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ABSTRACT. Nine new oceanic predicrors for long range forecasting of Tndian sunumer monsoon rain-
fall have been identified wilising the marine meteorological data of the north Indian Ocean and the monsoon
rainfall data of the period 1961-91. In onder to develop a reliable regression model the principal component
analysis (PCA) of original variables has been done. Five parameters having maximum influence on first prin-
cipal component. which is having highest correlation with the monsoon rainfall are @ wind power in the
atmospheric boundary layer over the norh Tndian Ocean between Equator and 107N mean eviaporation over
the Arabian Sea (0°-15°N). mean sea surface wemperature (SST) geadient over the Arabian Sea between 7.5%-
17.3°N. mean evaporation over Bay of Bengal between Equator and 107N and mean sea level pressure (SLP)
over the Arabian Sea. each pentaining 10 the month of May. A multiple regression model lor all India rainfall
of sotithwest monsoon season has been developed using the principal components which have got good cor-
relations with the monsoon rainfall. The model was tested for all the years [rom 1987 10 1991 and it has been
found that the predicted values of all India summer monsoon rainfall ol all these years except 1989 were very
close 1o the actual values, However, there was a substantial dilference between the predicted and actual rain-
fall of 1989 summer monsoon

Key words — Southwest monsoon. Long range forecasting. Principal component analysis (PCA),
Carrelation coeflicient (CC). Multiple regression.

1. Introduction Kung and Sharif (1980, 1982). Thapliyal (1982) and
others. More recently. a parametric and power
regression  model has been developed by
Gowariker er al (1989, 199]) for long
range forecasting of Indian summer monsoon

rainfall.

The problem of prediction of Indian summer
monsoon rainfall sufficiently in advance is one of
the challenging tasks faced by the Indian meteoro-
& logists. The importance and utility of an accurate
forecast of seasonal rainfall over the country dur-

ing the southwest monsoon is well known and Some of the parameters used in the prediction of

requircs no emphasis. Thus. it is not surprising
that this prediction problem has remained at the
centre stage of Indian metcorology for more than a
cenltury. Pionecering efforts in this direction were
made by Blanford (1884) and Walker (1910). Some
recent notable contributions in this area have heen
made by Bhalme and Mooley (1980). Verma (1980).

monsoon rainfall are inter-related. Eigen techni-
ques like empirical orthogonal function analysis
(EOFA) and principal component analysis (PCA)
are very uselul to obtain a set ol independent
variables from the set of inter-related variables.
Prasad and Singh (1988) have employed EOFA to
study large scale features of monsoon rainfall and
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TABLE 1

Oceanic prediclors selected on the hasis of their €' ('«
with the all India summer monsoon rainfall

Parameters

Atmospheric pressure paramefers
Meuan SLP over Arabian seu
Mean SLP over Bay ol Rengal
Temperature paramclers
Mean SST over Arabian sen between 15321 N

Mean SST gradient over Arabian sea hetween 7.57-
17.58°N

Mean sea minwes aie remaperstuee over the eonitor:
nonth Indian ocean 0°-10°N

Mean air temperature over Bay of Bengal
Evaporation parameters

Mean evaparation over Arabian sea (0°-15°N)

Mean evaporation over Bay of Bengal (07-107N)
Wind parameter

Wind power in the atmospheric bonadary layes one

the nonh Indian Ocean between Fguastor  and
10°N

their association with some oceanic and atmos-
pheric variables. Srivastava and Singh (1993, 1994)
have discussed empirical orthogonal functions
associated with the paramcters of long range
forecasting of Indian summer monsoon rainfall.

Summer monsoon is primarily a sea-dependent
phenomenon which possesses large interannual
variability. Similarly. the meteorological and
oceanographical conditions over the north Indian
Ocean before the commencement of summer mon-
soon season exhibit large year-to-year variability.
The major part of moisture for summer monsoon
rains over India comes from the north Indian
Ocean. There are quantitative studies to substan-
tiate this (Pisharoty 1965. Singh and Joshi 1993 and
Singh 1994 a & h). In addition 1o evaporation
several other oceanic parameters appear 1o have
significant influence on summer monsoon rainfall
over India. These results have been reported by
Singh (1993. 1994a. 1994hb).

