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ABSTRACT: Rice production in India is highly correlated with monsoon rainfall. The relationships
between rainfall variation and rice production have attracted significant interest at a country scale in
Asia, but regional differences within a country remain unclear. In this study, we examined the effects
of rainfall variation on ‘kharif’ rice (rainy season rice)—including temporal changes in this relation-
ship—in the Ganges-Brahmaputra Basin, using a statistical model and a district-level data series
of rice production and rainfall. Three homogeneous regions were identified within the study area. In
the upper Ganges, the drought effect on rice production was dominant; however it became less pro-
nounced due to decreased rainfall variation. In the lower Ganges, the flood effect increased due to
increased rainfall. In the Brahmaputra Basin, the drought effect increased due to increased rainfall
variation. Non-stationarity in the rainfall-rice production relationship was caused mainly by changes
in rainfall patterns; however the impact of other factors, including social factors, should be evaluated

on a regional scale.
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1. INTRODUCTION

Rice is the main staple in India and Bangladesh, and
these two countries account for ~28 % of the total rice
production in the world (FAO 2008). Although total
rice production in India and Bangladesh is increasing
steadily every year, the weather related year-to-year
variation is still large. At farm level, the price of food-
grain in India rises >10% in the bad monsoon years
(Mooley et al. 1981), and income is unstable for local
farmers. Scarce rainfall even causes a drop (2 to 5% in
dry monsoon years) in gross domestic product, GDP
(the agricultural sector comprises 22 % of GDP in India).
(Gadgil 1995, Gadgil & Rupa Kumar 2006, Gadgil et al.
2007). In addition, global warming may threaten food
security in India and Bangladesh.

The impact of future climate change on agricultural
production has been studied with crop simulation mod-
els (Karim et al. 1996, Kumar & Parikh 2001, Aggarwal
& Mall 2002, Mall & Aggarwal 2002). However, there is
a potential for bias of the simulation results, depending
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upon the uncertainties in climate change scenarios,
region of study and crop models used for impact
assessment (Mall et al. 2006). Thus, it is important to
understand the past links between climate and agricul-
ture in order to improve the accuracy of crop models.

In order to reveal relationships between climate and
rice cultivation, many studies have been carried out at a
country scale. In India, foodgrain production, including
rice production, is highly correlated with the amount of
summer monsoon rainfall (SMR) from June to September
(Parthasarathy et al. 1988, Parthasarathy et al. 1992,
Selvaraju 2003, Krishna Kumar et al. 2004). Partha-
sarathy et al. (1988) found that the correlation coefficient
between SMR and rice production is 0.82 (1961-1985).
Parthasarathy et al. (1992) also showed that rice produc-
tion can be predicted statistically by using SMR as a de-
terminant index. El Nino-southern oscillation (ENSO) in-
dices are also correlated with rice production in India.
Krishna Kumar et al. (2004) showed that the sea-surface
temperatures (SSTs) in NINO3 (SSTs averaged over 5° S
to 5°N and 90 to 150° W) during June to August was
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significantly correlated with total rice production in In-
dia (r =-0.40, 1950-1998). Selvaraju (2003) suggested
that the rice production in India could be predicted
several months in advance from the SSTs in NINO3
during June to August.

However, most previous studies discuss the relation-
ship of climate and rice production in the entire
country, and it is doubtful whether the results are
applicable at the state or district level. In the Indian
subcontinent, rice is generally grown in the lowland of
major river basins or coastal delta areas, and research
at the regional scale is needed to reveal weather—yield
relationships. Krishna Kumar et al. (2004) analyzed
the correlation between state-level rice production and
subdivisional monsoon rainfall and showed that the
correlation is relatively low in some states of the east-
ern part of the country.

