags for which SST is highly correlated with
ISMR. Using the first 9 Principal Compéments (PCs) of SST from these regions it is shown
that the historical relationship between ISMR and SST is consistent in recent years. As sec-
ond step, a strategy for selecting the best 18 predictors (hot spots of the global oceans) is
investigated. Using them, the relative roles of different ocean basins in intrannual and decadal
variability of ISMR is discussed. It is found that, since mid seventies, South Pacific and North
Atlantic SSTs have a dominating influence on ISMR while the influence of east Pacific SSTs
has been weakening. It is shown that when the relationship between ISMR and SST in one
ocean weakens, the connection with another ocean strengthens. These changes seem to be
a part of natural oscillations in the c}imate system. Therefore, despite the weakening of El
Nino Southern Oscillation- ISMR relationship in recent years, most of the variability of ISMR
can still be attributed to SST. In the third step, an experimental prediction of ISMR is done
based on the first 2 PCs of the SST in the 18 hot spots over the global oceans. The predicted
values explag’;bout 80% of the observed variance of ISMR. in the model verification period.
Finally, a predictive scheme, that is stable and useful in a changing background climate, is

discussed and it is shown that a skillful long lead forecasting of ISMR is possible.
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1. Introduction

The Indian summer monsoon is the major component of Asian summer monsoon. India
receives about 80% of the total annual rainfall during summer monsoon season, from June to
September. Indian agriculture is largely controlled by rainfall in this season. Small variations
in the monsoon onset, in the spatio temporal variability during the season and in the seasonal
mean rainfall have the potential for significant economic and social consequences. Therefore,
forecasting of all India Summer Monsoon Rainfall (ISMR) is beneficial for more than a billion
people and has profound influence on agricultural planning and economic strategies of the
country (Swaminathan 1998).

Forecasting of any climatic event requires the knowledge of its spatial and temporal
variability. The yearly phenomenon of the monsoon occurs as a spectacular change in convec-
tive activity, especially between’India and Australia. The Indian Ocean monsoon winds blow
from the southwest during summer (wet) and from the northeast in winter (dry). This annual
cycle of monsoon exhibits variability on time scales ranging from intraseasonal to decadal
(Webster et al. 1998), as happens in most monsoon regions of the globe. It is well known that,
even during a particular monsoon season, large scale spatial and intraseasonal variability of
the monsoon rainfall over India is evident (Krishnamurthy and Shukla 2000). On interannual
time scales, the ISMR exhibits a fairly distinct bienniality (Mooley and Parthasarathy 1984).
On decadal scale, there have been alternating periods extending to 3-4 decades with less and
more frequent weak monsoons over India (Kripalani and Kulkarni 1997). A large number of
studies have analyzed the influence of intraseasonal, biennial and decadal variations on the
interannual variability of ISMR. (Webster et al. 1998).

The long range forecasting of ISMR was started more than a century ago (Blanford

1884). Since then, many statistical (Thapaliyal 1981; Shukla and Paolino 1983; Mooley et al.
1986; Bhalme et al. 1986; Shukla and Mooley 1987; Gowariker et al. 1991; Navone and Ceccatto
1994; Goswami and Srividya 1996; Sahai et al. 2000) and also dynamical (Manabe et al. 1974;
Hann and Manabe 1975; Palmer et al. 1992; Chen and Yen 1994; Ju and Slingo 1995; Sperber
and Palmer 1997; Soman and Slingo 1997; Harrison et al. 1997) forecasting models have been
developed and used. The principal scientific basis of these models or any seasonal climate
forecasting model is founded on the premise that, in tropics, the lower-boundary forcings
(SST, sea-ice cover, land-surface temperature and albedo, vegetation cover and type, soil
moisture and snow cover etc.), which evolve on a slower time-scale than that of the weather
systems themselves, can give rise to significant predictability of statistical characteristics of
large scale atmospheric events (Charney and Shukla 1981). Empirical forecasting of ISMR
has been performed using combinations of climatic parameters including atmospheric pressure,
wind, snow cover, SST, and the phase of ENSO. Though the performance of a few statistical
models is found to be better than that of dynamical ones, successful long-range prediction still
remains elusive (Webster et al. 1998; Krishna Kumar et al. 1995). The performance of even
the most successful acclaimed model of 16 parameters (Gowariker et al. 1991) is not better
than the climatological forecast in recent years (Kulkarni 2000; DelSole and Shukla 2001).
The secular variation in parameters used as predictors in statistical models is identified as the
main problem (Ramage 1983; Krishna Kumar et al. 1995; Sahai et al. 2000). The classical
relation between ENSO and ISMR, which has been observed, is that in the majority of years
- during the ENSO warm (cold) events the ISMR was below (above) normal. Almost all the
statistical seasonal prediction schemes of ISMR rely heavily on the change in magnitude of
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various ENSO indices from winter (December to February) to spring (March to May) prior to
the start of monsoon season. The above average ISMR in 1997, during the greatest El Nino
year of the last century, and excess during the moderate El Nino year of 1994 have prompted
many studies to reexamine ENSO-ISMR relationship. It has been shown that this relationship
is weakening (Kripalani and Kulkarni 1997) and it was proposed (Krishna Kumar et al. 1999)
that it might be due to the global warming. It was also observed that this weakening in the
relationship is not peculiar to Nino-3 only, but appears to be with any ENSO index. This
weakening has been seen not only in recent times, but also in earlier periods , e.g.,1920-1960
(Webster et al. 1998). Notwithstanding, the ISMR time-series is remarkably stable during the
last 130 years and the behavior of the decadal variations and the interannual variability in
recent years is similar to that in the past (Fig.1). Thus the weakening in relationship cannot
be explained by the global warming phenomenon. Therefore, the question arises of the origin
of the interannual variability of ISMR in recent years as well as in the past. We propose that
it is associated with other oceanic regions also, in addition to the eastern tropical Pacific.

