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ABSTRACT: Monsoon fluctuations have a reflective influence on rice productivity, which is the main foodgrain in India.
The impact of El Nifio on spatial variability of summer monsoon rainfall and thereby kharif rice productivity was analysed
for the period 1974-2009. It was clear from the analysis that the delayed onset of monsoon along with El Nifio has varied
influences on rice productivity over different rice growing states as well as over India. Out of eight El Nifio years, 6 years
received deficit rainfall during monsoon season. But, the quantity of deficit varies from —20.3% in 2002 to —5.5% in
1991. The monthly distribution of monsoon rainfall shows higher frequency of deficit occurred during July and September.
Interestingly, all ElI Nifio years, except in 1997, September received deficit in rainfall which indicate the early withdrawal
of monsoon. During 8 moderate and strong El Niflo years, 5 years the kharif rice productivity falls below the technological
trend ranging by between —4.3% in 1986 and —13.8% in 2002 over India. There exists a wide spatial variability of
normalized kharif rice productivity anomaly during moderate El Nifio event, with a maximum of —21.9% over Gujarat
followed by —15.9% at Maharashtra. However, during the strong El Nifio event, there is a maximum of —14.2% at Bihar
to —6.6% over Maharashtra. The correlation between normalized monthly rainfall anomaly and rice productivity anomaly
during the El Nifio years indicated that July rainfall contributed 71% of the variations in rice productivity. Analysis of El
Nifio impact on spatial rice productivity may be useful for formulating farm-level site specific management planning and
policy decisions.
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1. Introduction correspond with either strong or weak ENSO-monsoon
relationship and with strong or weak IOD-monsoon rela-
tionship (Cherchi and Navarra, 2012). The link between
ENSO and the monsoon is realized through vertical
and horizontal addictions associated with the stationary
waves in the upper troposphere set up by the tropical
ENSO heating (Xavier et al., 2007). The year-to-year
variability in monsoon rainfall causes severe droughts
and floods in one or other places in India (Kripalani
et al., 2003; Subash et al., 2011). Frequent occurrence
of the fluctuating nature of the Indian monsoon affects
the agriculture, power generation, water resources and
even in financial sectors. The spatio-temporal variability
of monsoon rainfall variability leads to large scale
droughts/floods in one or other part of India and thereby
influence the total foodgrain production (Parthasarathy
and Pant, 1985; Parthasarathy et al., 1992a, 1992b;
Gadgil et al., 1999) and food security and economic sit-
uation of the country (Gadgil and Gadgil, 2006; Chand
and Raju, 2009; Krishna Kumar et al., 2010). Rice
harvests in India and other parts of Asia are positively
correlated with rainfall (Webster et al., 1998; Kumar
et al., 2004). On the basis of statistics and simulation

The inter-annual variability of Indian summer monsoon
rainfall has been linked to variations of sea surface
temperatures (SST) over the equatorial Pacific and Indian
Oceans, Eurasian snow cover, etc. (Sikka, 1980; Ras-
musson and Carpenter, 1983; Bamzai and Shukla, 1999;
Krishna Kumar et al., 1999; Behera and Yamagata, 2001;
Terray et al., 2003; Gadgil et al., 2004). The association
between El Nifio events and Indian monsoon has been
studied by many researchers (Barnett, 1983; Mooley and
Parthasarathy, 1984a, 1984b; Krishna Kumar et al., 1999;
Krishnamurthy and Goswami, 2000; Pai, 2003; Kane,
2005; Rajeevan and Pai, 2006). The Indian Ocean Dipole
(IOD) and the El Nifio have complimentarily affected
the India Summer Monsoon rainfall during the last four
decades and El Nifio-induced anomalous circulation over
the Indian region is either countered or supported by
the IOD-induced anomalous meridional circulation cell
(Ashok et al., 2001). From the observed record, the El
Nifio-Southern Oscillation (ENSO)-IOD correlation is
positive strong and significant since mid-60s and it may
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techniques confirmed the usefulness of the standard
summary measure of the strength of the monsoon, total
June—September rainfall for predicting rice yield and it
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is significantly correlated with rice yield (Auffhammer
et al., 2012). Variability in India’s agricultural output
is largely driven by the year-to-year fluctuations in the
strength of the summer monsoon (June—September)
rains, which accounts for over 75% of the annual precip-
itation over India, except Tamil Nadu (Chand and Raju,
2009). Although, severe droughts in India have been
associated with El Nifio events, El Nifio does not always
produce droughts (Krishna Kumar et al., 2006; Maity and
Kumar, 2006). A linkage between agricultural production
and El Nifio has been studied by several researchers
in India and abroad (Parthasarathy et al., 1988; Cane
et al., 1994, Gadgil, 1996; Hansen et al., 1998; Phillips
et al., 1998; Zubair, 2002; Selvaraju, 2003; Rao et al.,
2011). However, a detailed investigation of the conse-
quences of El Nifio on spatial variability of rainfall and
quantification of its influence on kharif rice productivity
are lacking. In this study, we have investigated the
statistical analysis of Indian rainfall, effect of El Nifio
on spatial variability of rainfall and its influence on
kharif rice productivity over major rice growing states
of India.

