SCIENTIFIC CORRESPONDENCE

L ong-range forecast of monthly rainfall over India during summer
monsoon season using SST in the north Indian Ocean

Most of the Indian subcontinent receives
70-90% of its annua rainfall during sum-
mer monsoon season (June-September),
which influences the lives of more than
one bhillion people. Since India's major
income comes from agriculture, inter-annual
variability of Indian summer monsoon
rainfall (ISMR) plays a vital role not
only in the economy of the country but
also in the socio-economic conditions of
the people. Droughts and floods greatly
affect India's economy. Because of the
drought in the year 2002, the khariff pro-
duction was 30 million tons lower than
the previous year’. Drought in the year
2002 could not be foreseen by any of the
existing statistical or dynamical models?.
Long-range forecasting of summer mon-
soon rainfall was reported through linear
models by Delsole and Shukla®. They
showed that minimum number of predictors
are sufficient for accurate forecasts. Recent
studies™® reported long-range prediction
of summer monsoon rainfall using Arti-
ficial Neural Network (ANN) approach.
IMD developed power regression models

using 16, 8 and 10 parameters and issued
the forecast for the 2003 summer mon-
soon season, which was accurate, but the
forecast went wrong in 2004. This study
used the rainfall data of 36 sub-divisions
(including islands and hilly regions),
while all the above studies used rainfall
data (weighted average of 29 sub-divi-
sions) of Parthasarathy et al.®. Goswami
and Xavier’ reported the prediction of
rainfall under active and break cycles of
the monsoon. Rajeevan et al.> mentioned
that they could successfully develop a
model to forecast the July rainfall and
this was not possible for other months
(June, August and September). Since the
predictors need data up to June, it will be
possible to give a forecast by the end of
June. In the present study, Simple regression
equations are proposed for long-range
forecast of ISMR (June-September) and
monthly (June, July, August and Septem-
ber) rainfall over India using SST ano-
malies (SSTA) in the Arabian Sea (AS)
and Central Equatorial Indian Ocean

(CEIO). Possibility of predicting monthly

rainfall and ISMR, about 3 months be-
fore the onset of summer monsoon has
been shown here using only SST.

Utilizing the rainfall data of Partha-
sarathy et al.® and SSTA data (5° 5 de-
gree grids) of Kaplan et al.8, it is found
that the SSTA over the AS during winter
(DJF -1/0 year) in the region 15-20°N;
60-70°E (AS), and 0-5°N; 80-85°E
(CEIO) during fall (September—Novem-
ber, —1 year) are useful for long-range
forecast of ISMR®. Strong and positive
correlations are observed between the
above SSTA and ISMR. Based on the
above study and keeping in view the cli-
mate change over the Indian Ocean after
1976, correlations between the rainfal
(monthly and ISMR) and SSTA in the
above regions starting from September
(-1 year) to May (O year) preceding the
summer monsoon season have been
computed for the periods | (1978-93;
N =15) and Il (1978-98; N = 20).

Figure 1 shows the monthly variations
of correlations between SSTA (AS, top
and CEIO, bottom) and rainfall (monthly
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Tablel1l. Correlation between SST indices and rainfall for the periods 1978-93 (1) and 1978-98 (11)

SST index/rainfall Ruiy Raug Rsep Ruly+Aug ISMR
AS | 0.65 0.48 0.59 0.75 0.73
I 0.51 0.43 0.57 0.47 0.54
CEO1 | 0.64 0.65 0.56 0.84 0.73
1] 0.57 0.56 0.56 0.75 0.68
AS+ CEO1 | 0.79 0.60 0.65 0.90 0.85
1] 0.54 0.48 0.66 0.67 0.65
CEO2 | 0.69 0.64 0.58 0.87 0.78
1] 0.61 0.59 0.57 0.78 0.73
AS+ CEO2 | 0.75 0.58 0.65 0.85 0.89
1] 0.54 0.44 0.64 0.70 0.65

Table2. Regression coefficients (A and B) and SST index for periods | and |1, to predict ISMR and
monthly rainfall

A B SST index
Ruuty | 5.36 23.50 AS+ CEO1
1] 8.96 22.61 CEO2
RAug I - - -
1] 7.66 21.68 CEO2
Rsep | 5.62 13.72 AS+ CEO1
I 541 12.70 AS+ CEO1
Ruu+Aug | 9.026 46.52 AS+ CEO1
I 16.63 44.29 CEO2
ISMR | 15.92 75.54 AS+ CEO1
I 28.37 72.10 CEO2