In the Ganges-Brahmaputra Basin—which ranks among
monsoon Asia's most productive regions in terms of
rice cultivation—the correlation between rice produc-
tion and monsoon rainfall remains unknown (Krishna
Kumar et al. 2004). Tanaka (1976) showed that there is
a high positive correlation (r = 0.54 for 1960-1975)
between rice yield and rainfall during June to August
in the Ganges Valley, but few studies have examined
this area since this study. In Bangladesh, located in the
lowest part of the Ganges-Brahmaputra Basin, Mowla
(1976) showed that rice production and yield are
highly related to fluctuations in annual rainfall. At the
same time, he pointed out that the recurrent floods
may also have a great influence on rice cultivation and
stressed the importance of researching such a relation-
ship.

The effect of floods on rice production in Bangladesh
was investigated by many researchers. Brammer (1990)
investigated the effect of severe floods in 1987 and
1988 on rice cultivation and found that transplanted
aman (monsoon rice), normally planted from mid-July
to mid-September, was the most affected in both years.
Paul & Rasid (1993) showed that average annual loss of
rice production resulting from flooding in Bangladesh
was approximately 4 % of the total production, and the
highest proportional loss was almost 14 % in the severe
flood year of 1988. Asada et al. (2005) revealed the
dynamic change of the rice-cropping pattern in Bang-
ladesh in the severe flood years of 1988 and 1998.
Although the total rice production in Bangladesh is less
influenced by rainfall and floods, the annual variation
of rainy season rice production is still large.

Another problem is that the relationship between
rainfall and rice production can change over time (i.e.
it exhibits non-stationarity). For example, Parthasa-
rathy et al. (1992) showed that the correlation coeffi-
cient for these two factors changed in different de-
cades. The correlation coefficient between SMR and

rice production in India during 1977-1988 is higher (r =
0.948) than for 1966-1976 (r = 0.816). As with other
uncertainties, this uncertainty will also affect the pre-
diction of crop models (Challinor et al. 2005a). Challi-
nor et al. (2005b) suggested that climatic factors (such
as climatic trends and random variability in the system)
and nonclimatic factors (such as yield technology and
changes in data accuracy) contribute to the non-
stationarity of the weather—yield relationship. The
non-stationarity of climate and agriculture has not
been examined in depth, and it is necessary to under-
stand these links to improve model accuracy for future
yield prediction.

In the present study we investigated the effect of
rainfall on rice production in both the Indian and
Bangladeshi parts of the Ganges-Brahmaputra Basin
over the past 40 yr, in addition to the relationship
between rainfall change and rice production. Among
the climatic factors affecting variation of rice produc-
tion, the impact of rainfall was examined, as it is the
most important limiting factor in South Asia (Gadgil &
Rupa Kumar 2006). The study was carried out for the
period of 1961-2000, a period for which district-level
statistics of rice production and rainfall are available.

2. STUDY AREA

The study area covers Bangladesh and the Indian
states Assam, West Bengal (WB), Bihar and Uttar Pra-
desh (UP) (Fig. 1). These four states account for about
40 % of the total rice production in India (14.6, 13.6, 6.4
and 4.7 % in WB, UP, Bihar and Assam, respectively, in
2000/01). Assam and part of Bangladesh lie in the
Brahmaputra Basin. Bihar, WB and most of Bangladesh
lie in the lower Ganges Basin. UP is in the upper
Ganges Basin. The study area amounts to ca. 46 %
of the total Ganges-Brahmaputra catchment areas
(1.7 million km?). Although the new states Uttaranchal
and Jharkhand were separated out of UP and Bihar
respectively in 2000, the former administrative units
of UP and Bihar were considered.

The climate of the study area is predominantly a sub-
tropical monsoon climate. In the months from June to
September, the southwestern monsoon flow brings a
humid air mass and causes high precipitation in the
whole study area. The amount of SMR is higher in the
eastern part of the basin and not so high in the western
part. The onset of the summer monsoon begins in April
in eastern Assam and in late May in the southeastern
part of Bangladesh and advances westwards upstream
of the Ganges. SMR amounts to ca. 60 to 70 % of the
annual rainfall and causes floods in the study area.

