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Empirical modelling and forecasting of Indian

monsoon rainfall
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Indian monsoon rainfall data is modelled as a nonlin-
ear time series. It is demonstrated that the proposed
model accounts for about 50% of the inter-annual
variability of the rainfall, as observed in eight sets of
data representing All India and regional rainfall val-
ues. The model is capable of statistically forecasting sea-
sonal rainfall value one year in advance. The model
predicts the drought of 2002, with the help of only
antecedent data. For the year 2003, the predicted All
India rainfall value is 82.65 + 4.88 cm.

THE importance of the summer monsoon rainfall, also
popularly called south-west monsoon (SWM) rainfall, to
Indian society and economy is well known. Efforts to
forecast the rainfall at different spatial and temporal
scales have been in vogue for nearly a century. These are
generally based on developing suitable mathematical
models which in turn may be broadly classified as empi-
rical or dynamical. The present work is concerned with
empirical models only. Any modelling effort will have to
be based on an understanding of the variability of past
data. Thus, considerable literature is available on analysis
of variability of SWM rainfall data. The works of Mooley
and Parthasarathy', Gregory®, Hastenrath and Greischar’,
Rupa Kumar et al.*, Thapliyal®, Iyengar and Basak® may
be mentioned in this connection. A general discussion on
forecasting of monsoon rainfall is available in the paper
by Gadgil et al’. A review of the literature on empirical
modelling and forecasting has been recently presented by
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Sahai et al.®’ and hence will not be repeated here. A basic

feature of rainfall data is its non-gaussianness on several
temporal and spatial scales. Weekly, monthly and sea-
sonal data at station levels or at regional scales still exhi-
bit strong non-gaussianness even though they can be trea-
ted as sums of large number of random variables. Thus,
linear time series models based on past rainfall which
capture the behaviour near the mean value fairly well,
fail to forecast extreme values, such as floods and dro-
ughts which are the ones of main concern to the comm-
unity at large. This property of rainfall data has been
recognized by Kedem and Chiu'® who argue that at a
small time scale rain rate has to be a lognormal random
variable. These authors highlight that the lognormal dis-
tribution is a natural outcome of the law of proportionate
effect,

Rii-R; = &R, (M
where €s are independent identically distributed random
variables and are also independent of R;’s. They demon-
strate further that this model fits well the hourly rainfall
data obtained from the Global Atlantic Tropical Experi-
ment (GATE). Now, since rainfall at other time scales
such as weekly and monthly also exhibit strong non-
gaussianness, it is natural to ask how eq. (1) can be gen-
eralized to model such data. The present paper addresses
this question with respect to Indian monsoon seasonal
(June—September) data. It is shown that eq. (1) can be
systematically extended to account for year-to-year and
long term relationships known to exist in monsoon rain-
fall data. The new model is shown to account for nearly
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50% of the climatic variation of the All India rainfall on
a year-to-year basis. The applicability of the model is
demonstrated consistently on eight sets of data drawn
from different spatial regimes. Thus, the proposed model
is claimed to be a robust tool for statistical forecasting of
monsoon rainfall. Detailed results are presented to high-
light the innovations involved in the present approach. A
forecast for the current year monsoon season is also pre-
sented.

Database

Eight sets of SWM data as reported by IMD are selected
for the present study. All these data are available at the
website of IITM-Pune (http://www.tropmet.res.in/). Some
important reference statistics of the data are shown in
Table 1. The data are regional rainfall values obtained by
area weighted averaging of subdivisional values. Further
details of the subdivisions and data assembly are avail-
able at the above website. The mean Lg is the long term
time average of the data. It is also called the climatic
normal. The standard deviation o reflects the year to
year variability of the rainfall with respect to its long
term average.

Modelling

When a statistical model is proposed for a time series,
one generally incorporates the mean, autocorrelation and
other salient features into the model. These statistics in
turn would have been computed from the available single
sample under the tacit assumption that the process is
ergodic. Furthermore, inter-annual correlations are found
and tested for their significance, as though for Gaussian
data. For the SWM rainfall time series, such steps are
questionable, except for treating long term time averages
as useful reference quantities. With the above points in
view, we avoid invoking concepts connected with Gaus-
sian processes such as anomalies and standard variates,
but treat the data series as if it is a generalized lognormal

data. Generalization of eq. (1), which is the simple log-
normal model equation, is taken in the form

It is easily observed that when f(R;)=1, the above re-
duces to eq. (1). This equation postulates, given the jth
year rainfall R;, the annual change is proportional to an
unknown function of R; itself. This is verified in Figure
la, b where the relation between (Rj/R;) and R; is
shown for all the eight data sets for the period 1871-—
1990. It is seen that in all the cases, there is a discernible
trend which can be expressed as a cubic polynomial of
the form

F(R) =aR® + bR* + cR +d. 3)

This cubic equation is selected, in comparison with quad-
ratic and linear relations, as the one giving the least vari-
ance for the error £ found as

o; =(L(N-1)¥L&]. @)

Eq. (2) is a nonlinear difference equation for the data in
the form

Rin = R f(R;) +&R;. &)

Here € is a random time series of unknown structure, that
internally drives the system. If & is taken to be indepen-
dent of Ry, it follows that the conditional expectation of
R;+1 given R; will be

(R;.1y= R, (aR] +bR} +cR; +d). Q!

