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ABSTRACT. India hasa long tradition of scientific work or. lorg range forecasting of the southwest monsoon
ever since the times of Blanford and Walker in the early parts of this century. The recent decades have
witnessed increased resezrch i regard to the development of new long range forecast models in the India Meteoro-
logical Department which have given correct long range (scasonal) forecasts of southwest monsoon rainfall,
over the country as a whole, during the successive four years, 1988 to 1691, Presently, four models namely, Para-
metric. Power Regression, Dyrimic Stochastic Trensfer epd Improved Multiple Regression models are being
used for formulatirg the scasonal forecast of mersoon ra[nfall over the couniry as a whole. The forecast is issued
in two stages. In the first stage. a tentative inference which is gualitative in nature, is issued tefore the middle
of April based mainly on the Parametric rodel which utilizes signals frcm 16 regional and global parameters
that are related to lerd, ocean ard atmespheric forcings and thow physical linkages with monsoon. In the second
stage, a firm quantitative forecast is issued towards the end of the May and is tased on the remaining three
models, mentioned above, althovgh higher weightage is given 1o the Power Regression Model which has shown
encouraging performarce durirg the last four years, In this paper, thesc recently developed models and the scienti-
fic basis underlying these are discussed. Data on validation of these operational models, used for the long range
forecast during the past four years (1988-91) are also presented.

Keywords—Pa.ramatric model, Powar regression, Dynamic stochastic transfer, Improved multiple

regression, Southwest monsoon

1. Introduction )

India was the first country to start a systematic deve-
lopment of Long Range Forecast (LRF) technique for
estimating, in advance, the seasonal monsoon (June to
September) rainfall over the country as a whole as
early as 1875. The India Meteorological Department
(IMD) has laid a great emphasis on LRF of monsoon
rainfall, since its inception. The first operational fore-
cast was issued by it on 4 June 1886 bascd on observed
inverse relationship between the seasonal monsoon
rainfall in India and the preceding snow cover over the
Himalayas (Blanford 1884). Since then, efforts have
been continued for developing better LRF techniques.

(239)

Forecasting of seasonal monsoon rainfall over India was
the motivation for Sir Gilbert Walker's (1923, 1924)
pioneering work on the Southern Oscillation. In 1910,
he introduced the concept of correlation in the field of
LRF and developed a Multiple Regression (Walker
1910) model for forecasting the monsoon rainfall over
India. Since then, the correlation technique is widely
being used, in some form or the other. During the decade
of 1981-1990, concerted efforts to develop new LRF
techniques resulted in the development of new types of
LRF models, namely, Dynamic Stochastic Transfer
(Thapliyal 1982 & 1990), Parametric (Gowariker et al.
1989) and Power Regression (Gowariker 1989, 1991).
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Presently, the IMD is using these LRF models along
with the improved Multiple Regression model for issu-
ing the operational forecasts. Monsoon rainfall fore-
casts, issued for successive 4 years (1988-1991) have
proved to be correct.

In this paper, an attempt is made to describe different
kinds of LRF models presently used for issuing the
operational forecast of monsoon rainfall over India as
a whole. The basis for the development of the new
models namely, the Parametric (P). Power Regression
(PR), and Dynamic Stochastic Transfer (DST) is also
presented. Procedure for issuing forecast in two stages,
namely, tentative and final is briefly discussed.

2. Early attempts to develop forecast techniques

Since time immemorial, mankind has been fascinated
with the art of forecastine the future weather. In Brihar
Sambhita (an encyclopedia of astronomy and meteoro-
logy prevalent in ancient India) compiled by Varah-
mihira around the sixth century A.D.. some meteorolo-
gical information useful for LRF has been mentioned
(Thapliyal 1986). The clouds that are formed in the
first half of Chaitra (April) will vield water in the later
half of Asvin (September) and those that are formed in
later half of Chaitra (April) will rain in the first half of
Kartika (October) (Couplets 9-12, Chapter XXI).
This was, perhaps, an attempt at LRF of winter
monsoon rainfall from cloud conditions observed
four to five months earlier.  Although the verification
of the forecasts obtained by using these concepts shows
limited success but such forecasts appear to be indica-
tive of some physical phenomenon of the atmosphere
like 30 to 60 day oscillations. In the present case, a
suitable multiple of such oscillations may provide a
basis for the forecast. Subsequent to these historical
references, no major efforts seem to have been made till
the late nineteenth century, when recurrent climate
related disasters led some newly formed weather services,
like the India Meteorological Department (IMD) to
develop methods for LRF of seasonal monsoon rainfall
over the country. Blanford (1884) the then Meteorolo-
gical Rapporteur to the Government of India issued the