The rice cropping system in the study area corre-
sponds to the local climate and hydrological environ-
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Fig. 1. Study area and the Ganges — Brahmaputra river system. The study area covered Bangladesh and 4 Indian states. Black,
grey and dotted lines represent international borders, state borders and major rivers, respectively. Shading:topographical relief

ment. In Assam, Bangladesh and WB, rice is grown
three times a year as follows: autumn rice (April to
July), winter rice (August to November) and summer
rice (December to May). Autumn and winter rice are
classified as the rainy-season variety (‘kharif’ rice).
Kharif rice is grown mostly in a rain-fed field and is
more vulnerable to water shortage. In Bihar and UP,
only kharif rice is grown during the year, as wheat and
other crops are planted in the dry season. Summer rice
is classified as the dry-season variety (‘rabi’ rice). Rabi
rice is grown in irrigated paddy fields and yield is
much higher than kharif rice owing to more hours of
sunshine and fewer natural disasters than in the rainy
season. As kharif rice is more vulnerable to rainfall
variation than rabi rice (Krishna Kumar et al. 2004) and
is cultivated throughout the study area, the effect of
rainfall was only investigated on kharif rice in this study.

3. DATA AND METHODS
3.1. Rice production data

Rice production and cultivated area data at state and
district level during 1961-2000 were obtained from the
yearly agricultural bulletins 'Agricultural Situation in
India’, Dep. of Agriculture, Gov. of India, "Yearbook
of Agricultural Statistics of Bangladesh’, Bangladesh
Bureau of Statistics, Hamid (1991) and FAO-RAP
(2008). For years where data was lacking, statistics
published by local governments were used. Yield was
derived by dividing production by cultivated area.

3.2. Climate data

Monthly rainfall data during 1961-2000 was obtained
from the Indian Institute of Tropical Meteorology (IITM,
www.tropmet.res.in/) and the 0.5 x 0.5° gridded dataset
from the Variability Analysis of Surface Climate Obser-
vations (VASCIlimO) in the Global Precipitation Clima-
tology Centre (GPCC). The details and the location of
the original rain gauges of the IITM dataset are well
documented in Parthasarathy et al. (1994). A brief intro-
duction of the VASClimO dataset is reported in Beck et
al. (2005). The monthly rainfall in every district was cal-
culated from gridded data by averaging the grid value
superimposed over the district area. In order to calcu-
late the monthly value of Bangladesh rainfall, daily
rainfall data at 14 stations from the Bangladesh Meteo-
rological Department (BMD) was analyzed.

Flood-affected area data in Assam, WB, Bihar and
UP during 1961-2000 were obtained from the Central
Water Commission (CWC), the Ministry of Water Re-
sources, and the Gov. of India. Flood affected area data
in Bangladesh for the same period was obtained from
the Flood Forecasting and Warning Center (FFWC)
and the Bangladesh Water Development Board (BWDB).
The assessment techniques adopted to calculate flood
affected areas are reported in Mirza et al. (2001).

3.3. Methods

The effect of rainfall variation on rice production was
investigated by statistical modeling. Simple correlation
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was examined after detrending each data series. All
the time series of rainfall were normalized by their
respective standard deviations (SDs) for 1961-2000.
The long-term trend of technological progress in rice
production, area and yield data were removed by
applying the 5 yr running mean, and the percentile
anomaly from the running means were used as indices
of short-term variation of production, area and yield.
The flood affected ratio was derived by dividing the
flood affected area by the geographical area, and the
correlation with rice production was examined without
detrending the time series.