In addition to the SST in the eastern Pacific (Nino-3 region), there are other oceanic
regions, such as the warm pool of western Pacific Ocean, the Northwest Pacific Ocean (Ju
and Slingo 1995; Soman and Slingo 1997) and the Indian Ocean (Saji et al. 1999) which
are identified as linked with the interannual variability of the ISMR. Several studies have
documented empirical links between Indian Ocean SST anomalies and monsoon variability.
Negative correlations exist between the ISMR and 16 months earlier SST near Indonesia
(Nicholls 1983). The links between the ISMR, the Indian Ocean and the tropical eastern
Pacific have shown a biennial tendency (Meehl 1987, 1997). Therefore, instead of calculating
various indices from tropical Pacific Ocean and using only 6 months lag (December to May)
for prediction of the ISMR, it is logical to include all oceans in different seasons with sufficient
lag. An attempt in this regard has been made by Clark et al. (2000) who combined various
indices from three regions in Indian Ocean and in different seasons to develop a combined
index with long lead time, which shows stable relationship throughout the period 1945-1997.
We propose to extend this attempt by considering global oceans with sufficient lag.

In a recent paper (Krishnamurthy and Shukla 2000) it is shown that the seasonal
mean monsoon rainfall over India consists of an externally forced large-scale (nearly all of
India) persistent (nearly the entire season) component and an intraseasonal component that is
independent of external forcing. It has been argued that the success in predicting the monsoon
rainfall over India will depend on the relative magnitudes of these two components. It has
been further pointed out that, if it is possible to establish a predictable relationship between
the large scale seasonally persistent component anomalies and the intraseasonal variations,
prospects of making more accurate forecasts of the ISMR will certainly improve. In the
present communication we propose an approach to achieve this.

Section 2 of this paper deals with the data used in this study and describes the method-
logy. In section 3, results are presented. In order to assess the prospects for prediction of
ISMR using SST, first the consistency of the historical relationship between SST and ISMR
in recent decades is examined, then the selecting best predictors are selected and the relative
roles of various ocean basins is discussed. It is shown that by using 2 PCs of the selected
predictors, prediction of ISMR is possible, and finally a prediction scheme is detailed. The
last section summarizes the major results and discusses the future impact of this study.



2. Data and Method

2.1. Data

The monthly SST data, used in this study are from the GISST 2.3b (Rayner et al. 1996) for the
period January 1871 to May 2001. The ISMR from June to September for the period 1871-2001
are obtained from IITM data set (Parthasarathy et al. 1994). The SST data were originally
on 1°x1° resolution. They were averaged over boxes of 10° latitudex 20° longitude whose
centers are 5° latitudex 10° longitude apart. Thus, there are overlapping regions between two
neighbouring boxes. The purpose of this is to achieve a good spatial resolution (5° x10°)
while working with regions of larger extent (10° x20°).

2.2. Determination of lags

The correlation coefficients (CC) between the ISMR and the seasonal SST anomalies, and also
the anomalies in seasonal tendency of the SST were calculated for various ocean basins in the
tropics and the northern extra-tropics (25°S to 65°N). Since our main goal is to do forecasting
well in advance, the CC were calculated from 2 season lag to 5 years lag from the start of the
ISMR season. For instance, to calculate the index for the 1990 ISMR, SST data used were from
March 1985 to February 1990. Before calculating the CC, the previous 5 year running mean
is subtracted from all the data sets (the ISMR, the seasonal SST and the seasonal tendency
of SST) to filter out local linear trend. For instance, the average value for years 1871 to
1875 was subtracted from the value for 1876 and so on. In many regions the anomalies in
seasonal tendency of SST were found to be more correlated with ISMR than the seasonal SST
anomalies themselves. This may be because the anomalies in the seasonal tendency of SST
represent more appropriately the anomalous response of the ocean-atmosphere coupled system
to the seasonal march of the solar radiation than the SST anomalies. The relationships of the
SST anomalies and SST tendencies with ISMR, depicted through the CC, are found to be
significant and coherent up to 5 year lags in different ocean basins. For example, the strong
negative correlation along the central and eastern Pacific prior to the start of monsoon season
is in fact equally strong with changed sign and shifted southward about two years before (Fig.
2), indicating the possibility of longer lead time prediction. Therefore, considering lags of up
to previous 5 years is justified. Since we are more concerned about the prediction in recent
years, this analysis was performed from 1881 to 1989 and data from 1990 to 2001 are kept to

verify the performance of the proposed method.
=

2.3. Methods of selecting best predictor set

When there are many predictors, physical relationships with predictant is not well defined and
prediction is the central goal, then a few best among them have to be selected based on robust
statistical methods. We have adopted the most commonly used screening procedure known
as stepwise regression (Wilks 1995). In this procedure one begins with zero predictor and all
possible L simple linear regression between the available L predictors and the predictant are
computed. The predictor whose linear relationship is the best among all candidate predictors
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is chosen as first predictor. Different ways are proposed to detect the best relationship.
One way is to select the predictor with minimum root mean square error (RMSE) on the
model development set. DelSole and Shukla (2001) have suggested a cross validation scheme
for doing this. In this scheme (Michaelsen 1987), model development data is divided into
two mutually exclusive sets, independent and dependent. The regression model is developed
on each dependent set and prediction is done in corresponding independent set. We have
divided the data of model development period (from 1881 to 1989) in N (=109) mutually
exclusive dependent and independent sets in which each independent set consists of one year
and remaning N — 1 years are in dependent set.

We have adopted this approach and for each predictor variable we got N independent
predicted values along with the observed ones. Values of RMSE are calculated for each
predictor. Then the best predictor is that for which RMSFE is the minimum. After selecting
the first predictor, trial regression equation are again constructed using the first selected
predictor in combination with the remaining L — 1 predictors, and using the above criteria
the 2nd predictor is selected. Subsequent steps follow this pattern. The selection procedure
is terminated when there is no further significant reduction in RMSE. But the principle of
parsimony (Box et al. 1994) requires that an empirical model should employ the smallest
number of predictors for adequate representation. In the context of model selection, this
principle states that even if a model has less prediction error than another with fewer predictors
it should nevertheless be rejected in favor of the model with fewer predictors, if it fails a
goodness of fit test. DelSole and Shukla (2001) have discussed many goodness of fit test
criteria and we will adopt one, based on Mallow’s C,:

2
2a s
( <=’E>
N=-M-P-=1

Cp= —(N=2(P+1) (1)

where A is the reduced model with P predictors, B is the full model with P 4+ M predictors
and < €4 > and < e > represent the mean squared error of model A and B, respectively.
The correct model size can be determined by plotting C, against P+1 (for details see DelSole
and Shukla (2001)).