This expression is the natural point predictor for the rain-
fall in year (j+1) if only the previous year value is
known. The error in this predictor is characterized by the
conditional standard deviation of R;.1,

Table 1. SWM rainfall data (1871-2001)
Region Area (km”®) Lk (cm) & (cm) Skewness Kurtosis
All India 2,880,000 85.1180 8.2743 —0.5244 2.9845
Homogeneous 1,596,970 75.4789 11.6785 —-0.3701 3.0654
Core monsoon 776,942 85.5215 14.4752 —0.4374 3.0625
WCIND 962,698 92.8718 12.4545 —0.3527 2.9403
CNEIN 573,006 100.1418 11.1060 —0.1855 4.3723
NEIND 267,444 141.8781 12.7023 0.1802 3.0401
NWIND 634,272 49.0790 13.0962 —0.2819 2.8681
Peninsular 442,632 66.2295 9.7911 0.2878 3.0369

WCIND, West Central India; CNEIN, Central North East India; NEIND, North East India;

NWIND, North West India.
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Figure 1. Rate of change of rainfall vs R;.

Og,, =OcR;. @)

Eq. (6) is a nonlinear map, which on iteration will stabi-
lize at its fixed point. For the SWM data analysed here,

CURRENT SCIENCE, VOL. 85, NO. 8, 25 OCTOBER 2003

only one real root is possible for the fixed point equation
f(Ry=1. In Table 2, the parameters of the cubic polyno-
mial f(R) and the fixed points of eq. (6) are presented for
the eight area rainfall data sets.
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Table 2. Parameters of f(R) and R

Region a b c d a R

All India -9.55¢-6 0.0026 -0.2547 9.3804 0.0996 83.59
Homogeneous  —8.31e—6 0.0021 -0.1924 6.9498 0.1586 73.68
Core monsoon  —4.24e—6 0.0013 —-0.1449 6.3353 0.1770 82.53
WCIND -2.81e-6 0.0010 —-0.1180 5.8668 0.1352 92.18
CNEIN —1.06e-6 0.0004 —-0.0591 3.9225 0.1157 98.42
NEIND -1.61e-7 0.0007 —0.1098 6.9246 0.0859 140.83
NWIND -3.33¢-5 0.0057 -0.3362 7.5651 0.3013 44.92
Peninsular -2.25¢-6 0.0007 —0.0855 4.1087 0.1504 64.91

Table 3. Percentage reduction in climatic variance
Region Eq. (6) Eq. (8) Eq. (10)
All India 2.39 16.943 49.50
Homogeneous 2.46 14.08 57.05
Core monsoon 1.99 8.44 48.28
WCIND 1.27 18.50 65.01
CNEIN 0.46 223 50.56
NEIND 1.64 9.81 54.55
NWIND 5.76 7.87 35.79
Peninsular 3.37 16.67 48.78

It is seen that eq. (6) which is a generalization of eq.
(1) captures the so-called climatic or long term average
of the rainfall data series fairly well. This follows by
comparing the fixed points R, of Table 2 with the mean
values L of Table 1. However, the band of variability in
any year (j+ 1) depends on the previous rainfall values
R; as given by eq. (7). This can be quite large depending
on R;, even if & were to be small. This indicates that eq.
(6) in its current form will not be able to yield good one-
year-ahead forecasts, simply because it is attracted to-
wards its long term mean value, namely R.. While the
mean value is simulated, the natural variability is not re-
flected by the simple function f(R;) of eq. (3). Neverthe-
less, it would be interesting to measure the forecast skill
of eq. (6) so as to see how this can be improved.

Skill of forecast

Any relation of the form eq. (6) can be used for forecast-
ing the next year value R based only on the present
value R;. The skill in forecast can be measured with re-
spect to the climatic mean and variance. Had there been
absolutely no interannual relationship in the rainfall data,
we could treat R; as independent samples of a random
variable. In such an extreme case, the mean value i is
the only possible prediction in any year and a measure of
the prediction error would be the average of (Rj+rpR)2
which is easily seen to be the climatic variance ©p.
Thus, any annual forecast model has to be measured
against the reduction of variance it achieves with respect
to O ﬁ. With this in view, for all the eight cases, the error
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between the observed rainfall and the value predicted by
eq. (6) is found for each year (j=2 to j=120). The per-
centage reduction in variance with respect to the climatic
normal Lk is presented in Table 3.