first LRF of summer monsoon rainfall over the whole of

India and Burma based on pre-monsoon Himalayan
snow cover. After a few years, forecast based on this
single parameter did not exhibit reasonable accuracy.
Besides at that time, objective methods of LRF were
not available and this created further problems for the
operational forecasts.

A major break-through came in 1907 when Sir Gilbert
Walker (1910) the then Director General of the TMD
introduced an objective method of correlation into LRF.
The method is based on the assumption that the associa-
tion of various antecedent meteorological factors with
the forecast element, found in the past by the correlation
technique, will persist in the future also. The first
MR-model based on this principle; contained four
parameters (predictors) namely, the Himalayan snow
accumulation at the end of May, South : American
pressure for Spring, Mauritius pressure for May and
Zanzibar District rain for April and May. The MR
model was used to prepare tentative forecast in 1907,
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Since then a number of predictors as well as MR models
have been used for issuing operational forecasts. Utili-
sing the correlation technique. Walker (1923) embarked
on a worldwide search for an association between the
Indian monsoon rainfall and antecedent weather
[zatures in different parts of the world. This monumen-
tal work not only brought out many scientific ideas of
lasting value such as the Southern Oscillation; the North
Atlantic and the North Pacific Oscillations; but also
resulted in the development of a few MR-Models for
forecasting monsoon rainfall over three homogeneous
regions of India, namely, the Peninsula, Northwest
India and Northeast India. In recent years, tremendous
interest has been generated in the Southern Oscillation
as many scientists feel today that the phenomenon, if
understood well. is capable of identifying physical
linkages among various regions of the atmosphere.

After issuing the forecast for 6 years (1924-30),
the forecast for Northeast India was discontinued due to
unsatisfactory accuracy. However, the forecasts for the
remaining two divisions were issued from 1924 to 1987.
The monsoon rainfall forecast for India as a whole was
issued from 1886 to 1923 and again since 1988. A brief
review is available in the literature (.., Jagannathan
1960.  Thapliyal 1987 and Shukla 1987). Thapliva!
(1987) has verified the forecasts issued during 1924 to
1982 and has found positive skill score. He however,
found that the forecasts were correct on about 65 b4
occasions only. On analysing the reasons for forecast
failure, he found that the accuracy of the MR forecast
cannot be increased beyond a certain limit (Thapliyal
1991), since the model projects the relationship (mea-
sured by correlation coefficient) observed in the past,
into the future and this changes with time. To account
for this temporal variation in the correlation coefficient,
IMD started. since thirties, the periodic updating of its
operational MR-models (Thapliyal 1991a). In recent
years, however, the upgrading of the MR-model is being
done every vear which accounts for temporal variations
of the relationship, at least partially,

Following the procedure mentioned above, the MR-
model based on 37 vears (1951-1987) data has been up-
graded and the details of the model used for preparing
the operational forecast in 1988 (Thapliyal 1990) are
given below :

R - L % A (1

where, R is seasonal monsoon rainfall (cm) over India,
¥’s are parameters or predictors (Table 1), and K’s
are model constants (Table 2).

For improving the performance of the MR model,
given in Eqn. (1), two more physically linked parameters
have been added (Thapliyal 1991a). The details of the
model are given below :

R =Ko+ P 2)
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TABLE 1
Parameters used in Multiple Regression Model

Y, 500 hPa April Ridge Y, Pressure Anomaly (J+F+
Y, E.C.India Temp., March M-+ A)36-40° N
Y, N.India Temp, March ¥y Temp. Anomaly, (Mar-

Y, Temp. Anomaly Peru Coast, Jan)
August (El-Nino category Y, Darwin Pressure
of P.Y.) Spring