2. Data and methodology
2.1.

The onset of Asian monsoon can be considered as having
two phases, one with a rainfall surge over South China
Sea and the other with increased rainfall over India
(Wang and Lin, 2002). There are a number of techniques
to identify the onset of Asian monsoon (Tanaka, 1992;
Wang and Wu, 1997; Wang et al., 2004; Zeng and Lu,
2004). In 2006, India Meteorological Department adopted
new criteria for declaring the monsoon onset over Kerala
(MOK) operationally. These criteria use the information
on rainfall and large scale circulation patterns as by
Joseph et al. (2006). On the basis of this criterion, the
dates of MOK during the period 1974-2009, reported
by Pai and Rajeevan (2007) and by the India Meteoro-
logical Department (www.imd.gov.in) were used for the
analysis. The inter-annual variability, standard deviation,
coefficient of variation (CV) and trend of date of MOK
during the study period were analysed.

Monsoon onset date

2.2. Rainfall data

The monthly rainfall data series during 1974-2009 of
14 important rice growing states, available from the
website of Indian Institute of Tropical Meteorology
(www.tropmet.ac.in) was used in this study. They have
considered 276 rain gauge stations well distributed over
these States for preparing this data series, one from
each of the districts which is the smallest administrative
area and area-weighted mean monthly rainfall of all the
meteorological sub-divisions as well as for the whole
country by assigning the district area as the weight
for each representative rain gauge station. The data for
various periods were collected from different sources
of publications from Government sources and the India
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Meteorological Department (Mooley et al., 1981). They
have also tested the nature of the frequency distribution
of the chi-square statistic with 10 equal probability class-
intervals (Cochran, 1952). Mooley and Parthasarathy
(1984a, 1984b), Parthasarathy er al. (1987, 1990, 1992a,
1992b, 1993, 1994, 1995), Pant and Rupakumar (1997),
Mooley et al. (1981) provided a more detailed discussion
of the methodology adopted for quality, completeness and
homogeneity of these data sets.

2.3.

Mann—-Kendall (Mann, 1945; Kendall, 1975) is a
nonparametric trend test basically involves the ranks
obtained by each data in the data series and is a statistical
yes/no type hypothesis testing procedure for the exis-
tence of trends and does not estimate the slope of trends.
The Mann-Kendall nonparametric test, as described by
Sneyer (1990), was applied in order to detect trends.
The Mann—Kendall test has been widely used by several
researchers to detect trends in hydrological time series
data (Wilks, 1995; Serrano et al., 1999; Brunetti et al.,
2000a, 2000b; Onoz and Bayazit, 2003; Luo et al.,
2008; Pal and Al-Tabbaa, 2010). The magnitude of the
trends was estimated using Sen Slope (Sen, 1968) and
according to Hirsch et al. (1982) Sen’s method was
robust against extreme outliers. The procedures and
equations for Mann—Kendall test statistic and Sen’s
methodology were described by Bandyopadhyay et al.
(2009) and Subash et al. (2011).

Trends methodology

2.4. Rice productivity data

The area, production and productivity of kharif rice
over different states from 1974 to 2009 was taken
from the Directorate of Rice, Ministry of Agricul-
ture, Government of India and is available online at
http://www.dacnet.nic.in. Since long-term yield data is
not readily available for Jharkhand, Chhattisgarh and
Uttarakhand states, the analysis has been done for undi-
vided Bihar, Madhya Pradesh and Uttar Pradesh states.
The major and minor rice growing states are depicted in
Figure 1 and this study is restricted only in 14 major rice
growing states. The production of rice depends on non-
meteorological parameters such as type of seeds used,
crop area, availability of irrigation facilities, fertilizers,
pesticides and also on the government incentives to the
farming sector during the year as well as the previous
year and meteorological parameters such as rainfall, tem-
perature, relative humidity and solar energy. The total
non-meteorological parameters, i.e. the total technolog-
ical inputs to the farming sector have been growing
steadily and are difficult to quantify. Therefore, to know
the pattern of trends and to quantify the growth rate of
total technological inputs to the agricultural sector the
actual yield was fitted into linear model.