The small reduction in variance, which was expected,
goes to indicate that eq. (6), incorporating only consecu-
tive yearly connections, has to be improved to include
longer inter-annual relations. This may be done easily by
finding correlations between (R;11/R;) and lagged yearly
values. In Table 4 such correlations between (R;:1/R;) and
Ri1, Ri,... R; 19 are shown. The first row in this table is
only a reflection of Figure 1 and eq. (6). It has been pre-
viously found by several investigators that SWM rainfall
has significant connections at several lags''. These are
well reflected in Table 4. As far as statistical significance
of the numbers are concerned, we face a difficulty, since
the variables considered are non-negative and non-Gaus-
sian. It is known that for two random variables that are
jointly exponentially distributed, due to the positivity
property, the linear correlation coefficient may be con-
strained to be much less than unity'?. Thus, Small corre-
lations, which would get rejected for Gaussian random
variables, may still be significant for non-Gaussian vari-
ables. Keeping in view that for two Gaussian samples
with a sample size of 100, the minimum significance
level for correlation is around 0.2, here |f20.13 is
taken to be significant. In any case the correlations of
Table 4 show that the rate of change of rainfall has linear
dependence on several past year values. This provides a
clue to improve eq. (6) by introducing terms correspond-
ing to Riy, Ri3,...R14,...R; 19, as the case may be.
Since the length of the available data is limited, lags be-
yond 19 are not considered here. This analysis indicates
that for All India rainfall data, a natural improvement to
the climatic mean model of eqs (3) and (6) will be,

3 2
R =R;[aR; +bR; +cR; +d + g R; 1 + g3R; 5

t QuR; 4+ 83R; 13+ 81aR; 14 +819R; 17
+ gigR; 15+ 8oR;19]+8 R, ®)

In Table 5, coefficients of eq. (8) found by minimizing
the mean square value of the error & are presented for all

CURRENT SCIENCE, VOL. 85, NO. 8§, 25 OCTOBER 2003



RESEARCH ARTICLES

Table 4. Correlation coefficients between (Rpx1/R;)and Ry, Ri1, ..., Ri-1o
Lag-RF  All India HOMOG COREM WCIND CNEIN NEIND  NWIND PENIN
R; —0.7629 —-0.7618 —0.7534 -0.7615  —0.7341 —0.6846 —0.7339 -0.7671
Ry 0.1557 0.1913 0.1699 0.2160 0.0394 —0.1886 0.0751 0.0546
R —-0.0144 —0.0688 —-0.0674 —0.1092 0.0040 0.1682 —-0.0046 0.1268
R s —-0.1718 —-0.1667 —-0.1026 -0.1401 0.0294 0.1113 —0.0991 -0.1039
R4 0.1346 0.1036 0.0479 0.1401 —0.0348 —-0.0944 —0.0232 0.1299
R s -0.0143 0.0124 —-0.0208 0.0197  -0.0345 —0.1936 0.0094 —0.0674
Ris —-0.0296 —0.0565 —0.0069 —0.0892 0.0091 0.0023 0.0312 0.0806
R 5 0.0372 0.0716 —-0.0597 0.1118  -0.1018 0.2095 0.0279 —0.0536
Ry s -0.1103 —0.0457 0.0032 —-0.0709 0.0343 —0.1009 0.0073 —0.0373
Rio 0.0634 0.0222 0.0598 0.0089  —0.0594 —-0.0670 0.0163 —0.0067
R 0.0025 0.0267 -0.0251 0.0309 0.0709 0.0295 —0.0282 0.0899
Riu —0.0403 —-0.0396 —-0.0320 -0.0704  —0.0830 0.0432 0.0045 —0.1353
Rin 0.0380 0.0442 0.0368 0.0866 0.0994 0.1162 —0.0048 0.0027
R 0.1612 0.1052 0.0827 0.0592 0.0810 —0.0811 0.0633 0.2705
R —0.2540 -0.2259 —-0.1959 -0.1904  —0.1638 -0.1221 -0.2119 —0.1780
Ri1s 0.1055 0.2110 0.1338 0.1657  -0.0113 0.0941 0.1734 —0.1454
Ri6 —-0.0034 —-0.0799 —-0.0896 —-0.0789 0.0689 —-0.0210 —0.0639 0.1786
R —-0.1316 —0.0853 —0.0423 -0.0909  —0.0874 0.1009 —0.0412 —0.0413
Ry 0.2161 0.1983 0.1364 0.2341 0.1041 0.0633 0.0952 0.0118
Rivo —0.1388 —0.1920 —0.1669 —-0.2356 0.0702 —-0.0710 -0.0711 —0.0438
Table 5. Coefficients of eq. 8
Core
Coeffs. All India HOMOG monsoon  WCIND CNEIN NEIND NWIND  Peninsular
a —6.68e—6 —6.85¢-6 —1.75¢-6 —3.2le-6 -473e-6 -17le—6 -3.07e—6 -1.92e—6
b 0.0019 0.0017 0.0007 0.0011 0.0016 —0.0001 0.0053 0.0007
c —-0.1923 —0.1608 -0.0958  -0.1254 —-0.1824 0.0136 -0.3110  -0.0828
d 7.5142 6.1107 4.8331 5.9716 8.2724 0.9138 7.0899 3.7494
g1 0.0015 0.0028 0.0022 0.0031 - —0.0012 - -
g2 - - - - - 0.0005 - -
g3 —-0.0012 —-0.0022 - —0.0022 - - - -
g4 4.64e-5 - - —0.0003 - - - -
gs - - - - - —-0.001 - -
g7 - - - - - 0.005 - -
gn - - - - - - - -0.0009
g3 0.0029 - - - - - - 0.0048
g4 —-0.0012 -0.0020  —0.0013 -0.0015  —-0.0006 - —-0.0027 0.0019
gis - 0.0008 0.0008 0.0001 - - 0.0024 0.0019
g6 - - - - - - - 0.0009
g17 -0.0018 - - - - - - -
g8 0.0012 0.0012 0.0011 0.0017 - - - -
gis —0.0005 —0.0001 —0.0006 —0.0008 - - - -
e ] 0.0914 0.1514 0.1712 0.1235 0.1064 0.0796 0.2979 0.1327