TABLE 2
Constants for Multiple Regression Model

Year ard period of data used

" —— e ———— T

1988 1989 1990 1991

(1951- (1951- (1951- (1951-

1987) 1988) 1989) 1990)
Multiple CC 0.76 0.79 0.79 0.79
K, —22 5097 -—1.3562 1.0060 0.3936
K, 30.1852  28.3105 28.3681 28.3242
K, 59.6442 67.7058 67.0586  66.6206
K, 0.1725 —3.2592 —3.2656 —3.0204
K, 10.2264 2.1996 2.1244 2.2445
Ky - 1.1506 1.1757 1.1535
K —  —21.0043 —20.7322 —20.7931
K, —11.5642 —12.4341 —13.3426 —13.4470
Forecast based on ) 7 )
data up to 20 May 1089, 98 %, 1019 1009,
Forecast based on ) ‘ .
data up_to 31 May 1089, 100%; 1079 10073
Actual Rainfall 119% 1019 106% 91%,

The regression coefficients of MR-model, given in
Eqn. (2) were updated every year adding yearly data.
The updated model was used for preparing the forecast
for 1989, 1990 and 1991. Actual model forecasts for
1988-1991 are shown in Table 2. It is seen from the
table that the forecast rainfall amounts obtained, both
by using data up to 20 May and also 31 May, are similar.
It may also be noted that these forecasts are quite close
to the realised ones. As mentioned above, the MR
forecasts were used for framing the final forecasts, issued
by the IMD during the 4 years (1988-1991). The fore-
casts proved to be correct.

It may, however, be mentioned that the problem of
LRF is so complex that the correlation technique is still
being used in some form or other, by weather services
including the advanced ones for issuing their operatio-
nal LRFs, inspite of the fact that the MR-models have
their own limitations. Therefore, better forecast
models need to be developed which are able to overcome
the limitations of the MR-models,

3. Basis for developing new forecast models

Even the periodic updating of the MR-model has not
been able to remove fully the inherent limitation of MR
technique. Before attempting to explain the basis for
new models, it would be helpful to understand why the
forecast obtained from earlier models which were based
on regression came correct insome years while failed in
others. During 1940’s and 1950’s, the monsoon was
wet on all years, except in 1941 and 1951. However,
a large number of forecasts came incorrect during this
period. One of the reasons for incorrect forecast,
appear to be the non-revision of the MR-models. As
mentioned above, the MR-models are based on the assu-
mption that the association measured by the Correla-
tion Coefficient (CC) between predictor and predictant,
computed based on past data would persist in future also.
However, this does appear to happen in actual practice
and, therefore, to examine the validity of this assump-
tion, several investigators (Jagannathan 1960, Thapliyal
1986 & 1987, Parthasarathy et al. 1988 and 1990,
etc) have studied the time variation of the CCs between
different predictors and Indian monsoon rainfall. The
studies have revealed that the CC varies with the time
and even changes its sign. This temporal variation of
the CC, questions the very basic assumption of the
regression models and in turn, is responsible (Thapliyal
1987) for limiting the accuracy of the forecast. On
detail study, Thapliyal (1987 & 1990) noted epochal
pattern of variation of the association (or CC) between
the predictor and the monsoon rainfall. He proposed a
hypothesis (Thapliyal 1986 & 1990) that the resultant
association (py), operative during a particular period
is made up of two types of associations, namely,
climatic (pg) and perturbed (pp) as given below :

pr = Pc + PP (3)

To serve as an example, the CCs in respect of Darwin
Spring pressure (an index of Southern Oscillation, an
important climate forcing) have been computed for
increasing periods, like, 10, 11, 12.......... 88 years
as well as for running 10-year periods starting from 1910
and are shown in Fig. 1. In the figure, the dotted line
indicates the CC for increasing periods while the solid
line indicates the CC for running (sliding) 10-year
periods. The latter indicates the association between
the perturbed (short term) climatic forcings (pp)
and the monsoon rainfall while the former indicates the
association between the rainfall and the basic (or long
term) climate forcing (p). It is speculated that the
perturbed climate association represents the resultant
association between the monsoon rainfall and the
climate forcings, having oscillation period up to 10 years.
In this short time scale, the Quasi-Biennial Oscillation,
Southern Oscillation etc. seem to be important climate
forcings. It is seen from the figure that the perturbed
climate association shows random fluctuations—du-
ring the 88 vears. The CC’s have changed their magni-
tude and sign from one epoch to the other. Thus, the
assumption of the MR-model that the association ob-

seliyed in the past, can be extended to the future is not
valid.