To normalize the yield and rainfall data, the following
indices were used.

The Normalized Rice Productivity Anomaly (NRPA)
was taken as the percentage of the technological trend
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Figure 1. Location of major rice growing states of India.

productivity to the actual product. The NRPA for the ith

year is
(Pi — TP,’) * 100

TP;

NRPAi = (1)
where NRPA; is the normalized rice productivity anomaly
for the ith year, P; is the actual productivity for the ith
year and TP; is the technological trend productivity for
the ith year.

The Monthly Rainfall Anomalies (MRA) during June
to September was computed by taking the monthly rain-
fall in terms of percentage deviation from its mean. The
monthly rainfall anomaly for any month is expressed as

(R; — R) % 100
R

where Ra; is the monthly rainfall anomaly for the ith
year, R; is the monthly rainfall for the ith year and R is
the mean monthly rainfall.

Ra; = 2

2.5.

Oceanic Nifio Index (ONI) has become the accepted
criteria that NOAA uses for identifying El Nifio (warm)
and La Nifia (cool) events in the tropical Pacific (Jan Null,
2011). It is the running 3-month mean SST anomaly for
the Niflo 3.4 region (i.e. 5°N-5°S, 120°~170°W). Events
are defined as 5 consecutive months at or above the +0.5°
anomaly for warm (El Nifio) events and at or below the
—0.5 anomaly for cold (La Nifia) events. The threshold
is further broken down into weak (with a 0.5 to <1.0
SST anomaly), moderate (1.0 to <1.5) and strong (>
1.5) events. For the purpose of this study for an event to
be categorized as weak, moderate or strong it must have

El Nifo identification
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equaled or exceeded the threshold for at least 3 months.
The time series of the 3-month Nino Region 3.4 average
ONI is given in Figure 2. Accordingly the El Nifio years
were classified during the study period (Table 1). There
were four moderate and four strong El Nifio events, out
of 36 years study period.

3. Results and discussion

3.1. Observed variability in onset of monsoon
and El Nifio

The time series of date of monsoon onset over India
during the period 1974-2009 is shown in Figure 3.
The average date of monsoon onset over India was 2nd
June with a standard deviation (SD) of about 7days.
During this period, the extreme dates of onset of monsoon
over Kerala were 18 May 1990 and 13 June 2003. The
CV of 42.9% showed higher inter-annual variability and
about 31% of the years (11 years) the date of monsoon
onset took place under earlier/late (&1 SD) category.
Interestingly, no definite trend has been observed for
the date of monsoon onset over India during the study
period. Similarly, no specific trends of the relationship
between El Nifio and date of monsoon onset have
been found during the study period. However, Xavier
et al. (2007) reported that El Nifio years shrinking the
monsoon season by delaying the onset and advancing
the withdrawal during study period 1950—-2003 and also
explained the physical mechanism behind the delay of
onset of monsoon under El Nifio year. The reason for
this contradictory nature of the results may be due to
the difference in the period considered. In our study,
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INFLUENCE OF EL NINO ON RICE PRODUCTIVITY OVER INDIA

2381

82-83
(SE)

M,hf"\

72-73

57-58 (SE)

2 (SE)

65-66
(SE) 91-92

(SM) g4.95

M

97-98 (SM)

1M JA.M
Y

3-Month Nino Region 3,4 Average
o

¥ W WU W v v “ / Y V‘, ' V

-1 64-65
50-51 (M) 70-71 98-9

2 | (M) 5556 (M) 75-76 99-00 07-08 10-11

2 (SL) 73-74 (SL) 88-89 (M) ™) My (M)

(L) (SL)

-3
o o o o o o o
0 @ ~ ® @ Q -
C C C C C C C
© © © © © © ©
) ) ) ) ) ) )

Running 3-Month Mean ONI values

Figure 2. The time series of the 3-month Nino Region 3.4 average ONI. Adopted from http://www.cpc.noaa.gov/products/analysis_
monitoring/ensostuff/ens.