2.4. Measures of predictive skills

In addition to statistics for performance evaluation, viz., CC, root meen square error (RMSE),
absolute error (AE), we have also calculated one more parameter, which we call performance
parameter (PP):

PP =1-(RMSE/SD)? (2)
where SD is the standard deviation of the ISMR. PP is same as the skill score defined in Wilks
(1995) when the reference forecast is climatology. When PP > 0 (PP < 0), the forecast will
be better (worse) than the climatological forecast (always mean value). If it is close to 1, the
forecast will be the best.



_.b_

3. Results and Discussion

3.1. Predictive relationship between ISMR and global SST
3.1.1. Identifying predictors and assessing SST-ISMR relationship

To begin with, 142 regions of 10° latitude x 20° longitude were identified as having their SST
best correlated with ISMR-in different season lags. The seasonal SST anomalies or seasonal
tendencies of SST in these regions are correlated with ISMR at >99.5% significance level.
This set of 142 regions (the details are given in Table 1) can be seen as a set of predictors
for the ISMR.. As there can be overlap between these regions, and there can be the same lag
for significant correlation with SST and SST tendencies, the number of independent variables
will be much less. We performed an empirical orthogonal function (EOF) analysis to generate
independent variables from this set. Data from only 109 years (from 1881 to 1989) were used
for EOF analysis and PCs were calculated up to 2001. The first 9 PCs explain more than 50%
of the variance and were retained as independent predictor variables for further calculation.
The cross validated prediction is done for the model development period using 9 PCs. In this
section, the performance of prediction is evaluated to assess the consistency of SST-ISMR
relationship in recent years. 21- year sliding RMSE, CC and PP are shown in Fig. 3 for
this prediction. The CC between observed and predicted ISMR is always significant at 99%
level. Except on 7 occasions, the PP is always greater than 0.0. For 109 years, CC=0.64,
RMSE=62.9 mm and PP=0.41. Then predition is done in model verification period using
a regression equation developed for the whole model development period. The values of
predicted and observed ISMR are shown in Fig. 4. For the 12 year of model verification
period CC=0.71, RMSE=40.16 and PP=0.46.

In recent decade the interannual variability of ISMR is much low (SD is less than 65%
of long term SD) (see lower panel of Fig. 1). It is observed (from Fig. 3) that generally
low variability of the ISMR is associated with comparatively lower CC and PP, i.., low
predictability. But in recent years, despite the low variability, CC and PP are comparable
to historical values. Thus, even though the ENSO-ISMR relationship is weakening, SST can
still explain most of the interannual variability. It should be mentioned here that recent years
(from 1990 onwards) were purposely not included in the model development, i.e., identification
of regions and seasons, calculation of EOF loadings and multiple regression. Therefore, the
historical relationship between the SST and the ISMR is still consistent in recent years.

3.1.2. Selecting the best predictors and determining the relative roles of different
oceans

We have already mentioned that the number of predictors, L (=142), identified above is very
large. Therefore, it is necessary to select a few best predictor variables from them. It is not
possible to do screening regression on this large set of predictors by considering all possible
set of combinations of predictors, as suggested by DelSole and Shukla (2001), because then
we have to solve 2% regression equations. Therefore, we have adopted stepwise regression
discussed earlier. The values of RMSE and CC obtained from successively increasing the
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number of predictors are shown in Fig. 5. It is difficult to judge from this figure as to when to
stop the selection procedure, because at each step there is some improvement. At this stage
we used Mallow’s C,, statistic. We have plotted C, against P+1 in Fig. 6. To find the correct
size, a sensible strategy is to look for a model with a low C, value which is below but close .
to 45° line. If there are several such points, we chose the model with smallest value of C,.
Thus, from Fig. 6, the number of predictors plus one is 19, and therefore the 18 predictor
model has the most favorable C, statistic. This point is marked in Fig. 5 and 6. This number
seems to be very high for prediction model (next section), but it is convenient to assess the
predictability associated with different ocean basins.

The 18 selected regions (3 from Indian Ocean, 10 from Pacific and 5 from Atlantic)
are shown in Fig. 7 and the details are given in Table 2. It is interesting to note that this
selection scheme has not selected any predictor from eastern Pacific and north Indian Ocean
though there are many from these regions in the set of 142. This aspect will be discussed in
the next section.

Regions from each ocean basin were combined together by multiplying their sign of CC
with ISMR to form six indices: Indian Ocean Index (IOI), West Pacific Ocean Index (WPI),
North Pacific Ocean Index (NPI), South Pacific Ocean Index (SPI), North Atlantic Ocean
Index (NAI) and South Atlantic Ocean Index (SAI).

I0I = (-I1 - I2 + 13)/3

WPI = (P4 + P9)/2
NPI = (—P2 — P5 — P8 + P7)/4
SPI = (P1+ P3— P6+ P10)/4
NAI = (—A2 — A3 — A5)/3
SAI = (A1 — A4)/2

The 121 years CC between ISMR and IOI, WPI, NPI, SPI, NAI, SAI and simultaneous Nino3
indices are 0.40, 0.34, 0.31, 0.52, 0.48, 0.37 and -0.48 respectively. The 21-year running CC
with these indices and also for comparison simultaneous CC with Nino3 index is shown in
Fig. 8. We can clearly observe from this figure that in recent years South Pacific and North
Atlantic are more associated with ISMR. This shift of relationship can be seen in the mid
seventies, the time around which recent climate shift has been noted (Trenberth 1990). Thus
it can be argued that while simultaneous relationship with the eastern Pacific Ocean and the
ISMR is-decreasing, it is strengthening with the South Pacific and North Atlantic ocean. If
we observe it for the entire period we find that weakening and strengthening of relationship
between various ocean basins and ISMR is part of natural climatic oscillations with decadal
and longer periods.