On the other hand, the basic climatic association
represented by the increasing period CC, does not
exhibit random fluctuations and approaches to its
asymptotic value as the period becomes more than 50
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Fig. 1. Correlation coefficient between Indian monsoon rainfall and Darwin pressure (Spring) (Limitation of

correlation—An example)

years. It is seen from Fig. | that the basic climatic
association has not changed during the 80 vears and
can, therefore, be extended in future also.  Thus,
the assumption of the MR-model is valid as far as the
basic climatic association is concerned.  Thanlival
(1987, 1991 b) has speculated that the basic climate
association, represents the resultant association between
the monsoon rainfall and the mean of the climate
forcing over a long period of time, say about 50 vears.
In this time scale, the ocean atmosphere interaction
seems to be the most important forcing.

The effective (or actual) association between a predic-
tor and the rainfall, as mentioned above. is the vector
sum of the basic-and perturbed-climate associations and
both have to be used for accurate prediction. It may be
noted here that for forecasting, the regression model
uses the basic climatic association only and leaves out
the contribution of the perturbance part. This limits
the accuracy of the regression forecast. Tt can. there-
fore, be concluded that for improving the forecast
accuracy, a new Kind of LRF model need to be developed
which is able to utilise both the perturbed and the basic
climatic associations. Efforts made in this direction
have resulted in the development of new LRF models.
A brief description of these models is given below.

4. New long range forecast models

Realising the limitations of Multiple Regression
technique, concerted efforts were made in India to
improve the accuracy of LRF models. Generally, two
approaches are followed for improving the accuracy
of LRF models (Thapliyal 1987). In the first approach,
a number of predictors are identified by following
different methods particularly, the correlation. Initially,
the spot values of the meteorological elements used as
predictors were essentially surface observations from
different locations of the world but during the past
three decades (1960-1989), predictors related to the
troposphere, stratosphere, ocean surface and ocean-
atmosphere coupling have been identified.  During
the past two decades (1970-1989), the regional para-
meters (500 hPa April sub-tropical ridge over India,

Banerjee ¢r al. 1978, etc) and the global parameters (50
hPa east-west extension of ridge-trough system, Thapliyal
1984 : surface temperature over Northern Hemisphere
during winter, Verma ¢t al. 1985 etc) have been used
as predictors. Though by using this approach the
accuracy of the forecast has increased slightly but it need
to be improved lurther. Thus, whatever may be the
nature of the predictant-predictor pair. its random
temporal variations are going to produce higher forecast
errors in some epochs as compared to the other (Fig. 1).
Similar pattern is found for almost all known predictors.
It suggests that the accuracy (Thapliyal 1987, 1990)
of the LRF model can be improved further provided
that both the climatic (long term) and perturbed (short
term) forcings are used for LRF.

In the second approach. different forecast techniques
using both. the climatic and perturbed associations,
have been developed by introducing new concepts in the
field of LRF. This has resulted in the development of
LRF models like Power Regression, Parametric, Auto-
Regressive Integrated Moving Average and Dynamic
Stochastic  Transfer etc. Important aspects of some
of these models have been briefly discussed below.

4.1. Parametric model

To overcome the limifations of earlier LRF models
like, MR it is felt that if a large number ol predictors
(parameters), well distributed in time and space are
collectively used, the resultant signal from a group of
predictors may improve the accuracy of the forecast
(Thapliyal 1991b). In one scenario. the changing pattern
of the association may first emerge at one level and ~ travel
subsequently to the other levels. In another possible
scenario, the change in the association may appear in
one parameter first and then in others. To test this
hypothesis, a group of 16 predictors which includes
global and regional-atmosphere-land-ocean parameters,
covering antecedent period from December to May
were selected (Gowarikerer al. 1989 & 1991). A para-
metric model was developed by utilising the signals
from all the 16 parameters, defined in Table 5 as X, to
Xy6. A parameter having positive CC with the monsoon
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TABLE 3

Inferences based on signals from 16 parameters |
(Period : 1951 - 1947)