The temporal correlation between rice production
and SMR was examined by 7 yr moving correlation.
The temporal trend of the correlation coefficient was
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examined by Mann-Kendall rank statistics (Kendall
1938). In addition, flood effect and drought effect were
examined by the significance level of the correlation
coefficient (r = 0.76, significant level at 5%). Finally,
the temporal change of the correlation in each district
was classified into 6 classes (Fig. 2). Districts showing
a significant positive trend were defined into three
classes: ‘flood decreasing and drought increasing’
(with both positive r and negative r, Fig. 2a), 'flood
decreasing’ (with only negative r, Fig. 2b) and ‘drought
increasing’ (with only positive r, Fig. 2c). Districts
showing a significantly negative trend were also
defined into three classes: ‘drought decreasing and
flood increasing’ (with both positive r and negative r,
Fig. 2d), 'drought decreasing’ (with only positive T,
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Fig. 2. Classification of district by correlation coefficient (r): (a) flood decreasing and drought increasing, (b) flood decreasing,
(c) drought increasing, (d) drought decreasing and flood increasing, (e) drought decreasing, (f) flood increasing. Dotted lines:
significance levels at 5% (r = 0.76). TP: Trend pattern (referred to in Fig. 6)
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Fig. 2e) and ‘flood increasing' (with
only negative 1, Fig. 2f).
The trends of rainfall amount and

Table 1. Production, cultivated area and yield of kharif and rabi rice in 2000
in Bangladesh and 4 Indian states (from west to east). Parentheses: SDs of
detrended percentile anomaly during 1991-2000. WB: West Bengal; UP: Uttar

. . Pradesh
year-to-year rainfall variations were
also examined in each district. The ] . ]
trend of rainfall t ined Production Area Yield Irrigated
rend o ?am all amount was exammg (1000 1) (1000 ha) (tha ') area (%)
by applying Mann-Kendall rank statis-
tics to the 5 yr running average of rain- Kharif
fall time series. The trend of rainfall UP 11540.1 (5.6) 5838.8 (1.7) 1.98 (5.5) 67.4°
variations was examined by applying Bihar 5229.4 (14.6) 3531 (4.9) 1.48 (13.4) 36.6¢
Mann-Kendall rank statistics to the 5 yr WB 7886.7 (5.4) 40335 (2.4) 1.96 (4.8) 16
. SD of th infall ti Bangladesh 13164.5 (8.5) 7033.8 (3.8) 1.87 (5.5) 5.6%
running average oo ol the Tainiall time Assam 33174 (3.4) 2316.9 (1.8) 143 (2.1) 4.3
series. .
. .- . Rabi

In this study, the positive (negative) UpP 5.1 (20.0) 2.2 (19.0) 229 (8.5) 96.3"
correlation between rainfall and rice Bihar 2132 (8.4) 125.3 (3.4) 1.7 (5.0) 76.7d
production—which means that scarce WB 4541.3 (9.6) 1401.8 (7.1) 3.24 (4.3) 110.7¢
(excess) rainfall causes production Bangladesh 11920.9 (5.0) 3761.1 (4.0) 317 (1.9) 83.2¢
loss—was defined as the drought Assam 681 (11.3) 329.3 (8.9) 2.07 (3.9) 3.7
(flood) effect on rice production. Flood #2000, "1999, ©1988, 11992

effect means damage caused by heavy
rainfall in the area, and does not
include the case of river water flooding which is caused
by rainfall in upstream areas. We examined the cases
when the correlation coefficient was statistically signif-
icant. But it should be noted that when the correlation
coefficients were low or not significant, it does not
always mean that there was not any relationship be-
tween rainfall and rice production.

4. RESULTS
4.1. Rainfall effect at the state level

Kharif rice accounts for a large fraction of total rice
production in the study area (Table 1). In Bangladesh
and WB (India), rabi production and area are compar-
atively larger. In other Indian states, rabi rice is culti-
vated marginally and is less important. The SDs of
kharif rice in the 1990s are high, especially in Bihar,
where >10 % of kharif rice production is variable every
year. The variation of kharif production is largely
caused by variation in yield. As the irrigated ratio in
the kharif area is small, kharif rice depends on rainfall
through its growing period, and yield becomes unsta-
ble. The variation of rabi rice is also large except for in
Bangladesh. Yield, however, is more stable than that of
kharif rice, as most of the rabi area is irrigated. Varia-
tion of rabi production is largely due to variation of
cultivated area. Rabi rice is cultivated after harvest of
kharif rice, and the variation in cultivated area seems
to be less influenced by climatic factors.