In order to develop a reliable prediction
model for the Indian summer monsoon rainfall the

predictors from the north Indian Ocean need 10 be
considered because of their physical linkages with
the monsoon rainfall. Tn the existing models for the
prediction of Indian summer monsoon rainfall the
Indian Ocean predictors are not adequately rep-
resented. There is sulficient evidence that the state
of the north Indian Ocean Jduring pre-monsoon
season, particularly during the month of May. plays
a key role in the performance of subsequent
monsoon. Thus the Indian Ocecan predictors of
pre-monsoon season would be crucial in the
development of a stable model for the monsoon

rainfall

The objective of the present study vas two fold.
Fiestlv. 1o search some new predictars for the sum-

mer monsoon ranlall heving physical relarion-
ships with the raintall i addition o usual statisiical
relations. Secondiy

develop a relinble model
which takes care of the inter-dependence of the pre-
dictors on cach other. The emphasis has heen given
on the Indiaw Ocean predictors of pre-monsoon
season. It was found that the aceanic sipnals during
March and April were not very clear. The month of
May turned out to he the important month as far as
nccanic prediciare were concerned. A model has
heen developed using the principal components
(PC) ol nine oceanic predictors of the novth Indian
Ocean pertaining to the month of Mav. The first
principal component showed remirkahle relation-
ship with the all Tndia percentage rainfall departure
of southwest monsoon scason. The model was
validated for five years period from 1987 10 1991
which showed promising results. An cxperiment
was done by including two land-hased parameters:
namely mean sea level pressure at Jodhpur during
May and 300 hPa ridge position over India during
April. The model hased an cleven parameters (9
ocean=hased + 2 land-based) did not show any
improvement upon  the performance of nine
parameter ocanic model. Thus, the predictors of
the north Indian Ocean alone appear to be capable
of providing predictive signals [or succeeding
monsoon.

2. Data uscd

About 1.25 lakh marine metcorological obser-
vations of 31 years” period. from 1961 1o 1991. recor-
ded over the north ITndian Ocean during the month
of May, have been processed and analysed. The
entire data of sea level pressure. zonal and
meridional components of the wind. SST. air and
dew point lemperature. ete. were arranged on a 5°
grid mesh over the north Tndian Ocean arca boun-
ded by 0°-25°N and 50°-100°F. All India summer
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TABLE 2

Correlation matrix hetween the 9 predictors (in the same order as given in Table 1) and the all India area-weighted
rainfall for June (o Scptember (10)

Variable

Na | 2 L) 4 5 6 7 8 9 10
1 1.001 —_ —_ — - — - i —_— —
2 69 100 — — = — — - — =
3 -3 14 1.00 —_ — - - — —_ =
4 45 A2 - 33 1.00) — —_ - -— — p—
5 AR 48 A0 50 1.00 ~ - — = i
[} =01 {5 Al -9 —IH 1.00 — —_ — —
7 - .55 -1 2R -6l - 5] 14 1.00 - - -
b - 35 -8 38 - 58 -3l 1 67 1.00 — -
9 -6l —-.03 20 — A5 - 40 Al 52 68 1.00 -_

1 —.66 -.53 28 - 63 -H 26 o4 A7 46 1.00

monsoon rainfall data given by Thapliyal (1990)
have heen utilised to compute the correlation coef-
ficients between different occanic parameters and
the monsoon rainfall. As the emphasis of the pre-
sentstudy was on the development ol the model. the
details about the computations of various derived
parameters are omitted here. Tlowever. the com-
putational details have been given by Singh and
Toshi (1993).

3. The predictors

532 correlation coefficients (CC) hetween dif-
ferent probable predictors and the predictand (sum-
mer monsoon rainfall) were computed. The list of
selected predictors on the basis of CCs is given in
Table 1. whereas Table 2 shows the CCs between the
predictors and the momsoon rainfall. The correla-
tion matrix given in Table 2 also brings out the inter-
dependence of nine predictors. It may be mentioned
that all parameters given in Table 1 pertain to the
month of May.