Table 3. Comparison between actual and forecast values of rainfall (cm) during June-September, July, July + August and September for the train-
ing and testing (bold) periods

June-September (Ryne-sept) July (Ruy) July—August (Ryuy+aug) September (Rsept)
Forecast Forecast Forecast Forecast

Y ear Actual | I Actual | 1 Actual | I Actual | 1

1979 70.8 73.9 69.7 22.6 229 21.8 425 45.6 42.9 13.9 13.2 13.0
1980 88.3 85.0 82.6 27.8 26.7 25.9 53.2 51.9 50.5 13.6 17.1 15.4
1981 85.2 86.1 85.1 28.9 27.1 26.7 51.5 52.5 51.9 19.8 17.5 15.7
1982 73.5 78.3 77.7 21.6 24.4 24.4 48.5 48.1 475 12.1 14.7 14.2
1983 95.6 88.3 90.8 27.4 27.7 28.5 56.7 53.7 55.2 25.1 18.2 17.0
1984 83.7 78.5 87.8 26.1 24.5 27.6 52.0 48.2 53.5 14.2 14.8 15.0
1985 76.0 75.0 77.8 25.3 23.3 24.4 47.2 46.2 47.6 14.7 13.6 13.3
1986 74.3 70.9 74.7 23.8 219 23.4 45.2 43.9 45.8 11.3 12.1 13.1
1987 69.7 73.4 78.8 20.7 22.8 24.7 44.4 45.3 48.2 13.7 13.0 14.0
1988 96.1 99.0 95.3 32.3 314 29.9 59.9 59.8 57.8 20.6 22.0 19.6
1989 86.7 87.1 89.4 28.6 27.4 28.1 51.7 53.1 54.4 16.6 17.8 15.8
1990 90.9 88.3 83.5 26.3 27.8 26.2 54.6 53.8 51.0 19.0 18.3 16.2
1991 78.5 85.3 86.3 25.6 26.8 27.1 48.5 52.1 52.6 121 17.2 16.1
1992 78.5 84.6 88.0 22.5 26.5 27.6 50.5 51.6 53.6 15.7 17.0 16.0
1993 86.6 83.7 83.2 28.1 26.3 26.1 50.7 51.2 50.8 20.4 16.7 15.7
1994 95.2 86.4 84.2 317 27.1 26.4 58.1 52.7 51.3 14.4 17.6 15.7
1995 79.0 82.5 811 27.7 25.9 25.4 50.5 50.5 495 16.5 16.3 15.2
1996 85.2 83.3 81.2 24.4 26.1 25.5 51.8 50.9 49.6 15.6 16.5 15.3
1997 87.1 78.0 83.5 26.7 24.3 26.2 52.4 47.9 51.0 16.6 14.6 13.8
1998 85.1 94.3 87.2 25.4 29.8 27.4 49.6 57.2 53.1 20.9 20.4 19.0
1999 82.1 89.5 86.3 25.3 28.2 27.1 46.2 54.4 52.6 19.0 18.7 15.6
2000 77.3 83.0 82.8 24.8 26.9 26.0 45.7 52.2 50.6 12.9 17.3 154
2001 80.6 85.5 87.2 26.4 27.8 27.4 45.4 53.7 53.1 11.5 18.3 16.4
2002 66.2 83.7 91.2 11.8 26.3 28.6 35.7 51.2 55.5 13.3 16.6 14.4
2003 85.6 87.6 89.7 28.6 27.6 28.2 50.8 53.4 54.6 17.8 19.8 16.7
2004 74.7 87.1 88.2 22.0 27.4 27.7 45.3 53.1 53.7 12.9 17.8 16.6
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and ISMR) for periods | (aand c) and Il Table 4. Comparison between actual and forecast rainfall (cm) during June and August for
(b and d). (Correlations of 0.51 and 0.66 training and testing (bold) periods
are significant at 95 and 99% levels res-

pectively, for period I; correlations of June (Rune) August (Raug)

0.44 and 0.56 are significant at 95 and Forecast Forecast
99% levels respectively, for period 11).