Using the time series of SST in selected 18 regions in the given lag, a multiple regression
model was developed for each dependent data and prediction on independent data is obtained
under cross-validation scheme. The 21- year sliding RMSFE, CC and PP are shown in Fig.
9 for this prediction. The CC between observed and predicted ISMR is always much more
significant than 99% level. Except for the period 1930 to 1950 the PP is always greater
than 0.5. For 109 years, CC=0.79, RMSE=50.9 mm and PP=0.62. Then predition is done

for the model verification period using a regression equation developed for the whole model
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development period. The values of predicted and observed ISMR. are shown in Fig. 10. For
the 12 year of model verification period CC=0.77, RMSE=48.6 and PP=0.21. It is worth
noting that the data for the model verification period were neither used for identification of
the 142 predictors nor for the selection of 18 predictors.

3.1.3. EOF analysis of selected predi:ctors

We have seen in the previous section that when prediction was done using 18 predictors,
the model performed very good in the development period while the performance in the
independent verification period was not that good. DelSole and Shukla (2001) have shown
that, if we could identify the most promising parameters then, two to three predictors are
sufficient for forecasting of ISMR. Though 18 predictors in the previous section were selected
based on robust statistical methods, this number is still very high. The method of selection
has not rectified the problem of multicollinearity (mutual correlations among the predictors),
which could be a major drawback for linear regression when it is applied for the prediction of
independent future data. Therefore, to minimize the redundancy among the predictors and
to reduce the number of parameters and also to see the contribution from different time scales
to interannual variability of ISMR, the EOF analysis was performed on the above described
18 selected predictors. As before, data used for EOF analysis were up to 1989 and PCs were
calculated up to 2001. We have retained the first 2 PCs (they explain about 11.6% and
11.0% of variance, respectively). It should be pointed out that the use of the first two PCs
has nothing to do with an arbitrary truncation of EOFs based on a certain mathematical
criterion about the eigenvalues, but is due to the assumption that ISMR can be predicted
by two promising predictors that best describe the ISMR evolution. The power spectrum of
PC1 is shown in Fig. 11 and that of PC2 in Fig. 12. PCl1 has significant periodicities of
11.5 and 2.7 years, PC2 of 9.55, 5.4, 3.6 and 2.1 years respectively. The CC of PC1 and PC2
with ISMR is respectively 0.59 and 0.44. The standardized time series of PC1 and PC2 are
shown in Fig. 13 and the spatial signatures obtained by regressing the global SST field in
simultaneous JJA season upon PC1 and PC2 are shown in Fig. 14. It can be seen from Fig.
14 that PC1 and PC2 both have dominant signatures in eastern, western and central Pacific,
while PC2 has some prominent signatures in north Atlantic and Indian Ocean too. The 120
year CC between JJA Nino3 SST index and PC1 and PC2 is respectively -0.33 and -0.32.
Using the time series of PC1 and PC2, multiple regression models were developed for each
dependent data sets as discussed in earlier section and prediction on independent data set is
obtained. 21- year sliding RMSE , CC and PP are shown in Fig. 15 for this prediction. The
CC between observed and predicted ISMR is almost always significant at 99% level and PP
is always greater than zero. For 109 years, CC=0.71, RM SE=57.6 mm and PP=0.51. Then
predition is done in model verification period using a regression equation developed for the
whole model development period. The values of predicted and observed ISMR are shown in
Fig. 16. For the 12 years of model verification period CC=0.89, RMSE=28.7 and PP=0.72.



3.2. Prediction of ISMR

3.2.1. Empirical prediction using two predictors

The results of the previous section indicate that a long lead and skillful prediction of ISMR
is possible using SST only, and to safeguard against any overfitting, two PCs of the selected
18 predictors can be used as potential predictors. The computation of PCs is done as follows.
First seasonal mean and seasonal mean tendencies of SST are calculated for each selected
region in the specified lag. Then the time series of each region is standardized with mean
and standard deviation for the period 1960-1990. In the next step previous 5 year mean is
subtracted from each value so that the resulting time series are from 1881-2001. The EOF
analysis is performed on these 18 series using data from 1881-1989 and finally, PCs were
calculated up to 2001. The cross validation scheme followed in the previous sections is not
adequate for validation of prediction, because while selecting the dependent data set for each
independent data set, future values from the time series were also included along with the past
values. The true prediction will be when only past values are used for model development and
prediction is done in the future. To achieve predictions of future data only, we followed the
strategy suggested by DelSole and Shukla (2001). For each 25 year segment of the 121 year
record, a regression equation was developed and this equation is used for the prediction of the
immediately following (independent) 26** year. For example, a forecast for 1906 is generated
strictly from the 1881-1905 record; a forecast for 1907 is generated strictly from the 1882-1906
record; and so on. This forecasting scheme may accomodate the changing relationship in
time, i.e. changing background climate. Repeating this procedure for all years, we obtained
a time series of 96 years independent future forecast from 1906-2001. The values of constant,
coefficients of PC1 and PC2 for prediction of each year are shown in Fig. 17. It can be
seen from this figure that the constant term and the coefficients are able to capture the low
frequency oscillations of background climate. The predicted and observed ISMR values are
shown in Fig.18. For 96 year period CC=0.73, RMSE=>53.91 mm and PP=0.53. The 21-
year sliding RMSE , CC and PP are shown in Fig. 19 for this prediction. The CC between
the observed and predicted ISMR is almost always significant at 99% level. The forecast is not
good in 8 years (Table 3), when the absolute error in the forecast is more than 10%. Among
these 8 years, forecasted and observed anomalies are of the same sign in 2 years, and in 2 years
predicted and observed anomalies both are normal (within 10% of the long term mean). Thus
only four years (1919, 1933, 1943 and 1975) are associated with very bad performance of the
model. The forecast is exceptionally improving in recent years since mid seventies. For the
last 12 years of the model verification period CC=0.89, RMSE=24.5 and PP=0.80. Thus
when ISMR is delinking with eastern Pacific SST, it is being associated with other oceanic
regions of the globe which results in achieving more skillful forecast.