It is seen from Table 2 that mean sca lcvel
pressure (SLP) over Arabian Sea during May has
highest magnitude of CC with the subsequent sum-
mer monsoon rainfall over India. Next two highly
significant CCs are those of mean evaporation over
Arabian Sca (0°-15°N) and the SST gradient over
Arabian Sca (7.5°-17.5°N) with the monsoon rain-
fall. The parameters having lowest CCs with the
monsoon rainfall are: the mean SST over Arabian
Sea (157-20°N) and mean air temperature over Bay
of Bengal. But in view of large degree of freedom

13 618 IMD/%5

cven these two paramelers appear to contain suffi-
cient predictive signals for the subsequent monsoon
rainfall.

Significant inter-dependence is observed in case
of SLP over the Arabian Sea. SLP over Bay of
Bengal and the wind power over the equatorial
north Indian Ocean. This provides an insight into
the physics of Indian summer monsoon. Lower
S1.Ps over the Arabian Sea and Bay of Bengal are
definitely conducive for the stronger cross-equa-
torial Mow which in turn enhances the rate of
evaporation over the equatorial north Indian
Ocean. This is reflected in the inter-correlations of
mean evaporation over the Arabian Sea (0°-15°N).
mean evaporation over Bay of Bengal (0°-10°N)
and the wind power over the north Indian Ocean
(07-10°N).

Due 1o their intimate physical relations with the
monsoon rainfall. Indian Ocean predictors only
have heen identified in the present work. It is felt
that the state of Indian Ocean (particularly north)
and its overlying atmosphere alongwith certain
meteorological conditions prevailing over the
Indian sub-continent about a month before the
commencement of summer monsoon season holds
the answer to the prediction problem of all India
rainfall during summer monsoon. There is a need to
explore this aspect more instead of looking for
remote parameters which appear to be purely statis-
tical and their physical linkages with the Indian
monsoon rainfall are invisible.
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Fig. 1. Time series of first principal component score and all
India area-weighted percentage rainfall depanure

4. Formulation of the model

The set of time-series of the predictors was sub-
jected to PCA in order to generate a new set of
variables which are independent of each other. An
optimum number of variables from this linearly
independent set have been used to develop a regres-
sion model for all India rainfall of summer
monsoon.

4.1. Principal component analysis
A set of time series of m inter-correlated

variables for n years can be represented by
{(n X m) matrix.

Z=Zyi=1, ~—-n:j=1.....m| (1)

Z is transformed into E via the matrix
transformation

€ = Z,;,' a (2)

using EOFA
InEqn.(2)¢;is the jt" empirical orthogonal vari-
able for i™ case and a; is the i empirical
orthogonal weight for /M variable. In matrix form
above equation can be written as:
E =Z A (3)

EOFA is based on two conditions -

(1) Two different transformed variables are
uncorrelated.

(if) Each transformed variable accounts for a
maximum in residual total variance of the

TABLE 3

Principal component loading matrix of nine parameter model

Variable
No PCl PC2 PC3 PC4 PCs5
1 76 19 - 44 0l 30
h 67 54 -.26 -~.33 .06
3 -.37 76 31 -2 -27
4 78 - 06 28 27 20
] 64 35 53 -.12 22
6 -.21 69 -13 67 -.13
7 -.81 09 -24 =21 05
8 -7 34 =11 -2 47
9 -.81 - 09 29 07 7
% of
variance 46 18 10 08 07
explained
C.C. with
predic- -.73 03 00 06 —-23
tand

original data set which is equivalent to

maximising.
qETE = ¢ AT ZT ZA = AT RA (4)
subject to the condition.
ATk =10, (5)
Here ¢ = —:'- T denotes the transpose,

I, = m X m identity matrix and R is an (m X m)
correlation matrix defined as :

R=g427Z (6)

The solution of Eqn. (6) is unique and found
from maximization of Eqn. (3) under the constraint
that A has to be orthogonal using Lagrange mul-
tipliers’ technique. This leads to the well known
‘eigenvalue problem’

RA = AD @)

By definition, the (m X m) covariance matrix D
of empirical orthogonal variables is (m X m)
diagonal matrix whose elements are eigen values of
R arranged in descending order of magnitude. A is
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TABLE 4

Regression constants and cocfficients for 1987-91

S. No. Year ay a as a3 ay s
1 1987 -141 -804 -2.08 -152 - -
2 1988 -208 -85 -221 = -161 -
3 1989 -1.31 -946 -1m - -167 -
4 1990 -124 -880 - - -124 -261
5 1991 -096 -867 s - 0.68 -276

the- orthogonal (m X m) matrix of corresponding
unit length eigen vectors.