The correlation coefficient between rainfall and kharif
rice shows different characteristics of rainfall effect
by state (Table 2). Rice production in Assam and

Table 2. Correlation coefficient between monthly rainfall and

kharif production, area and yield for the period 1961-2000 in

Bangladesh and 4 Indian states (from west to east). *, ** p <

0.05, 0.01, respectively. Correlation with the flood-affected

area also shown. WB: West Bengal; UP: Uttar Pradesh; SMR:
summer monsoon rainfall

UP Bihar WB Bangladesh Assam
Production
Apr -0.02 0.20 -0.05 -0.01 0.40**
May -0.01 0.26 0.16 0.12 0.01
Jun 0.22 0.31* 0.32* 0.04 0.12
Jul 0.51** 0.36* 0.36* -0.04 0.08
Aug 0.32* 0.13 0.17 -0.30 -0.17
Sep 0.55** 0.08 -0.05 0.14 0.15
SMR (JJAS) 0.73** 0.45** 0.32* -0.10 0.08
Flood area 0.43** 0.03 0.03 -0.52** -0.29
Area
Apr -0.01 0.15 0.02 0.03 0.13
May -0.02 0.44** 045** -0.13 0.00
Jun 0.44** 0.30 0.04 -0.20 0.17
Jul 0.56** 0.57** 0.39* -0.04 -0.03
Aug 0.16 0.13 0.16 -0.14 -0.16
Sep 0.22 0.13 -0.13 0.21 -0.02
SMR (JJAS) 0.62** 0.58** 0.17 -0.12 -0.01
Flood area 0.29 0.06 -0.16 -0.53** -0.28
Yield
Apr -0.02 0.20 -0.06 -0.04 0.46**
May 0.00 0.19 0.05 0.26 0.02
Jun 0.15 0.28 0.36* 0.20 0.10
Jul 0.43** 0.28 0.30 -0.03 0.10
Aug 0.33* 0.12 0.15 -0.35* -0.13
Sep 0.56** 0.08 0.00 0.07 0.18
SMR (JJAS) 0.68** 0.38* 0.33* -0.06 0.13
Flood area 0.41** 0.01 0.09 -0.42** -0.24
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Bangladesh has little relation to the amount of SMR. In Bangladesh, the districts along the major rivers are
The correlation becomes higher in Bihar and UP, more vulnerable to floods.

where the rainy season is relatively shorter and there is The period and timing of rainfall as well as the total
less SMR. Both kharif area and yield are correlated amount of SMR during the summer monsoon season is
with monthly rainfall within the growing period. The important for rice cultivation (Gadgil et al. 2002). The
correlation coefficient is significant at the 1% level in correlation of monthly rainfall from April to September
Assam (associated with April rainfall) and Bihar and with kharif production during 1961-2000 was investi-
UP (associated with July and September rainfall). The gated at the district level (Fig. 4). From April to June,
timing coincides with the western migration of mon- during the initial stage of kharif rice production, the
soon onset, which starts in April from Assam. This is number of districts showing a significant correlation
consistent with the results of Gadgil et al. (2002) that was relatively low compared to other periods. Rainfall
the monsoon onset has significant influence on kharif from July to September shows a positive correlation

rice production. In Bangladesh, a sig-
nificant negative correlation is seen
between rainfall in August and kharif
yield. A negative correlation is also
seen in Assam, though the correlation
coefficient is not significant. Rainfall in
August can easily damage rice pro-
duction because of flooding, as it is
the peak period of river water level.
The correlation coefficients between the
flood affected area and kharif produc-
tion, area and yield in Bangladesh and
Assam all show a significant negative
correlation.