the eight sets of data. The standard deviation of §1is given
in the last row of the table. It is noted that the error standard
deviation Ggis less than the previous error value & in all

the cases. This is an indication of the importance of adding
the lag—year terms into the model equation. All the data
with the exception of N-E India data series, exhibit long
year connections of the order of 14-15 years. Eq. (8) is
again a nonlinear map of higher dimension. Initial condi-
tions for twenty past years are needed to solve this equation
formally. By iterating the equation sufficient number of

CURRENT SCIENCE, VOL. 85, NO. 8, 25 OCTOBER 2003

times, one can find the steady state (stable fixed points) of
the model. This will exhibit considerable variation about
the long-term mean controlled by the cubic polynomial
form of f(R). The skill of this new model in forecasting is
verified by finding the reduction in variance as explained
previously. It is noted here for carrying out this exercise,
we have to start from the year 1891 since twenty years of
intial conditions are used. Table 3 presents the reduction of
variance in a year-to-year forecast achieved by eq. (8). This
is consistently higher than that of eq. (6).
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Figure 2. Time series of errors &.

Error series studied to find any possible improvement. It is observed

that the error term § appears as a factor of R;, which is a
The efficiency of simulation of SWM rainfall by eq. (8) known value. Thus, the only way the model can be im-
has been found to be better than eq. (6). But the reduction = proved is by reducing the standard deviation of this ran-
in variance achieved is still not high enough to warrant dom error time series. This may be possible if & is not a
its use in forecasting. However, the last two steps provide  purely random noise. The error time series & is shown in
the clue that it is the error term, which has to be further Figure 2 a—h for all the eight sets of data. This is a non-
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Figure 3. PSD of error time series.

dimensional quantity in (-1, 1) and appears as a multipli-
cative term in finding the variance of the year-to-year
forecast. The dominant feature of § is its apparent perio-
dicity of about 2—4 years. A better picture of the pattern

CURRENT SCIENCE, VOL. 85, NO. 8, 25 OCTOBER 2003

of § emerges from its power spectral density (PSD) func-
tion. For all the eight regional rainfall data, the PSD of §
is shown in Figure 3 a—h. These spectra exhibit dominant
peaks at a few discrete frequencies. The amplitudes of
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these peaks are conspicuously above the PSD of a strictly
random series (white noise) with the same variance © g R
which is a horizontal line in the above figures. All except
NWIND, exhibit a long term periodic component of the
order of several decades. Presence of dominant peri-
odicities in SWM rainfall is reported in the literature'*~°.
However when the basic time series R; itself is handled
directly, the variance associated with these periodic terms
in relation to the overall variance turns out to be too small
to be of practical utility. On the other hand, the present
study indicates that the long-term periodicities enter the
system through a multiplicative type of internal forcing
term §. Further improvement of eq. (8) depends on de-
composition of § into regular and random noise compo-
nents. With this in view  is expressed as

8, =Y Csin(2mA+ @)+ 1. ©)