If in addition the matrices E and A obtained
from EOFA are rescaled according to:

L= AD% (8)
F=ED% )
the complete procedure is called PCA.

Here F is a (n X m) matrix known as matrix of
PC scores each having zero mean and unit variance
and L is (m X m) matrix of PC loadings.

The results of PCA carried out on nine
parameters of Table 1 have been given in Table
3.

Table 3 shows that the first principal component
explains 46% of the variance and has got highest CC
of —0.73 with the summer monsoon rainfall. The
first five principal components together explain 89%
of the variance. The CCs of PC1. PC2 and PC3 with
the monsoon rainfall are very small, The fifth com-
ponent has a CC of —0.23 and explains 7% of the
variance. It is interesting to note that both PC1 and
PCS5 are negatively correlated to the monsoon
rainfall.

Qut of nine oceanic parameters, four: namely,
mean SLPs over Arabian Sea and Bay of Bengal.
mean SST gradient over Arabian Sea between 7.5°-
17.5°N and mean sea minus air temperature over
the equatorial north Indian Ocean (0°-10°N) had
negative CCs with the monsoon rainfall, whereas
remaining five were positively correlated. It is
revealed by Table 3 that maximum influence on
PC1 was those of wind power in the atmospheric
boundary layer over the equatorial north Indian
Ocean and mean evaporation over Arabian Sea

(0°-15°N). The other three paramecters having
significant influence on PC1 are: SST gradient over
the Arabian Sea (7.5°-17.5°N) and mean evapora-
tion over Bay of Bengal and mean SLP over Ara-
bian Sea. Mean air temperature over Bay of Bengal
and mean SST over Arabian Sea (15°-20°N) show
very less influence on PC1 but have maximum
influence on PC2. Evaporation over Bay of Bengal
(0°-10°N). wind power in the atmospheric boun-
dary layer over equatorial north Indian Ocean and
mean SLP over Arabian Sea appear to have maxi-
mum influence on fifth principal component.

The time series of the first principal component
alongwith that of all India summer monsoon rain-
fall departure from normal has been given in Fig. 1.
There exists an inverse relation between PC1 and
the monsoon rainfall which arc approximately the
mirror images of each other.

4.2. Muliple regression analysis

It is seen from Table 3 that PC] has maximum
CC with the monsoon rainfall followed by that of
PC5. Consequently. PC1. PC5 alongwith PC4 were
used to obtain the regression equation for the mon-
soon rainfall. General equation of the model is:

Y = zau Py, (10)

where Y is all India area-weighted percentage rain-
fall departure from normal for June to September,
ag is the regression constant. ay, a), etc. are the
regression coefficients of corresponding principal
components Py, P, etc. Table 4 gives the values of
regression constants and the coefficients for the
years for which model has.been tested.

5. Validation of the model

As mentioned earlier the model has been
validated for five vears 1987-91. The results have
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Fig. 2. Predicted and actual rainfall departure using ditferent
models

been presented in Fig. 2. The model has predicted
1987. 1988 and 1990 summer monsoon rainfall with
remarkable degree of accuracy. The differences bet-
ween the predicted and actual rainfall departures
during these years were less or equal to 1%. The
model-predicted rainfall departure of 1989 summer
monsoon is 9.6%. whereas actual departure was just
1%. It may be admitted that in quantitative terms
there is a considerable differcnce between the pre-
dicted and actual rainfall departures for summer
monsoon of 1989. The most accurate prediction has
been noticed for 1990 summer monsoon rainfall
which is just 0.5% away from the actual rainfall
departure.

The predicted and actual rainfall departures for
1991 southwest monsoon are —6.5% and —8.8% res-
pectively. Thus the first version of the model has
been able to predict four out of five monsoons very
accurately. It may be pointed out that the five year
(1987-91) sample contains an extremely bad sum-
mer monsoon year (1987, —19%), in extremely good
monsoon year (1988, +19%), a just normal monsoon
year (1989, +1%), a moderately good monsoon year
(1990, +7%) and a moderately bad monsoon year
(1991, —9%). Therefore, 1987-91 sample is well
represented by all types of summer monsoons. The
fact that the oceanic model has been able to predict
all four summer monsoons of this sample having
higher excess/deficient rainfall departures with very
high degree of accuracy, goes to establish the flexi-
bility of the model. It is hoped that further versions
of this oceanic model will be able to produce
accurate forecast on more number of occasions. The
model’s failure to predict 1989 summer monsocn
accurately is being looked into.