4.2. Rainfall effect at district level

Fig. 3 shows the district-level correla-
tion between SMR and kharif produc-
tion, area and yield during 1961-2000.
The positive correlation between SMR
and kharif production is highest in the
Gaya district of central Bihar (r = 0.67;
p <0.01), and the negative correlation is
highest in the Pabna district of western
Bangladesh (r = -0.38; p = 0.02). The
significant positive correlation is espe-
cially dominant in Bihar and UP. The
number of districts showing positive
correlation is largest in UP, and de-
creases in the order of Bihar, WB and
Assam. In WB, Bangladesh and Assam,
both positive and negative correlations
are recognized, and a distinct pattern
cannot be seen. In western Bangladesh,
the negative correlation is shown in the
kharif growing area. The drought effect
on kharif production is mainly due to
yield loss resulting from water shortage.
On the other hand, the flood effect
on kharif production is mainly caused
from inundation of the cultivated area.
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Fig. 3. Correlation coefficient between summer monsoon rainfall and kharif (a) pro-
duction, (b) growing area, (c) yield for the period 1961-2000 in Bangladesh and 4
Indian states. r = 0.26 and 0.31 for significance levels of 10 and 5 %, respectively
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Fig. 4. Correlation coefficient between kharif production and rainfall in Bangladesh and 4 Indian states in (a) April, (b) May, (c) June,
(d) July, (e) August, (f) September for the period 1961-2000. r = 0.26 and 0.31 for significance level of 10 and 5 %, respectively

with rice production in districts in UP and Bihar. Rain-
fall in August, however, is not correlated with rice pro-
duction in many districts. On the contrary, a negative
correlation between rice production and rainfall is
seen in the wide area of the lower Ganges. In July, dis-
tricts in southern Bangladesh show a negative correla-
tion, and more districts from Bangladesh to north Bihar
show a negative correlation in August. In Assam, dis-
tricts with a significant correlation decreased during
the whole monsoon season.

4.3. Non-stationarity in the rainfall-rice production
relationship

The relationship between rainfall and rice produc-
tion did not remain constant for the whole period. The
temporal change of the correlation coefficient between

SMR and rice production in each state is shown in
Fig. 5. A 7 yr moving correlation was used to examine
the temporal change. There were regional differences
in the temporal variation of the correlation coefficient.
In UP, the correlation coefficient remained high, and
exceeded the 5% significance level. In Bihar, the cor-
relation coefficient was more variable than in UP, but
remained positive over the 40 yr period.

In Assam, Bangladesh and WB, the correlation coef-
ficient was not constant, and the fluctuations were
much larger than UP and Bihar. In Assam, the correla-
tion coefficient was negative until 1975, but after that it
turned positive, which means that the drought effect
became more prominent than the flood effect. In con-
trast, in Bangladesh the correlation coefficient turned
negative in 1975, and the flood effect increased. Simi-
larly, the flood effect increased in WB recently, but the
correlation coefficient turned negative in the early
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prominent. The second region includes

the districts extending from northern

Bihar to northern Bangladesh, where the
flood effect on rice production increased.
Some districts are adjacent to the
Ganges. Both rice area and yield are

influenced by an increasing flood effect.
The third region includes the districts in
Assam and part of northern WB, where
the drought effect on rice production in-

1981

creased. The increasing drought effect is
prominent in the districts located on the

northern side of the Brahmaputra. The
yield was more affected by drought than
other regions. It is interesting that both
northern Bihar and Assam are in the
southern foothills of the Himalayas, but

nevertheless had opposing rainfall trends.