Next we will explore the possibility of including other oceanic regions which are not
included in the 18 selected regions. The most important and not selected regions are from
north and central Indian Ocean (Clark et al. 2000) and from central and eastern Pacific. From
the central and eastern Pacific, the most used predictor is Nino3 tendency (MAM-DJF). We
combined this predictor with PC1 and PC2 and prediction is obtained on sliding 25 year
segments as discussed above. The values of CC, RMSE and PP for the whole 96 year
prediction period are 0.71, 55.62 mm and 0.50 and those for the last 12 years of verification
period are 0.73, 36.62 mm and 0.55, respectively. Thus, in comparison to two PCs only, no
improvement in the forecast skill is obtained , instead, there is a decrease in skill. This is
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in agreement with DelSole and Shukla (2001) who also noted that though ENSO and ISMR
have strong simultaneous relationship, its predictive value is low. The other predictor will be
obtained by combining three regions in Indian Ocean in different seasons. These regions are
of 4° x4° extent centered in Arabian Sea (20°N, 66°E), northwest of Australia (16°S, 144°E)
and central Indian Ocean (4°N, 86°E) in seasons DJF, DJF and SON prior to the start of
the monsoon season, respectively. Since we are considering the whole period, we have not
removed the linear trend for the period 1945-1995 as was done in Clark et al. (2000). This
combined index is used in combination with PC1 and PC2 and prediction is done. The values
of CC, RMSE and PP, obtained for this prediction, for the whole 96 year prediction period
are 0.73, 53.99 mm and 0.53 and those for the last 12 year verification period are 0.84, 31.38
mm and 0.67 respectively. In this case also the improvement with comparison to only 2 PCs
has not been seen.

We are not claiming that there are not hot spots of global ocean other than the 18
selected above. There may be regions which are highly influencing ISMR, but if there are,
either they will be highly correlated with some of the selected regions or their influence will
be short lived. Thus we can say that, as far as longer term variability and predictability is
concerned, PC1 and PC2 contain the optimum information which can be obtained from the
SST field three months prior to the start of the monsoon season.

The forecast of ISMR. for the year 2002 obtained from the above method is 89.5% of
the long term mean.

3.2.2. ISMR Preferred SST for dynamical prediction

It is a matter of long debate that what is the percentage contribution of internal dynamics
and that of external forcing in determining the interannual variability of the ISMR. The
internal dynamics generates the intraseasonal oscillations and external forcings determine the
seasonal mean anomalies on a regional scale of country as a whole. Both together interact to
give the temporal and spacial variation of the ISMR. In a recent paper (Krishnamurthy and
Shukla 2000) it has been remarked that for making more accurate forecasts of the ISMR, it is
necessary to establish a predictable relationship between the large scale seasonally persistent
anomalies and intraseasonal variations. This can be achieved as follows. Once the ISMR
anomaly is detemined three months in advance, this can be used to generate SST anomalies
during the JJA season. This can be done by predicting SST using the first two PCs of the
selected 18 regions. At each grid point a multiple regression equation is obtained using the
previous 25 years JJA SST and the prediction is done for one year in future. These predicted
SST anomalies will be called as the ISMR preferred SST anomaly. These ISMR. preferred
anomalies for 1991, 1994 and 1997 along with the observed ones are shown in Fig. 20- 22. It
can be seen that ISMR preferred SST anomalies are showing the patterns that would produce
below normal ISMR in 1991, above normal in 1994 and normal in 1997 as was observed.
Commenting on the performance of seasonal forecasting by statistical and dynamical models,
Carson (1998) has pointed that the results obtained from the statistical methods are very
encouraging and remain a target to be achieved by the dynamical models. He further pointed
that it is likely that the best forecast will be produced by an objective combination of both
methods. We propose that this objective combination can be achieved when ISMR preferred
SST anomalies are used as a boundary condition in an atmospheric general circulation model.
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Then it will be possible to predict the spatial and temporal evolution of summer monsoon
rainfall over India. This study will be carried out in our future work.

4. Summary and Conclusions

Relationship between the SST and the ISMR for the prediction of the later has been examined
in a new perspective. This paper focusses on three issues- (i) changing SST-ISMR relationship,
(ii) prediction of the ISMR using SST only and (iii) prediction of the intraseasonal variations
using predicted seasonal mean anomaly. It is shown that despite the weakening relationship
of ENSO-ISMR in recent years, the relationship between the global SST and the ISMR is
consistent for more than a century and any small variation in this relationship is a part of
natural oscillations. In fact, the relationship was slightly weaker in late 1920s and mid 1950s
when the variability of ISMR was lower than normal (Fig. 1). In the recent years, since the
ISMR variability has become lower than normal, the relationship with SST should decrease.
Instead, it has become stronger. This can be associated with the climate shift in mid seventies.

The long time series of two meteorological variables -SST and ISMR- has been created
independently using different statistical approaches. This study shows the robustness and con-
sistency of these data sets. When SST-ISMR relationship weakens in one ocean it strengthens
in another. For the first time the dominant role of the South Pacific and north Atlantic Ocean
to ISMR variability is established. It is shown that to a large extent the behavior of ensuing
summer monsoon rainfall on the country (India) as a whole can be determined three months
in advance using SST only. Thus the anomalously strong and weak monsoon seasons are
not stochastic summer patterns, but are part of a longer period and broader scale circulation
patterns which are the results of the interaction of ocean- atmosphere coupled system in many
seasons in the past. In different decades, about 50-85% of variance associated with the ISMR
is explained by SST alone and only 15-50% is explained by other boundary forcings and in-
ternal dynamics. A new concept of ISMR preferred SST anomaly is introduced and it is also
proposed how to predict intraseasonal oscillations, once the seasonal mean is predicted.

The calculation of two PCs for prediction of ISMR involves all the ocean basins with
sufficient time lag and may be able to encompass the evolution of various heat sources and
sinks of the coupled ocean- atmosphere system from tropics to extra- tropics. Thus it can
be thought that these PCs capture (i) the spatial and temporal heterogeneity of interaction
of global oceans with monsoon system and (ii) the biennial oscillation of the coupled system
modulated by longer term oscillations. That is why it is able to represent so closely the ISMR.
This research will provide new hope to dynamical models like coupled general circulation
models, which are designed to capture the evolution of ocean- atmosphere system for climate
prediction. It may provide new basis for statistical models, which are hindered by secular
variation of predictor- predictant relationship and inter- dependency of predictors. It may also
provide new platform for the discussion on global warming and ENSO- monsoon relationships
and consequent changes in precipitation patterns. It is not possible to establish definitely
cause and effect relationship from an empirical analysis like this, but we can say that the
coupling and uncoupling of various ocean basins with monsoon system are parts of natural
variability process. Therefore, the observed changes in ENSO- monsoon relationships in recent
years can be attributed to the decadal and longer term natural climate variability rather than
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longer term trends related to anthropogenic- induced global warming climate changes.