An experiment was done by including two land-
based parameters, namely mean SLP at Jodhpur

1980 & ‘70 75 0 8 0 a5

TABLE 5§

The relative performance of models hased on
9. 10 & 11 paramcters

Difference between predicted and
actual rainfall departure (%)

Year
9-parameter 10-parameter 11-parameter

model mode) model
1987 1.0 =10 6.0
1988 09 —2.1 -57
1989 86 6.8 59
1990 -0.5 1.6 22
1991 23 01 —-0.8

during May and 500 hPa ridge position over India
during April. The results have been presented in
Fig. 2. Table 5 shows the relative performance of the
models based on 9. 10 and 11 parameters for 1987-
9].

The inclusion of mean SLP at Jodhpur in the
model resulted in the reduction of the difference
between the predicted and actual rainfall for the
year 1989 slightly. For 1991 also. difference dec-
reased from 2.3% to 0.1%. The magnitudes of dif-
ferences between predicted and actual rainfall
departures for 1988 and 1990. however, increased
slightly, whereas for 1987 the difference became
—1% from +1%. Thus it can be said that there was
no substantial difference in the model performance
after the inclusion of mean SLP at Jodhpur during
May. The inclusion of one more land-bas.:d
parameter, namely 500 hPa ridge position over
India during April rather mars the model perfor-
mance instead of bringing out any improvement.
The magnitudes of predicted and actual rainfall dif-
ferences increased for 1987, 1988 and 1990, whereas,
there was slight reduction for 1989 and 1991. Thus
in general, it may be said that the inclusion of
two land-based parameters in the model does
not result in the improvement of the model
performance.

The set of 9 oceanic parameters appears to be
quite effective even if a qualitative prediction based
on these parameters is considered for 1987-91. If a
parameter, X, having positive correlation with the
monsoon rainfall is treated favourable (F) provided
its value is more than its long-term mean and
unfavourable (U) when its value is less than its
mean, then the criteria for a parameter, X, having
negative correlation with the monsoon rainfall
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TABIE 6

Behaviour of different oceanic paramcters (same order as in Table 1)
during the years 1987-91

Variable Favourable
Yeur parameters
1 2 3 4 5 6 7 3 9 %
1987 U u F u F U U U U 2
1988 F F F F F F F F F 100
1989 F F | o F F U F F F 89
1990 F ¥ F F F u F F F 89
1991 U U U U F F U u 0] 2
would be favourable if X, is less than X, and Acknowledgements

unfavourable if X, is more than X,. Table 6 gives the
list of favourable and unfavourable parameters for
each year during the period 1987-91.

1t is revealed by Table 6 that during the wet mon-
soon year 1988 all nine parameters were favourable.
whereas during the drought monsoon year 1987
only two were favourable. In 1991 also which was
almost a deficient monsoon year only two
parameters were favourable. During normal
monsoon years 1989 and 1990 eight parameters
were favourable. Thus a qualitative look at
the values of different oceanic parameters can pro-
vide enough indications about the forthcoming
summer monsoon.

6. Conclusion

The study has shown that the distributions ol sea
level pressure. sea surface temperature, evaporalion
rate and the wind power and instability in the
atmospheric boundary layer over the north Indian
Ocean during the month of May can give enough
indications about the subsequent Indian summer
monsoon. Due to their physical linkages with the
monsoon rainfall. these parameters appear to be
potential inputs to any reliable and stable model for
long range prediction of summer monsoon rainfall
over India. The first version of the model developed
using the principal componenis of these oceanic
parameters has shown encouraging results. The
spatial and temporal distributions of north Indian
Ocean parameters may have even more utility in the
forecasting of monsoon rainfall on sub-divisional
and monthly scales. There is a need to identify the
predictors for the rainfall of each meteorological
sub-division during each month of the summer
Monsoon season.
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