The trends of rainfall amount and rain-
fall variation in each district are shown
in Fig. 7. Three regions show distinctive
changes of rainfall, and they correspond

1971

to the area showing significant non-
stationarity in Fig. 6. In eastern UP and

southern Bihar, variation in rainfall de-
creased, indicating that year-to-year
variations stabilized. The SD of SMR
in these districts decreased 119.6 mm
40 yr~! (13.7 % of SMR) on average. Rain-

fall changes in April, June, August and
September were responsible for the
change in SMR. From north Bihar to
north Bangladesh, the rainfall amount
showed an increasing trend. The SMR

-1
1961

Fig. 5. Correlation coefficient between summer monsoon rainfall and kharif (a)
production, (b) growing area, (c) yield in a 7 yr moving window in Bangladesh and
4 Indian states in Bangladesh and 4 Indian states. Dashed lines: significant at 5%
level (r = 0.76). WB: West Bengal; UP: Uttar Pradesh

1971 1981

1990s. The change in the correlation coefficient of pro-
duction was largely due to the change in the correla-
tion coefficient of yield. In Table 2, the correlation
coefficient between rice production and SMR is very
low in Bangladesh and Assam, and this is because the
correlation coefficient changed adversely from positive
to negative and vice versa over the 40 yr period.

The investigation of temporal change of the correla-
tion coefficient showed regional differences in non-
stationarity; however, homogeneous regions can be
recognized within the study area (Fig. 6). The first
region includes the districts in eastern UP and south-
ern Bihar, where the drought effect on rice production
decreased. The decreasing effect of drought on yield is

1991

increased 208.0 mm 40 yr' (17.0% of
SMR) on average, and the Malda district
in central WB showed the highest rain-
fall increase, 324 mm 40 yr! (272.7% of
SMR). Rainfall changes in June, July and
August are responsible. In Assam, rain-
fall variation increased, indicating that
more extreme events like severe floods or droughts are
likely to occur. The SD of rainfall increased 184.3 mm
40 yr! (10.2% of SMR). Rainfall change in May, June
and September was responsible.

5. DISCUSSION

On the basis of the pattern of rainfall effect on rice
production in the study area, 3 homogeneous regions
can be identified: (1) eastern UP and southern Bihar in
the upper Ganges Basin, (2) the northern part of Bihar,
WB and Bangladesh in the lower Ganges Basin, and
(3) northern Assam in the Brahmaputra Basin.
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Trend pattern
A ()
(i)
(iii)

drought effect on rice production de-
creased recently. Rainfall change is
favorable, as stable rainfall can de-
crease the drought effect and help to
stabilize rice production variation.

In the lower Ganges Basin, districts
along the major rivers show a flood
effect on rice production, and this
effect has recently been increasing. A
trend of increasing rainfall may be
partly responsible for the change in
the relationship. Heavy rainfall in
the transplanting period causes cul-
tivated area loss, and deficiency of the
growth period causes yield loss.

In the Brahmaputra Basin, district
analysis shows the increasing effect
of drought on rice production due
to increased rainfall variation. An in-
crease of either severe floods or
droughts can cause rice production
loss, but the drought effect on rice
production is more prominent. At
the state-level analysis, however, the
correlation coefficient between the
flood-affected area and rice produc-
tion shows a significantly negative
correlation, and thus kharif rice in
Assam is vulnerable to both floods and
droughts. In addition to the effect of
rainwater flooding, the effect of river-
water flooding should also be used to
more accurately estimate the flood
effect on rice production.

All of the 3 regions are smaller than
state (in India) or country (Bangladesh)
level, and some extend over state bor-
ders. Analysis at state level provides
insufficient resolution. It is important
to analyse the rainfall-rice production
relationship at a district scale, and
consider this measure for amelioration

Fig. 6. Classification of district based on trend patterns (i) to (vi) (see Fig. 2).

Trend of correlation coefficient between summer monsoon rainfall and kharif

(a) production, (b) area, (c) yield

In the upper Ganges Basin, rice production is
strongly affected by rainfall fluctuation, and is vulner-
able to rainfall shortage, which is similar to the rela-
tionship throughout all of India as revealed in previous
studies (Parthasarathy et al. 1988, 1992, Selvaraju
2003, Krishna Kumar et al. 2004). The period of the
rainy season is shorter, and the rainfall amount avail-
able for rice cultivation is limited. The scarce rainfall
from July to September caused the yield loss, but the

of future climate changes. In the re-
gions where the rainfall effect is in-
creasing, measures to control the local
hydrological environment such as irri-
gation and the construction of flood embankments may
be required. The results could also contribute towards
improving the accuracy of crop models, if the local
mechanism of the relationship is revealed.