TABLE 5

Values of parameters used for obtaining PR model forecast as
percentage of long period average versus actual rainfall

Favourable No.of Monsoon condition
parameters  occasions —————————
(%) Wet  Deficient

0 Rainfall on-ve
0
0

Remarks

>80 3
=170 4

>60

side of normal

1963 (—2), 1969
(—2), 1985 (—7)

=50 1 1966 (—14)

<50
<40

<30
<20 #1957 (—2)
<10

1]

TABLE 4
Constants of Power Regression Model

Model’s constants
R S —

Bi Pi Ci

——

1 —  --0,1303086 x 10+
10 1.4 —0.5824688 x 10!
10 —2.0 --0.3026653 x10+*
10 —4.0 —0.1733019 10+
10 -+0.6958737 10"
10 —0.4 -—0.1956036 1012

+0.4374519 < 10°
4.0 +40.4687574 1072
—3.9 —0.1662928 x 10-+*
—4.0 —0.4617612 x10+*
+0.5844691 <1074
4.0 —0.4456572 <107
—0.1497441 x 10"
3.3 —0.1183124 x10+*
—0.1344925 <107
—4.0 +-0,1940398  10+4*
3.3 +40.1257985 x10+*

rainfall, shows favourable (unfavourable) signal for wet
monsoon (rainfall greater than or equal to 907, of long
period average) if its anomaly is +- ve (—ve). Similarly,
a parameter having —ve CC shows favourable (un-
favourable) signal for wet-monsoon if its anomaly is
—ve (+ve). When the monsoon rainfall is normal
(i.e., within £-10Y, of long period, average) or excess
(i.e., >1103; of loag period average), the monsoon is
termed as wet. On the other hand, when the rainfall
is less than 909 of the long period average, the monsoon
is termed as deficient. The long period (1901-1970)
average of monsoon rainfall over the country as a whole
is 88.1 cm. In parametric model, equal weightage
given to each of the 16 parameters which have been
selected due to their apparent physical linkage with the
Indian monsoon. Following the procedures mentioned

Parameters 1988 1989 1991

(X,) = 50 hPa wind, (Deg.
Long.)

(X = Eurasian snow (million 25.7 25.6 26.7 27.1
sq km )

(X;) == 500 hPa ridge (Deg. 14.5 16.5 15.5 15.0
North)

(Xy = C. India Temp. (°C) 29.1 28.3  26.1 28.7

(X;) = 10 hPa zonal wind 9.0 —35.0 —11.8 —34.8
(my/s)

(X, = E.C. India Temp. (°C) 24.2 22.1 25.3 253

(X;) = N.H. Press. Anom, 50.0 53.6 52.9 49.5
(hPa)

(X,) = Argentina Press. (hPa) 991.1 988.9 987.0 988.1
(X)) = N.H. Temp. (°C) 0.58 0.40 0.90 0.77

(X)) = SOI (Tahiti—Darwin) 2.8 4.6 2.7 0.4
(hPa)

(X,) = El-Nino, P.Y., (Cate- 4.0 1.0 1.0 1.0
gory)

LX) = N. India Temp. (°C) 18.5  18.1  17.4  19.4
(Xy,) = LO.E. Pross. (hPa) 1010.8 1010.2 1011.5 1011.9
(X,) = El-Nino. 8.Y., Category 1.0 1.0 1.0 2.0

60.0 110.0 0.0 135.0

(X}3;) = Himalayan snow, 1.19 1.2 1.2 3.1
Index

(X1g) = Darwin Press. (hPa) 1009.8 1008.8 1011.0 1012.4

Forecast based on data 1139, 1029, 1013, 942
up to 20 May

Forecast based on data (113%7) (101%;) (1029 (95%)
up to 31 May

Actual rainfall 119% 101% 106%  91%

above, a parametric model has been developed by using
the data for past 37 years (1951-1987). Percentage
number of favourable parameters out of the 16, have
been determined for each year of the sample period
(1951-1987) ana are compared with the performance
ol the subsequent monsoon raintall over India. The
analysis is presented in Table 3. Itis seen from the table
that whenever 70 per cent or more parameters out of 16
are favourable for wet monsoon (normal or excess),
the subsequent monsoons were not only normal but the
rainfall was on positive side of the normal on all occa-
sions. However, whenever 20 per cent or less parameters
were favourable, the monsoons were deficient (rainfall
less than 907, of the long period average) on 66 per
cent occasions only. Simuarly. wel monsoons were
followed on all occasions when 607, or more parameters
were lavourable, while deficient monsoons were followed
only on 75 per cent occasions when 40 per cent or less
parameters were favourable. This suggests that higher
confidence is obtained for wet, 1ather than for deficient
monsoon forecast.