In all the eight cases of data, nine predominant frequen-
cies A; (cycles/year) are identified sequentially from the
PSD function of &. The amplitude of the first term Cy is
initially approximated from the PSD figure, correspond-
ing to the largest peak. This value is used as a trial value
to fit in a periodic function in the time period (1891-
1990) by minimizing the mean square error. This pre-
dominant periodic term is removed from the error series
to find the PSD of the remainder. The highest peak of

this new PSD is identified and removed as previously.
This way nine most dominant periodic terms along with
their (C;, A, @) values, are determined. In Table 6, the
values of (C;, A, @) are arranged in decreasing order of C;
values. The resulting final model for the SWM rainfall
data series will be

Riv1 = Ri[ AR}, R 1, ..., Rj_19) + ECisin(279A; + )]

The PSD of 1 is shown in Figure 3a—# in dotted lines.
This remainder error has been verified to be a white
noise. The correlation between W and R; is found to be
negligibly small and hence further improvement of the
model at the annual scale appears unlikely. Even though
the individual periodic terms in eq. (9) are small in abso-
lute terms, their overall contribution to the variability of
the parent series R; is significant. This can be seen by
generating a one-step forecast (R;y1) from the expected
value of eq. (10). In Figure 4, an example of this exercise
is presented for the data of the homogeneous region. The
skill of forecast is measured by the reduction in variance
as explained previously. These results are presented in
Table 3 and compared with the previous results of eqs (6)
and (8). The reduction in variance obtained from eq. (10)
is large and significant, raising the hope this model will
be useful in forecasting monsoon rainfall values.

Table 6. Parameters of the harmonic terms (120-year sample)
{ Parameter All India HOMOG COREM  WCIND  CNEIN NEIND NWIND PENIN
1 C 0.0429 0.0663 0.0812 0.0721 0.051 0.0294 0.1562 0.0632
1/ 5.6211 5.1414 12.5313 5.1733 2.7902 22.2222 2.9180 8.0775
Q -1.0683  —0.4872 -0.5956  -0.038 -1.5012 —1.8986 —-1.4612 —0.1833
2 C: 0.0404 0.0632 0.0775 0.0548 0.049 0.0278 0.1393 0.0616
1/2 2.745 13.089 5.1125 7.4571 6.6181 2.0947 9.2336 10.6838
[¢¢) 2.5492 —-0.2692 -0.7379  -1.4402 1.6101 -0.113 2.1455  -1.1421
3 Cs 0.0368 0.0548 0.0735 0.0529 0.0469 0.0259 0.1393 0.0548
1/2 9.2851 2.7732 3.3523  76.9231  21.0084 18.4162 12.9534 42.5532
[¢¢) 2.9980 2.9887 1.5769  -3.3542  -0.0524 5.108 —5.4044 -1.7240
4 Cy 0.0333 0.0529 0.0566 0.049 0.0442 0.0258 0.1241 0.0510
/A 704225 82.6446 2.2925 2.0916  78.125 4.1017 13.6240 2.3015
[0 -3.4742 3.1757 —2.7188 2.9081 -2.025 2.3461 57362  -2.7543
5 Cs 0.0311 0.0510 0.0566 0.049 0.0422 0.0252 0.12 0.0490
1/2 2.7122 2.0934 3.5398 2.7732 3.4483 2.2671 15.9744 2.1552
@ —-1.5340 3.1442 -1.2086 2.9740  -0.4865 1.1129 —0.6948 0.0488
6 Cs 0.0299 0.042 0.0548 0.0434 0.0418 0.0252 0.1122 0.0469
1/2% 2.0942 5.6465 943396  13.1752 2.4462 2.6302 4.1459 4.2808
[¢r) 3.1302 —0.6518 -2.5930  —0.2581 2.6204 3.2347 -1.5214 2.6901
7 C; 0.0274 0.0418 0.0529 0.04 0.0369 0.0246 0.1000 0.0446
1/2% 2.2920 2.2936 2.0912 3.0139 5.3763 2.9612 2.7632 5.7045
[¢¢) 3.8172 -2.6042 3.0093 23157 -2.6771 —0.9764 3.1310 —0.2201
8 Cs 0.0271 0.0413 0.0529 0.0385 0.0344 0.0233 0.097 0.0353
1/% 4.1356 3.3478 8.0645 5.6243  12.8866 6.3171 4.7985 2.6724
@ —-2.4022 1.5645 -1.4585  —-0.6984  —-1.2034 —0.5683 3.7459 2.7906
9 Co 0.022 0.0371 0.0510 0.0369 0.0315 0.019 0.0762 0.0340
1/% 7.4794 7.4460 2.7778 4.0683 2.0991 2.7663 2.3041 16.4474
[¢¢) -1.7933  -1.4769 3.4024 2.5227 3.3425 0.1949 -2.3631 -0.9193
o 0.0705 0.1058 0.1274 0.0818 0.0762 0.0565 0.225 0.1035
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Figure 4. Year-to-year prediction (homogeneous region).