Changes in the relationship between rainfall and
rice production were detected over a period of 40 yr.
The non-stationarity could be partly due to the rainfall
change in the same period, but the mechanism still
remains unclear. Flood effect increased both in Bang-
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ladesh and WB, but the timing of the prominence of
the effect differed by region. Challinor et al. (2005b)
suggested that social factors also contribute to non-
stationarity along with climate factors. Different social
factors such as introduction of irrigation or changes in
cropping systems may have contributed to the differ-
ent timing of temporal change.

Non-stationarity in monsoon rainfall is another
important problem. SMR in the Ganges-Brahmaputra
Basin showed a decreasing trend over the last century
(Gregory 1989, Rupa Kumar et al. 1992). SMR in the

Fig. 7. Trends of rainfall amount and rainfall variation in

Bangladesh and 4 Indian states for the period 1961-2000. (a)

Summer monsoon rainfall, (b) April, (c) May, (d) June, (e) July,

(f) August, (g) September. + (-): increasing (decreasing) trend.
Significance level is at 5 %

eastern Ganges plain (Bihar and WB) showed a de-
creasing trend from 1900-1984, but began to increase
after 1984 (Singh & Sontakke 2002). The number of
extreme rainfall events also showed a decreasing trend
in the Ganges Basin. Extreme rainfall events of 1 to
3 d duration showed a significant decreasing trend
(>10%) in Bihar during 1901-1980 (Rakhecha &
Soman 1994), and extreme daily rainfall showed a
decreasing trend in Bihar and WB during 1910-2000
(Roy & Balling 2004). Rainfall changes in this study
period are not consistent with the results of the previ-
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ous studies, and illustrate the interdecadal variation of
Indian SMR (ISMR) (Parthasarathy et al. 1991). ISMR
has a long-term oscillation within a period of about
30 yr (Parthasarathy et al. 1991, Krishnamurthy &
Goswami 2000), and rainfall changes for the study
period in this study can be considered as a part of the
cycle. The teleconnection between ISMR and ENSO
changes at a decadal scale, and contributes to the
interdecadal variations of ISMR (Krishnamurthy &
Goswami 2000). Turner et al. (2007) showed that the
teleconnection between ISMR and ENSO is likely to
remain robust with future climate change. If inter-
decadal variations of rainfall can be predicted on a
time scale of 30 to 40 yr, it could help improve future
prediction of rice production.

6. CONCLUSIONS

This study revealed the non-stationary effect of rain-
fall variation on rice cultivation in the Ganges-Brahma-
putra Basin, one of the most populated and most
important rice producing areas in South Asia. The
majority of previous studies have analyzed the rela-
tionship between rainfall and rice production at whole
country or state level. The district-level analysis used
in this study more effectively revealed the area (i.e.
across several districts, both interstate and inter-
country) where rice production is particularly vulnera-
ble to rainfall variation. We also found that the effect of
rainfall variation on rice production changes over time
in the study area, and that this non-stationarity can
be explained by long-term rainfall change. However,
the mechanism causing this change remains unclear,
and there are still many uncertainties in the non-
stationarity of the rainfall-rice production relationship.

This study provides basic information for under-
standing the rainfall-rice production relationship in
the Ganges-Brahmaputra Basin. The effect of rainfall
on rice production differs by region, so research should
be carried out at a regional scale, and local mecha-
nisms (including social factors) need to be analysed to
help stabilize year to year variation of rice production.
Regional planning measures—including for irrigation
and river-embankment work—are necessary to mini-
mize the influence of future rainfall change on rice cul-
tivation. The regional and temporal scales of the non-
stationarity revealed in this study should help reduce
uncertainty for simulations of future climate impacts on
rice production. The mechanism of non-stationarity
needs to be further studied to improve the predictive
accuracy of crop models.
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