AS SSTA during fall (September—-Novem-  Year Actual | I Actual | I
ber) and winter (December—February) is 1979 144 151 138 19.9 7 210
strongly and positively correlated with 1080 21'5 16.0 16.8 25'3 25'2 24'5
rainfall for both the periods (Figure 1a 1981 13:9 16:1 17:5 22:6 25:5 25:2
and b). The correlations are ailmost zero 1082 13.0 15.5 15.9 26.9 23.6 23.2
during April and May, which is not  19g3 13.8 16.3 185 29.3 25.9 26.7
shown. SSTA during fall in the CEIO is 1984 17.4 15.5 19.3 259 23.7 25.9
strongly and positively correlated with 1985 14.0 15.2 16.9 21.9 229 23.2
the seasonal and monthly rainfall. 1t is 1986 17.8 14.9 15.8 214 21.9 22.4
wesk during other months (Figure 1c and 1987 11.6 15.1 16.6 237 225 235
d) under periods | and Il. The correla- 1988 15.7 17.1 18.1 276 284 27.9
tions with rainfall during June are insig- 1989 184 16.2 19.2 231 25.7 26.3
nificant and hence are not shown. Based 1990 17.2 163 16.3 28.3 26.0 24.8
on the above, the correlations have been 1991 18.0 16.0 17.6 22.9 253 255
computed between winter SSTA over the 123; Eg 128 123 i;g ;i; 52(7)
AS (15-20°N; 60-70°E—AS) withranfall. 55, 215 16.1 171 27.0 255 24.9
Correlations between the SSTA during 1995 129 158 16.3 234 246 241
fal in two regions in the CEIO (0—5°N, 1996 19.1 15.9 16.3 275 24.8 24.1
80-85°E- CEO1L; 5°S- 5°N; 80-90°E- 1997 17.8 15.5 18.7 26.3 23.6 24.7
CEOQ2) and rainfall have been computed. 1998 14.7 16.8 15.0 24.0 27.3 25.7
The results are presented in Table 1. SST 1999 17.5 16.4 18.1 21.3 26.2 255
indices AS and CEOL1 are significantly 2000 18.6 135 16.9 20.9 25.3 24.6
correlated with ISMR and monthly rain- 2001 23.1 13.6 17.7 19.0 259 25.8
fall for periods I and I1, except with Ry,g. 2002 17.2 16.0 213 239 24.9 26.8
It could be seen that the combined index ~ 2003 16.4 14.5 18.4 222 258 264
(AS+ CEOl) is strongly and significantly 2004 16.4 16.2 17.9 23.3 25.7 26.0

(>99% level) correlated with the monthly

rainfall and ISMR for periods | and II.

Very high and significant correlations

(r =0.85 and 0.90; significant at >99%

level) are observed between AS+  Taple5. RMS errors (RMSE) for methods | (1978-93) and Il (1978-98). Values of mean and
CEOL1 with the ISMR and Ryy + aug- Rer standard deviation (SD) for the training, testing and whole periods are also presented

jeevan et al.' reported positive and sig- — : : : :
nificant correlations (r = 0.44; significant Training period Testing period Whole period
at 99% level) between the ISMR and | I | T | I
SSTA during January + February in the
region 15-25°N; 50-70°E, for the period Ry Mean 15.8 17.0 15.5 17.6 15.7 17.2
1958-99. Rainfall during July (Ryy) and SsD 0.6 14 11 1.0 0.9 13
September (Rsep) is correlated at 0.79 and RMSE 26 3.0 35 3.0 4.6 32
0.6_6 r_especti\_/ely, for period | (1978-93). Rusy Mean 25.8 26.2 279 279 26.4 26.4
It is Interestlng to see that CEO2 and SD 25 1.0 1.4 0.9 22 1.7
AS + CEO2 are also strongly and signifi- RMSE 1.9 24 26 3.6 22 26
cantly correlated with rainfall for period
[l. CEO2 is a new predictor which has  Reuw Mean 24.6 A7 255 25.6 25.0 24.9
not been reported earlier (Table 1). ;?A SE ;; ;g ég 2‘2 ;S ;(5)
Based on these correlations, the regres- ' ’ ’ ) ' '
sion eguations have been proposed using  Rse Mean 16.2 154 17.8 16.4 16.9 16.7
the following relationship: SD 2.6 17 1.6 0.6 23 16
RMSE 3.0 2.6 3.4 3.9 3.0 3.2
Y =AX + B, (0]
Rui+ang  Mean 50.5 50.9 52.7 52.7 51.4 51.9
where Y is the rainfall (in cm) and X is sSD 4.2 3.4 2.4 1.7 3.7 3.2
the SST index. A and B are the regression RMSE 1.9 2.7 5.9 5.5 3.9 3.5
coefficients shown in Table 2. ~ ISMR  Mean 825 83.4 85.9 86.5 83.9 84.1
Since correlations with rainfall in June
. SD 7.4 7.0 4.3 2.3 6.4 6.4
and August are weak, they are estimated RMSE 4.4 53 6.9 6.0 5.2 55