Test forecasting

The model proposed here for SWM rainfall has a deter-
ministic part and a random part. The deterministic part
{(R;+1) is a point predictor for the rainfall in the year
(j+1), conditioned on all past values. The statistical
variability band about this predictor is £ GsR;. Thus, as a
forecast we can say that the rainfall in year (j+ 1) will
be in the interval [{R;11) — OuR;, (Rj+1) + OuR;] with nearly
67% probability. It is expected that in any year oyR; will
be less than of. Previously it was mentioned that rainfall
data is available for the period 1871-2001. However,
only 120 years data have been used for developing the
model equation. Thus, the remaining data can be used for
an independent verification of the forecasts. It is obser-
ved that the predictive part of the model consists of terms
with constant coefficients and a time dependent part with
harmonic terms. The coefficients of f(R) have been found
from a long sample and hence can be expected to remain
stable for a few years. But the same cannot be said about
the (Ci, A, @), as they are found using the sample length
N as a reference quantity. Extrapolation of the harmonic
terms by one year will be valid, but beyond that errors
would accumulate affecting the forecasts. With this in the
background, annual forecasts are presented and compared
with observed values in Tables 7a—c. For the year 1991,
the previous model has been directly used. For subse-
quent years, every year the harmonic part is corrected
with an extra data added, before making a forecast for the
next year. It is found that C; and A; remain constant but

CURRENT SCIENCE, VOL. 85, NO. 8, 25 OCTOBER 2003

the phase angles show some variation, which improves
the accuracy of the forecasts. Totally 88 predictions have
been made here. In all the cases the expected value of the
prediction is reported along with the one-sigma bands.
The standard deviation of the prediction in any year is
found to be less than the climatic deviation about the
long term mean value, except for a few cases in the
NEIND, NWIND data. To verify the statistical signifi-
cance of the predictions, it is hypothesized that the pre-
diction obtained could be purely due to chance. This null
hypothesis (Hp) is tested through the standard % test. The
observed numbers of correct predictions are 60, whereas
due to chance the expected value would have been 44.
For these frequencies, the observed )8 value will be
11.63, which is much higher than the tabulated value of
10.8 at the significance level of 0.001. Hence, the null
hypothesis gets rejected and the conclusion that the
model has significant forecasting ability stands verified.

Drought of 2002 and forecast for 2003

The model developed captures only the interannual vari-
ability of SWM rainfall data. Variabilities due to inter-
seasonal, monthly, weekly and smaller scale fluctuations
are not modelled here. Apart from this, due to the non-
linear oscillatory nature of the phenomenon, bifurcations
and attendant sensitivity to parameter errors cannot be
avoided. Thus, it is expected that the model has to be up-
dated every year with current data before the next year
forecast may be produced. Thus, to foreshadow the
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Table 7a. Test forecasting with independent data
All India HOMOG Core monsoon
Year Actual Prediction Actual Prediction Actual Prediction
1991 78.47 82.91+6.41 64.50 57.18 £9.35 74.60 73.21%+13.12
1992 78.47 90.5+5.78 73.36 69.25+7.21 81.82 89.65+£9.51
1993 89.66 73.07 £5.44 79.95 56.01 £+ 8.064 90.15 67.73 £10.41
1994 93.82 91.64 £7.99 91.74 84.63 £9.82 103.82 105.78 £11.41
1995 79.03 7538 £6.77 64.74 73.06 £ 10.14 71.60 90.77 £13.43
1996 85.24 81.79 +£5.55 73.61 63.58 £7.17 83.49 74.51+9.23
1997 87.06 90.04 £5.93 71.94 70.47 £8.24 81.64 75.91+10.76
1998 85.12 80.77 £6.71 74.67 73.59 £8.03 86.13 84.51£10.5
1999 82.05 81.89£5.96 67.90 76.62 £8.32 78.05 78.05+11.03
2000 77.33 67.72 £6.91 63.30 77.79 £9.61 67.82 87.83 £10.01
2001 80.46 75.83 £5.67 67.80 61.65 £7.39 69.90 61.73 £9.17
Table 7b. Test forecasting with independent data
WCIND CNEIN NEIND
Year Actual Prediction Actual Prediction Actual Prediction
1991 83.56 85.53£8.71 90.67 91.19 £ 8.07 138.40 143.01 £7.82
1992 83.39 96.28 £ 6.92 83.84 87.21 £9.38 113.72 150.06 £10.64
1993 100.04 73.83 £7.38 98.60 91.74 £ 6.42 174.01 133.40 £6.50
1994 106.44 104.04 £12.04 111.35 105.59 £7.62 121.74 118.58 £11.08
1995 73.94 87.28 £10.15 93.32 103.27 £9.13 165.36 132.5+7.75
1996 83.30 93.62 X622 96.83 99.43 £9.84 130.23 142.06 £ 14.37
1997 81.85 84.83 £7.80 109.80 104.05 £7.68 154.43 142.82 £8.85
1998 90.17 94.73 £10.04 96.43 92.21%11.31 132.96 132.41+13.44
1999 90.70 97.60 £ 8.36 110.91 89.15+£7.75 149.42 132.16 £8.72
2000 81.56 112.76 £7.72 96.96 98.24 £11.58 133.22 130.29+12.95
2001 83.35 78.78 £ 8.16 107.30 102.87 £7.87 131.27 128.78 £8.77
Table 7c. Test forecasting with independent data
NWIND Peninsular
Year Actual Prediction Actual Prediction
1991 35.58 80.79 £ 13.66 76.75 71.79 £ 5.81
1992 58.17 59.19 £10.28 68.74 70.92 £7.98
1993 49.50 49.89 £ 13.17 62.03 60.26 £7.12
1994 69.37 57.21 £14.99 61.85 64.3+7.86
1995 50.80 4541 £15.78 59.93 59.37 £ 6.03
1996 58.89 63.62 = 14.57 85.07 74.84 £ 6.18
1997 56.93 50.98 £13.83 71.33 80.35+9.49
1998 51.14 67.06 + 16.64 79.15 66.31 £9.67
1999 33.30 44.32+£11.87 57.93 68.14 £ 8.98
2000 35.61 51.24+£942 73.59 71.2+7.98
2001 4421 33.921+8.38 66.08 58.85+8.31
drought of 2002, it will be more appropriate to use cor-  All India region