The central point of the present paper is that a long lead and skillful linear statistical
prediction of ISMR can be made 3 months prior to the start of the monsoon season using
SSTs only. This forecast may be further improved by AGCMs using ISMR preferred SST as
a boundary condition. Also, there are possibilties to improve the forecast using non-linear
statistical methods and including other slowly evolving boundary forcings, pre-monsson upper
air circulation features and other atmospheric parameters.
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Table 1. Table showing details of 142 regions.

REGION Latitude Longitude Season Lag Sign of CC

Starting Ending Starting Ending

1 10 20 40 60 JIA( -4) +
2 10 20 60 80 JIA( -4) +
3 15 25 60 80 JIA( -4) +
4 -5 5 310 330 DJF( -2) +
5 15 25 50 70 JIA( -4) -
6 10 20 50 70 JIA( -4) -
7 5 15 40 60 JIA( -4) +
8 -5 5 320 340 DJF( -2) +
9 10 20 70 90 JIA( -4) +
10 -10 0 0 20 JIA(-8) -
11 30 40 10 30 SON(-19) :
12 -20 -10 100 120 DJF( -2) -
13 5 15 50 70 JIA( -4) -
14 -25 -15 60 80  MAM(-17) -
15 5 15 80 100 JIA( -4) +
16 -5 5 0 20 JIA( -8) -
17 20 30 200 220 JIA( -8) +
18 10 20 90 110  SON( -3 +
19 -10 0 320 340 DIJF( -2) -
20 5 15 60 80 JIA( -4) +
21 5 15 70 90 JIA( -4) +
22 -10 0 350 370 JIA( -8) =
23 20 30 330 350  DJF(-10) =
24 -5 5 350 370 JIA( -8) 5
25 35 45 350 370  SON(-15) 3
26 10 20 40 60 DJF( -2) +
27 5 15 280 300  SON(-3) +
28 -15 -5 100 120 DJF( -2) +
29 25 35 210 230 JIA( -8) +
30 -20 -10 110 130 DJF( -2) +
31 215 5 0 20 JIA( -8) -
32 15 25 320 340 DJF(-10) :
33 5 15 40 60 DJF( -2) +
34 =25 -15 80 100 DJF(-10) -
35 -20 -10 80 100 DJF(-10) :
36 15 25 330 350  DJF(-10) -
37 20 30 290 310 JIA(-16) -
38 5 15 9 110 SON( -3) -
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Table 1—Continued

REGION Latitude Longitude Season Lag Sign of CC

Starting Ending Starting Ending

39 0 10 80 100  JJA(-4) %+
40 5 5 330 350  DJF(-2) i
41 10 20 90 110 JIA(-4) @
42 10 20 80 100  JIA(-4) +
43 15 25 190 210  SON(-7) L
44 10 20 270 290  SON( -3) 4
45 0 10 140 160  MAM(-21) A
46 35 45 0 20  SON(-15) :
47 0 10 310 330  DJF(-2) 0
48 40 50 190 210  SON(-15) :
49 10 20 310 330  JIJA(-4) %
50 20 30 130 150  DJF(-14) &
51 5 15 310 330  SON(-3) +
52 0 10 300 320 DJF(-2) +
53 25 35 200 220  JIA(-8) +
54 -10 0 330 350  DJF(-2) i
55 55 65 0 20  SON(-19) :
56 25 35 300 320  SON(-3) +
57 20 30 280 300  JJA(-16) :
58 15 25 180 200  SON(-7) +
59 -25 -15 320 340  SON( -3) +
60 -15 -5 130 150  DJF(-2) +
61 25 35 310 330 MAM(-13) -
62 30 40 280 300  JJA(-8) +
63 -10 0 100 120 JJA(-20) %
64 -20 -10 130 150  DJF(-2) +
65 20 30 210 230  JJA(-8) +
66 15 25 320 340  JIA(-4) s
67 10 20 280 300  SON(-3) +
68 0 10 50 70 JIA( -4) +
69 -20 -10 190 210  JJA(-8) +
70 40 50 180 200  SON(-15) :
71 10 20 50 70  DJF(-2) i
72 -25 -15 100 120  DJF(-2) %
73 -20 -10 70 90  DJF(-10) :
74 0 10 320 340  DJF(-2) ¥
75 -10 0 30 50  DJF(-2) +
76 15 25 50 70  DIF(-2) +
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Table 1—Continued

REGION Latitude Longitude Season Lag Sign of CC
Starting Ending . Starting Ending
77 -15 -5 160 180 DJF( -2) +
78 20 30 330 350 JIA( -4) +
79 0 10 3350 370 JIA( -8) -
80 30 40 0 20 SON(-15) -
81 0 10 310 330 SON( -3) +
82 5 15 80 100 SON( -3) +
83 45 55 310 330  DJF(-14)-SON(-15) -
84 -25 -15 210 230  JJA( -8)-MAM( -9) +
85 -25 -156 220 240  JJA( -8)-MAM( -9) +
86 25 -15 250 270 JIA( -8)-MAM( -9) £
87 -25 -15 200 220  JJA(-8)-MAM( -9) +
88 50 60 310 330  DJF(-14)-SON(-15) -
89 -25 -15 240 260  JJA(-8)-MAM(-9) +
90 -25 -15 230 250  JJA(-8)-MAM(-9) +
91 45 55 300 320 DJF(-14)-SON(-15) -
92 -20 -10 200 220  JJA(-8)-MAM(-9) +
93 -25 -15 260 280  JIA( -8)-MAM( -9) +
94 30 40 120 140  DJF(-14)-SON(-15) +
95 -15 -5 180 200  SON(-15)-JJA(-16) #*
96 -10 0 320 340 DJF( -2)-SON( -3) +
97 45 55 320 340  DJF(-14)-SON(-15) ;
98 40 50 180 200 SON(-15)-JJA(-16) -
99 50 60 300 320 SON( -3)-JJA( -4) +
100 25 35 190 210  JJA( -8)-MAM( -9) +
101 -15 -5 170 190 SON(-15)-JJA(-16) +
102 -20 -10 210 230  JJA(-8)-MAM( -9) +
103 25 35 200 220  JIA( 8) MAM( -9) +
104 0 10 180 200  SON(-15)-JJA(-16) +
105 40 50 190 210 SON(-1 ) JIA(-16) -
106 40 50 200 220 DJF( -2)-SON( -3) -
107 25 35 120 140  DJF(-14)-SON(-15) +
108 50 60 320 340 DJF(-14)-SON(-15) -
109 -20 -10 110 130 DJF( -2)-SON( -3) +
110 -20 -10 330 350 JJA(-12)-MAM(-13) +
111 -20 -10 80 100 JIA(-20)-MAM(-21) -
112 -5 5 100 120 SON( -3)-JJA( -4) +
113 35 45 210 230  SON(-11)-JJA(-12) +
114 =25 -15 270 290  JJA( -8)-MAM( -9) +
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Table 1—Continued