The parametric model is purely qualitative and it
indicates whether monsoon would be wet or deficient,
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TABLE 6

Values of constants for Dynamic Stochastic Transfer Model

Constants 0 I 2 3

1989 wi 0.0249 —0.0188 —0.0351 —0.0228
8 —40. 6000 —0.7750 —0. 5000

8 10,6000 —{, 4500 0.3750

8i+6 —0.4050 0.3450 —0.1550

1990 wj 0.0249 —0.0188 —{0.0351 —0,0228
5i —0. 6000 —0.7750 —0, 5000

8i 0. 6000 —0.4000 0.2750

0; -6 —0. 2800 0.4700 —0.0300

1991 wi 0.0492 —0.0516 —0.0348 —.0384
8 —0.8413 —0.5163 —0.2851

8 —0.0657 0.1833 0.3197

gi+6 —0.5300 0.4700 0.2200

Monsoon rainfall

in percentage
4 5 6 —~——— —y
Forecast Actual

—0.0513 —0.0100 0,0049 102 101
—0.9250 —0,1625 --0.0875
—0.4500 0.0250 0.2500

0.4700 —0.1550 0.0950
—0.0513 —0.0100 0.0049 96 106
—0.9250 —0.1625 —0. 1000
—{.3500 0.0750 0.2500

0.2200 —0.2800 0.2200
—0, 0560 —0.0067 0.0033 93 91
—0.7786 —0.0389 —0.0148

0.0040 —0.6160 0.7231

0.2200 —0.0300 0.2200

However, it enables us for decision making. in udvan_cc.
for foreshadowing the subsequent monsoon. The
performance of the model is encouraging during sample
(1951-1987) as well as operational (1988-1991) period.
Model was used for preparing the monsoon lorecasts,
issued by the IMD (Table 7) during recent 4 years
(1988-1991). On all the successive four years, the quali-
tative forecast obtained from the parametric model
proved to be correct. In addition, it may be menponed
that the tentative monsoon forecasts are being issued
before the middle of April every year. since 1989 (Table7).
These forecasts are generally based on the signals ob-
tained from the clinched parameters, after the end of
March as well as the estimated signals from the remain-
ing unclinched parameters cut of the 16. So far, the
performance of the tentative forecasts seem to be en-
couraging. In addition, the inferences from such fore-
casts. though tentative, are available two months
earlier of the final quantitative forecast which i» issued
in the second half of May.

4.2. Power Regression Model

Maintaining its leading position in the field of opera-
tional LRF, India has recently developed a unique long
range forecast fechnique which resulted in the develop-
ment of Power Regression Model (Gowariker er ol.
1991). The model utilises 16 important global and

regional climate forcings for monsoon, known as
parameters. The combination of the 16 parameters
represents the land-ocean-atmospheric forcings which
appear to have physical links with the evolution of the
subsequent monsoon. The model is capable of taking a
balanced view by utilising the mathematically derived
resultant effect. produced on monsoon by ~different
important climate forces which represent oceanic and
other developments a. far as twenty thousands kilometres
away from India and also at different levels of the
atmosphere up to the height of 30 kilometres. The
model acknowledges the non-linear interactions of
different important climatic forcings with the Indian
monsoon and accoidingly, the sign and the magnitude
of the influence of each parameter or predictor on
monsoon rainfall over India have been determined
and used for developing the Power Regression Model
(Gowariker et al. 1991) given below :

16

| | Pi
R |- ay X+
—— = C - C| =~

s =t D (Mg

i=1

@

where, R is monsoon rainfall over India as percentage
of the long period average rainfall; X's are different
parameters (defined in Table 5) and «'s, g's, p’s and
C’s are model constants (defined in Table 4).
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TABLE 7