rected model parameters with a longer sample. Here, this
has been done by considering 130 years data of 1891—
2000. It is found that f(R), which caters to the stationary
part of the model does not change significantly. How-
ever, the oscillatory part with (C;, A, @) gets altered. As
examples, the revised model parameters for All India and

homogeneous region rainfall are presented below.
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(Rj+1)=R;[-6.19¢~ 6R; +0.0018 R}

~ 0.1810R, +7.042 + 0.0012R, | — 0.0013R, 3
+ 0.006Rj,4 + 0.0027Rj,13 - 0.0013Rj,14

+0.0011R;_ 15 — 0.0003R; ;0]

(11
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Homogeneous region

(Rj-1) = Rj[-6.88¢—6R +0.0018 R? — 0.1681R,
+6.1506 + 0.002R; | — 0.0018R; 14
+0.0009R; 15 +0.0015R; 15— 0.0006R; ;0]
+ R [ECsin A + @)). (12)

Ten terms are identified in the time-dependent harmonic
part of the series. These are tabulated in Table 8. With
the help of the updated model, forecasts are made for
three years 2001, 2002 and 2003. It is seen that the pre-
sent model could have predicted the drought of 2002 un-
ambiguously.

Discussion

The novelty of the present model is that seasonal rainfall
is modelled as a generalized log-normal random variable.
This is achieved by generalizing the law of proportions,
which leads to the basic log-normal distribution. It is
found that the long-term climatic mean value is essen-
tially controlled by one step annual connections. This by
itself is insufficient to simulate the observed variability
of the data series. Hence, lagged year connections and
periodicities at select frequencies are introduced to shape
the model. The result is a nonlinear difference equation
driven internally by a near-periodic term. This model ac-
counts for nearly 50% of the interannual variability in all
the eight sets of SWM data studied here. The nonlinear
part of the model explaining the climatic average shows
that for the estimated parameters there is only one steady
state value. However, from Figure 1e, g it is seen that the
rate of change of annual rainfall can have inflection
points. This would imply that CNEIN and NWIND may
be sensitive to changes in the parameter values. In such a
case, the mean part represented by eq. (2) may show two
stable fixed points, between which the system would os-
cillate. The annual forecast in Table 7 is presented as an

Table 8. Parameters of harmonic terms (130-year sample)
All India Homogeneous

G 7\- [(+] G 7\. [(¢]