REGION Latitude Longitude Season Lag Sign of CC

Starting Ending Starting Ending

115 15 25 120 140  JJA(-12)-MAM(-13)

116 30 40 210 230  SON(-11)-JJA(-12) +
117 20 30 190 210  MAM( -5)-DJF( -6) -
118 -25 -15 220 240  JJA( -4)-MAM( -5) -
119 10 20 150 170 SON(-19)-JJA(-20) +
120 -10 0 210 230 MAM(-17)-DJF(-18) +
121 45 55 320 340  SON(-15)-JJA(-16) +
122 40 50 310 330  DJF(-14)-SON(-15) -
123 -10 0 220 240 MAM(-17)-DJF(-18) +
124 -15 -5 330 350  JJA(-12)-MAM(-13) +
125 -25 -15 60 80  MAM(-17)-DJF(-18) -
126 0 10 170 190  SON(-15)-JJA(-16) E
127 25 35 290 310 JJA(-16)-MAM(-17) -
128 -20 -10 100 120  DJF( -2)-SON( -3) +
129 40 50 190 210  DJF(-2)-SON(-3) -
130 55 65 300 320 SON( -7)-JJA( -8) -
131 -15 -5 130 150  JJA( -4)-MAM( -5) .
132 50 60 300 320  DJF(-14)-SON(-15) =
133 -15 -5 330 350  DJF( -2)-SON( -3) -
134 -15 -5 130 150  DJF( -2)-SON( -3) +
135 -5 5 180 200  SON(-15)-JJA(-16) 4
136 30 40 200 220  SON(-11)-JJA(-12) +
137 -15 -5 80 100  JJA(-20)-MAM(-21) -
138 -25 -15 70 90 JJA( -8)-MAM( -9) +
139 15 25 280 300  SON(-15)-JJA(-16) -
140 -10 0 30 50  MAM( -5)-DJF( -6) +
141 15 25 300 320  SON(-15)-JJA(-16) +
142 15 25 190 210 MAM( -5)-DJF( -6) -

Note. — Values in braces () in season lag represent those many seasons prior to ISMR.
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Table 2. Table showing details of 18 regions.

REGION Latitude Longitude Season Lag Sign of CC

Starting Ending Starting Ending

Il -25 -15 60 80 MAM(-17) :
Al -5 5 310 330 DJF(-2) i
A2 30 40 10 30 SON(-19) :
P1 -20 -10 190 210 JIA( -8) +
A3 55 65 0 20 SON(-19) E
A4 -15 -5 0 20 JIA( -8) .
12 -20 -10 70 90 DJF(-10) 2
I3 -20 -10 130 150 DJF( -2) +
P2 40 50 180 200 SON(-15) :
A5 45 55 310 330  DJF(-14)-SON(-15) :
P3 -25 -15 240 260  JJA(-8)-MAM( -9) +
P4 0 10 170 190  SON(-15)-JJA(-16) +
P5 20 30 190 210  MAM( -5)-DJF( -6) 5
P6 25 -15 220 240  JIJA(-4)-MAM(-5) L
P7 30 40 210 230  SON(-11)-JJA(-12) +
P8 40 50 180 200  SON(-15)-JJA(-16) h
P9 10 20 150 170 SON(-19)-JJA(-20) +
P10 -10 0 210 930 - MAM(-17)-DJF(-18) +

Note. — Here I1 to I3 denote regions from Indian Ocean, P1 to P10 from Pacific and Al
to A5 from Atlantic. Values in braces () in season lag represent those many seasons prior to
ISMR.
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Table 3. Table showing predicted and observed ISMR values. The regression coefficients
associated with PC1 and PC2 with constant of regression is also shown.

Year Predicted Observed Forecast Regression Coefficients.

Anomaly (mm) Anomaly (mm) Error(%) Constantant PCl PC2

1906 94.40 32.75 -7.23 2.68 46.72 33.75
1907* -2.25 -74.75 -8.50 -.70 42.60 35.36
1908 27.82 44.85 2.00 -3.66 45.63 28.98
1909 12.00 36.85 291 -3.51 46.04 29.12
1910 57.55 82.55 2.93 -3.37 46.50 26.69
1911 -120.00 -115.85 0.49 -4.69 47.08 32.01
1912 -5.00 -46.25 -4.84 -4.08 46.94 32.42
1913 -39.19 -68.15 -3.40 -6.96 46.22 33.13
1914 -6.76 45.85 6.17 -11.90 52.96 37.70
1915 -58.57 -71.75 -1.55 -15.88 58.37 37.85
1916 73.85 98.05 2.84 -18.88 58.27 38.45
1917 121.68 151.75 3.53 -18.29 58.58 40.46
1918 -172.67 -201.45 -3.38 -17.92 59.21 40.96
1919%* -105.33 32.05 16.11 -22.46 59.79 41.24
1920 -78.38 -133.45 -6.46 -21.18 59.77 29.22
1921 62.57 13.75 -5.73 -26.02 61.92 34.05
1922 83.52 16.65 -7.84 -29.91 61.48 33.06
1923 -40.63 -29.15 1.35 -31.84 60.96 29.22
1924 -21.76 10.45 3.78 -32.59 59.92 30.14
1925 -60.51 -48.75 1.38 -27.01 55.27 29.51
1926 -11.81 50.35 7.29 -25.65 55.73 30.42
1927 -24.72 0.75 2.99 -22.59 56.76 27.77
1928 -58.67 -84.55 -3.04 -20.26 56.14 28.34
1929 26.61 -31.25 -6.79 -20.44 57.47 28.34
1930 -78.70 -47.95 3.61 -20.20 56.35 25.66
1931 11.63 24.85 1.55 -17.40 54.18 23.72
1932 -26.30 -49.05 -2.67 -14.59 59.52 23.68
1933** -48.02 123.35 20.10 -14.16 58.51 24.49
1934 37.84 60.95 2.71 -9.47 48.17 34.16
1935 -34.25 -8.95 2.97 -10.36 46.80 36.08
1936* -23.28 56.05 9.30 -10.16 45.59 35.50
1937 20.21 -10.55 -3.61 -7.20 50.16 32.09
1938 52.10 55.75 0.43 -6.80 48.64 32.44
1939 -75.19 -62.85 1.45 -5.33 48.95 31.33
1940 -26.92 0.85 3.26 -6.62 48.30 30.95
1941 -98.63 -124.15 -2.99 -4.28 45.34 31.47
1942 60.42 105.23 5.26 -6.37 46.28 30.93