Long range forecast of total seasonal “‘monsoon’’ rainfall over India
as a whole as percentage of Long Period Average (LPA)

Forecast
type
Year

1988

Tentative

10 April
Final

25 Ma)-

1989

1989

Tentative
1990 ———
6 Feb

Final

1990 ———
25 May

Tentative
1991 —
2 April

Final

27 May

1991

FForecast

Favourable signals
from 86Y% parame-
ters indicate the nor-
mal (  £109% of
LPA) monsoon but
on positive side

Present and emerging
signals indicate nor-
mal monsoon

(a) Favourable sig-
nals from 75 Y, para-
meters indicate nor-
mal monsoon but
on positive side

(b) Monsoon rain-
fall would be 1029
of LPA with an
estimated error of
+4%

(c) 809, of the 35
met, sub-divisions

would receive normal/
excess (==1109% of
LPA rainfall)

Present and emerg-
ing signals indicate
normal monsoon

(a) Favourable sig-
nals from 55 %, para-
meters indicate nor-
mal monsoon with
85%, probability 10
be on positive side
(b) Seasonal mon-
soon rainfall would
be 101% of LPA
with an  estimated
error of =+ 49,

(c) 809, met, sub-
arvisions would re-
ceive normal/excess
rainfall

Present and emerg-
ing signals indicate
normal monsoon but
on negative side

(a) Favourable sig-
nals from 509, para-
meters indicate 969
probability for nor-
mal monsoon

(b) Seasonal monsoon
rainfall would be

949, of LPA with an

estimated error of

+47;

(c) 75% met. sub-
divisions would re-
ceive normal/excess
rainfall

Actual

Rainfall was on +ve
side of normal (1199)
—indeed a good mon-
soon rainfall year

Monsoon rainfall was
normal

Rainfall was on
side of normal

+ve

Seasonal
rainfall
of LPA

monsoon
was 1019

83% met. sub-divi-
sions received normal/
excess rainfall

Rainfall was normal

Seasonal  monsoon
rainfall was not only
normal but it was
on +ve side of the
normal

Monsoon rainfall was
1067, of the LPA

917, met. sub-divi-
sions received normal/
excess rainfall

Rainfall was on —ve
side of normal

Rainfall was on —ve
side of normal

Rainfall was 91%, of
LPA

757, met, sub-divi-
sions received normal/
excess rainfall
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The model has enabled the India Meteorological
Department to predict, successfully, the monsoon
ramnfall over India during the last4 years, 1988 to
1991, Verification of model forecasts since 1958 is
presenied in Fig. 2. [t is seen from the figure that in
most of the years, the observed rainfall is quite close
to the model forecast even in the extreme deficient
or excess rainfall years. For recent 4 years (1988 to
1991), the actual values of different parameters, as used
for computing the operational forecasts are given in
Table 5. la the same table, the forecast versus the actual
rainfall are presented for period (1988-1991) during
which the acwal fo.ecasts were issued every year. For
monsoon 1991, for example, the model torecast has
indicated that monsoon rainfall over India as a whole
would be 949 (with estimated error--47%,) of the long
period average. Besides, about 257, of the meteorolo-
gical sub-divisions of the country (for meteorological
purpose, India is divided into 35 meteorological sub-
divisions) are likely to receive deficient rainfall
during the season. Performance of monsoon in 1991
validated the forecast.

The model has given rise to a theory that it is a tapes-
try of several relevant climatic forcings that govern the
quality and quantity of the Indian monsoon. At any
rate, the adverse poising of any one climatic forcing
(or predictor), no matter how significant it is, need not
create a unidimensional impression that the monsoon is
going to be deficient (Gowariker et al. 1991). This
mathematical result of the model has been found to be
ol great utility particularly, while interacting with the
USErs.

4.3. Dynamic stochastic iransfer model

The atmosphere is a complex dynamic system and it
transforms various inputs into numerous outputs, like,
monsoon rainfall over India. For such a system, the
transfer dynamic relationship between the continuous
input and output series can be expressed by a differen-
tial equation., However, when the series are discrete,
the relationship is expressed by a difference equation of
the form, given below

()

R, = T(B) b

&)

where, R, is output and z, is input and other constants
are defined below :

w (B) = wo— @, B—wy B, ., — wy B, )

| Q)
3 (B) —] 1 — 81 B = 53 BI'!. .'_8,. Br,

B is backward shift operator and w’s and &s are un-
known constants.