0.047 0.177 —0.878 0.072 0.010 3.759
0.042 0.357 —2.005 0.069 0.078 —0.238
0.040 0.112 1.585 0.068 0.062 -0.327
0.038 0.014 2.974 0.063 0.134 —-1.424
0.034 0.298 2.151 0.055 0.333 3.650
0.033 0477 3.168 0.055 0.359 3.751
0.031 0.134 -2.055 0.053 0.196 —0.989
0.027 0.251 2.429 0.049 0.478 3.099
0.028 0.080 -0.935 0.042 0.247 3.277
0.021 0.407 2.260 0.041 0.299 1.602
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expected value along with its standard deviation. The act-
uval value is claimed to be in the predicted interval with a
high probability of about 67%. The predicted variation is
generally less than the climatic variation. It depends dire-
ctly on the current year rainfall R; with a lesser value of
R; leading to a sharper forecast in the next year. For the
year 2001, two different forecasts are presented. In Table
7 the forecast is based on 120 years of data. In Table 9
the forecast is made after updating the model with data
up to year 2000. It is seen that the forecast is more
favourable in the latter case, even though the two sets of
results are not much different. The most stringent test for
the model comes from year 2002. Gadgil et al” in their
discussion of the drought of 2002 conclude that the defi-
cit rainfall was part of the natural variability of the mon-
soon, but none of the usual empirical models could
foreshadow the drought successfully. However, the re-
sults of Table 9 show that the present nonlinear differ-
ence model would have captured the low SWM rainfall
of 2002, one year in advance. It may be observed that the
drought is better reflected in the homogeneous and the
core monsoon regions, which contribute significantly to
the All India value. The SWM rainfall in the current year
2003 is naturally of immense interest. Since the present
model works based on known past values, forecast has
been possible only for the All India rainfall series. For
the current year 2003 the model predicts an expected
value of 82.65cm, with a deviation of *4.88cm. The
meaning of this forecast is better seen in Figure 5,
wherein the climatic and the forecast probability distribu-
tion functions of 2003 are compared. As the slope of the
forecast PDF increases, the forecast becomes sharper and
more significant. For the other seven regions also, the
forecast for year 2003 has been given. However, these
are not based on observed data of year 2002. In the ab-
sence of the true values for 2002 the expected values
have been used to arrive at the 2003 values. Hence, these
seven forecasts are qualitative in nature. Here, it would
be informative to compare the present model with two
recent empirical models of Sahai et al’, proposed for All
India rainfall. The first is an ANN model which uses only
past rainfall data. Table 2 of this reference shows some
statistical details of the observed and predicted standard
deviations. Based on this information it is seen that this
model explains about 60% of the climatic variance of
seasonal AIRF time series. No results of the ANN model
are available for the other regional rainfall data series.
The second model of Sahai et al.'® is a linear statistical
regression model dependent on global SST data. This
model explains 72% of the climatic variance, which is
higher than the variance explained by the present nonlin-
ear model. However, it has to be noted that the present
model uses only past rainfall values, whereas the model
of Sahai et al.'® requires widespread sea surface tempera-
ture data.
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Table 9. Forecast for the year 2003

Region Actual 2001  Prediction 2001 Prediction 2002 Forecast 2003
All India 80.46 82.01 £5.49 72.18 £ 5.69 82.65 £ 4.88*
HOMOG 67.8 56.33 £6.69 4836+ 7.19 69.05 £5.13**
Core monsoon 69.9 72.56 £7.82 55.78 £ 8.04 83.16 £ 6.42%*
WCIND 83.35 76.47 £7.87 71.41 £ 8.02 87.31 £ 6.87**
CNEIN 107.3 102.98 £7.42 120.16 £ 8.18 99.56 £ 9.16**
NEIND 131.27 139.93 £9.33 156.05 £9.20 162.46 £10.93*%*
NWIND 44.21 36.13 £8.06 31.09 £9.99 39.32 £7.03**
Peninsular 66.08 67.82£7.18 73.92 £ 6.52 56.92 £7.29%*

*Forecast for 2003 is based on the actual 2002 value of 68.96 cm.
**Data for 2002 is not available. Forecast for 2003 is based on expected value of 2002.
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Summary and conclusion

A new nonlinear dynamic model for SWM rainfall has
been proposed in this paper. This is not a mechanistic
dynamic model, which incorporates interplay of several
atmospheric variables, but it attempts to unravel the
structure of the data series so as to analytically extend it
by one year. An algorithm for doing this is developed in
three stages. The first stage takes care of the climatic
mean behaviour. In the second and third steps, important
previous year connections and several periodic modulat-
ing terms are built into the model. It is demonstrated that
in seven out of the eight cases of regional rainfall data
considered here, the new model explains successfully
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Statistical forecast for year 2003. L, = (Rz003) = 82.65, & = 4.88.

50% of the interannual variability. The year-to-year fore-
casting ability of the model is verified to be statistically
significant on an independent sample of 11 years from all
the eight regions. For the year 2003, the All India rainfall
is forecast to be (82.65%4.88) cm, with a probability of
67%. The capability of the model to explain rainfall in
smaller regions such as coastal Karnataka and at city
level is under investigation. At present, only the inter-
annual variability terms have been incorporated into the
model. It would be interesting to see how the present
random error part can be decomposed into interseasonal,
monthly and fortnightly variabilities'""'®. Tt is hoped such
efforts will further improve the forecast ability of the
present model.
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