1943** -87.03 15.85 12.07 -7.11 41.23 31.85



Table 3—Continued

Year Predicted Observed Forecast Regression Coefficients

Anomaly (mm) Anomaly (mm) Error(%) Constantant PC1 PC2

1944 26.34 68.15 4.90 -.67 28.86 22.63
1945 69.04 58.35 -1.25 -2.87 31.87 27.52
1946 -6.92 51.35 6.83 1.31 27.72 24.35
1947 42.55 93.35 5.96 4.94 20.33 24.05
1948 13.77 21.75 0.94 8.90 37.72 27.39
1949 R 51.55 2.86 11.09 37.25 28.29
1950 -5.92 24.65 3.59 12.60 37.75 28.59
1951 -83.01 -113.65 -3.59 15.92 35.10 29.23
1952 -30.40 -59.25 -3.38 13.32 36.89 31.59
1953* -12.17 70.45 9.69 12.97 37.90 32.11
1954 29.22 33.05 0.45 19.22 33.66 33.88
1955 52.50 77.85 2.97 22.80 35.93 34.96
1956 68.56 130.95 7.32 23.73 36.87 35.21
1957* 30.48 -63.95 -11.08 27.62 39.16 38.05
1958 30.82 36.85 0.711 26.90 38.70 38.29
1939 16.54 91.55 8.80 24.05 40.03 33.24
1960* 59.15 -12.65 . -8.42 27.09 40.26 32.40
1961* 96.58 167.75 8.35 24.82 38.45 31.03
1962 16.42 -42.65 -6.93 25.77 40.48 37.03
1963 -3.98 5.15 1.07 25.53 42.58 35.51
1964 46.91 70.15 2.73 27.20 43.21 37.10
1965 -105.60 -143.15 -4.40 28.51 43.23 36.38
1966* -41.00 -112.35 -8.37 28.14 44.48 40.62
1967 62.69 7.55 -6.47 27.40 43.70 41.57
1968* -11.46 -97.95 -10.15 25.44 42.87 40.94
1969* 79.96 -21.25 -11.87 19.28 47.77 49.09
1970 95.39 87.15 -.97 14.79 46.76 42.68
1971 76.71 34.35 -4.97 17.06 50.96 44.50
1972* -89.96 -199.65 -12.87 13.37 50.68 42.63
1973* -8.10 61.05 8.11 8.70 54.44 47091
1974* -25.16 -104.45 -9.30 9.53 51.40 51.18
1975** -9.38 110.15 14.02 3.13 44.90 59.45
1976 -23.49 4.25 3.25 8.44 50.26 53.99
1977 11.56 30.75 2.25 8.73 53.82 54.04
1978* 140.59 56.85 -9.82 9.65 53.14 54.38
1979 -87.44 -144.65 . -6.T1 2.46° 62.08 41.17
1980 81.54 30.25 -6.02 -1.39 70.75 36.77

1981 -47.67 =.00 0.03 -3.33  72.02 3191
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Table 3—Continued

Year Predicted Observed Forecast Regression Coefficients

Anomaly (mm) Anomaly (mm) Error(%) Constantant PC1  PC2

1982* -38.31 -117.15 -9.25 -4.42 66.93 31.25
1983 48.82 103.25 6.38 -5.30 63.14 37.23
1984 49.38 -15.85 -7.65 -4.93 67.27 36.08

1985* -7.58 -92.55 -0.97 -11.54 65.07 35.80
1986 -110.60 -109.35 0.15 -13.16 62.93 39.14
1987 -90.41 =155.25 -7.61 -16.77 58.63 36.04
1988 81.07 108.95 3.27 -18.81 59.53 38.52
1989 -20.88 14.15 4.11 -19.85 61.99 39.65
1990 18.89 56.05 4.36 -21.32 63.56 36.92
1991 -80.18 -67.85 1.45 -21.56 66.60 41.55
1992 -59.27 -67.85 -1.01 -20.74 65.09 41.84
1993 14.66 44.05 3.45 -20.32 66.09 41.86
1994 54.12 85.65 3.70 -17.68 66.50 40.67
1995 -41.30 -62.25 -2.46 -14.69 66.47 45.44
1996 241 -.15 -.30 -15.38 67.41 45.10
1997 16.37 18.05 0.20 -14.97 67.62 45.75
1998 33.74 -1.35 -4.12 -12.51 61.99 43.51
1999 -61.58 -32.05 3.46 -17.80 63.556 43.32
2000 -85.42 -62.55 2.68 -12.62 66.34 35.64
2001 -36.23 -62.55 -3.09 -16.54 62.36 37.66

Note. — * is showing when error is greater than 8% but forecasted and observed anomalies
either both are normal or both are of same sign. ** is showing very bad prediction.
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Fig. 20.— Observed JJA SST anomalies and predicted (ISMR preferred) SST anomalies for
the year 1991. The prediction of SST is done using regression equation involving PCl nad
PC2 of selected 18 regions and previous 25 years SST. Regions with positive anomalies are
shaded.
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