Following this approach, the Dynamic Stochastic
Transfer Model (DST) has been developed by considering
the April wind patterns at the height of 6 km over India
as the leading forcing (or input series) to atmosphere and
the rainfall over India during subsequent monsoon
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season as the output from the atmosphere. The general
form of the DST Mode! (Thaplival 1990) is given be-
low :

R 6 5:’
2 = [ @ (R—i/Ri—i—) exP {@0 (2= 2,—)

—1

6
— 2 (2=t — 2=}
i=]

12
fexp (-1) Z 0 ™

where, R is seasonal monsoon rainfail for India,
as percentage of long period average, = is location of
500 hPa April ridge line along 75°E longitude over
India and w’s, &s, #'s are mode! consiants, and a’s
are climate forcings. For 1989 to 1991, the values are
given in Table 6.

At the end of April, when input wind parameter of the
current year becomes available, the subsequent mon-
soon rainfall can be forecast using the DST model
given in equation (7). Model forecasts obtained for a
few years are shown in Fig. 3. Itis seen from the figure
that the forecast rainfall amounts are quite close to
realised rainfall. For 1991, the model indicaled that
the monsoon rainfall over India would be 939, of the
long period average value. The realized rainfall in
1991 has been found 919, of the average. The accu-
racy of the DST model forecast is betler than other
models but is comparable with the PR Model. Thus,
the application of a new concept of transfer dynamics
of the atmosphere in the field of LRF has not only
improved the accuracy of the forecast, bul has also
helped to develop such LRF models which are capable
of using both the climate associations (basic and per-
turbed) through the non-linear interactions among the
inputs and the outputs of the atmosphere of immediately
past 6 to 12 years.

5. Forecasts issued during recent four years based on new mode!

On experimental basis, the parametric model was
introduced in 1988. Since then, the seasonal monsoon
rainfall over India as a whole is being issued every year.
The summary of the foreca,t issued every year versus
its verification is given in Table 7. The monsoon
forecasts currently being issued are in two stages.
Before the mid April, a tentative monsoon forecast is
issued based on available signals from the clinched
parameters and also the estimated signals from the
remaining unclinched parameters. The tentative fore-
cast is followed by the final forecast which is issued in the
last week of May. The final forecast is based on the
Parametric Power Regression. Dynamic Stochastic
Transfer and updated Multiple Regression Models.
Due weightage is given to the forecasts obtained from
different models particulatly, the PR and DST in view
of their encouraging performance. The details of the
forecast, issued for 1988-1991 by the IMD are given in
Table 7. Itis seen from the table that both the tentative
and final forescasts issued by IMD based on new models,
have proved correct in successive four years, 1988 to
1991.

6. Concluding remarks

Different forecast models have been developed which
have shown remarkable accuracy since their inception
in 1980’s. The monsoon forecast issued by IMD based
on these models, have proved correct during 1988
to 1991. During all these years, the IMD has received
appreciation from different user agencics (e.g., IMD,
1991). The forecast is now issued in two stages, firsta
tentative inference, in qualitative terms, by middle April,
followed by the final guantitative forecast after two
months towards the end of May.

The detailed analysis of the inherent limitations of
MR technique has resulted in a hypothesis that for
‘mproving the accuracy of the LRF, both climatic and
perturbed associations should be used by LRF model for
forecasting. Application of this hypothesis (Thapliyal
1991b) in space and time has given rise to Parametric/
Power Regression and Dynamic Stochastic Transfer
Models which have shown reasonable accuracy. In
view of these developments, the decade 1980-90 has
witnessed increased research activity in 1egards to the
development of new LRF models in IMD. This has
helped the department (o issue accurate forecast of
couthwest monsoon rainfall over the country as a whole
during past successive four years, 1988 to 1991.

For further improvements of these models, it is
necessaly Lo obtain better physical insight into the
atmospheric processes. This in turn is likely to pro-
vide know how for developing suitable forecast models
for smaller regions. Presently, the long range forecast
is issued for the country as a whole and for the entire
four month season. Further research is necessary to
develop similar forecast models for smaller regions and
valid for shorter time periods.
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