using the following equations:
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Table 6. Observed and predicted rainfall
(cm) during 2005 summer monsoon season

Predicted
Observed | I
June 13.8 16.3 1338
July 335 27.7 28.6
August 19.9 259 247
September 20.4 18.2 16.7
June + July 47.3 440 424
August + September  40.3 4.1 414
June-September 87.7 88.1 834

RJune =ISMR - [RJuIy+Aug + RSept]v (2)
RAug = RJuIy+Aug - I:{]uly- (3)

Equation (2) is used for both the periods
for forecasting Ry,ne @nd eg. (3) is used to
compute rainfall during August (Rayg)
for period I.

Comparison between the observed and
forecast values of rainfall (cm) during
the training (1978-93, I; 1978-98, II) and
testing periods (1994—2004, 1; 1999-2004,
Il; indicated in bold), is shown in Table
3. Rainfall during July in 2002 was 51%
below normal, which is three times the
standard deviation regarded as an extreme
climatic event and beyond the scope of a
statistical model®. Though the data have
been presented for the year 2002, it was
excluded while computing root mean
square errors (RMSE). In general, there
is good agreement between the actual
and forecast values, except in 1998 and
2004 in case of ISMR for period I, while
the errors are high during 1992, 1994 and
2004 for period Il1. Maximum error is ob-
served in 2002 which is an extreme year.
In case of Ryy, the forecast values are in
good agreement with actual values during
the whole period for both | and 1, except
2002. Similarly, in case of Ryyy + aug there
is good agreement between the actual and
forecast values, except in only two years
(1998 and 2001) and (2001 and 2004) for
| and Il respectively. The errors are high
during 1983 and 2001 in case of Reey for
both I and II.

The estimated rainfal in June (Ryne)
and August (Rayg) is shown in Table 4.
There is good agreement between the ac-
tual and forecast values, except in the year
2001 in case of Ryjne @nd Rayg. It isinter-
esting to see that the rainfall during June,
August and September during 2002 could
be predicted accurately. The RMS errors
for the testing, training and the whole pe-
riods (excluding 2002) for | and Il are
presented in Table 5. Mean and standard
deviations are also shown. The errors are
*2 to #4cm and £3 to £7 cm for the
training and testing periods respectively,
for period I. RMSE for the whole period
(excluding 2002) were of the order of +2
to £5 cm for period |. For period Il, the
RMSE are +2 to +5cm and £3 to 6 cm
for the training period and testing periods
respectively. RMSE for the whole period
(26 years; excluding 2002) were of the
order of +3 to 5 cm for Il. There is not
much variation in RM SE between | and I1.

Comparison between the observed and
predicted rainfall (cm) for 2005 summer
monsoon season using data provided by
Rajeevan™ is shown in Table 6. There is
good agreement between the observed
(87.7 cm) and predicted (88.1cm) sea-
sonal rainfall from the equation for pe-
riod |. The proposed simple equations for
both the periods (I and Il) could reasona-
bly predict the monthly rainfall also, even
though there were some extreme rainfall
events (94.4 cm rainfall in one day over
Mumbai and 49 cm in Khammam district,
etc.). Rainfdl during the first half (June+
July) and second half (August + Septem-
ber) of the season could be predicted ac-
curately.

Using the present method, it will be
possible to predict monthly rainfall over
India well in advance. The July rainfall
can be predicted about 120 days in ad-
vance, which is crucial for irrigation. The
SST indices (AS, CEO1 and CEO2) appesr
to have great potentia for long-range
forecasting of monthly rainfall and ISMR.
However, further studies are desirable to
confirm these results.
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