Table 1. Years associated with El Nifio and La Nifia based 16
on the sea surface temperature in the NINO3.4 region of the T ) H |
equatorial Eastern Pacific Ocean. - 1 ?;::UEE;
§ g &-June ~ I k
El Nifio La Nifia E 5 _ mll s H 2-June
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1976 1991 1971 1999 Year
1977 1997 1974 2007
2004 2009 1984 2010 Figure 3. Inter-annual variability of onset of monsoon over Kerala and
2006 1995 ENSO events (w, weak; m, moderate; s, strong ENSO).
2000

Figures in bold indicate the ENSO events during the study period
1974-2009.

all the four weak El Nifio event years, the monsoon
reached over the Kerala coast within the normal period
(2 June &+ 7days) and out of eight moderate and strong
El Niflo years, only 2 years (1986 and 1997) the date of
monsoon onset delayed. Since the arrival of monsoon
is crucial for farmers to plan their farm management
strategies during the kharif season, during El Nifio years
precautionary contingency measures should be prepared
for timely sowing/transplanting of rice crop. A delay
in the date of onset of monsoon over Kerala does not
necessarily mean a delay in monsoon onset over NW
India (Pai and Rajeevan, 2007). However, delayed date of
onset of monsoon during the two El Nifio years affected
the monsoon rainfall in a dissimilar way over India
(Table 2). Even though, there is —10.6% deviation of
monsoon rainfall over India in 1986 (moderate El Nifio),
there was a wide variety of —48.2% over Gujarat to 9.2%
over Orissa. All the states, except Orissa, received less
rainfall during monsoon season. The distribution pattern
showed a high deficit of 30.2% during September over
India. The spatial variability of distribution of rainfall
indicates that all the states, except West Bengal, received

© 2013 Royal Meteorological Society

deficit rainfall during September. During strong El Nifio
and delayed onset caused no deficit in total monsoon
rainfall over India. However, a maximum deficit of
—18.9% occurred over Maharashtra and a maximum
surplus of 39.6% occurred over Gujarat.

3.2. Spatial and temporal variability of monsoon

There exist a large scale spatial and temporal variability
of annual rainfall in major rice growing states of India
(Table 3). Kerala receives a high annual rainfall of
2753.7mm followed by 2268.2 mm at Assam. However,
the low annual rainfall of 585 mm received at Haryana
followed by 671.4mm at Punjab. Even though the CV
of annual rainfall over India stands at 9%, wide spatial
variability of 12% at West Bengal and Karnataka to
30% at Gujarat have been observed. The seasonal cycle
indicates that all the states, except Tamil Nadu, receive
higher rainfall during the monsoon season. Similarly,
the CV during monsoon season is lower compared to
all other seasons in all these states. It is also clear
that the monthly distribution during the monsoon season
shows all these states, except Andhra Pradesh, Orissa,
Karnataka, Madhya Pradesh and Kerala, receive higher
rainfall during the month of July which coincides with
the sowing/transplanting window in these states for rice

Int. J. Climatol. 34: 2378-2392 (2014)
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Table 2. Variation of monthly rainfall anomalies during delayed onset and ENSO event years and its relation to normalized kharif
rice productivity anomaly over important rice growing states and India.

S.no.  Important 1986 — moderate ENSO 1997 — strong ENSO
rice growing
states June July  August September Mon KRPI  June July  August September Mon KRPI
1 West Bengal -59 —135 -20.1 38.9 22 —-9.75 172 -0.9 11.0 33 6.9 3.81
2 Andhra Pradesh  —8.9 —23.7 26.8 —29.3 —83 —14.13 —45.1 =333 =365 68.5 —83 —11.58
3 Uttar Pradesh —-12.4  —115 —12.8 —40.8 —18.2 —3.21 —14.2 212 —14.38 53 1.8 16.88
4 Punjab 620 -—-28.6 7.2 —56.9 —14.9 8.77 —=2.0 =275 54.7 —64.6 -5.5 -0.72
5 Orissa 41.2 31.0 -10.8 —21.1 9.2 —1.03 59 —12.8 61.0 5.2 16.0 10.01
6 Karnataka —-13 =393 12.6 —17.9 —12.1 —-3.21 —11.5 21.1 242 —41.0 2.8 1.08
7 Tamil Nadu —-352 =293 2.8 —18.7 —-17.7 1.02 112 28 =334 —-13.9 —11.9 1.59
8 Assam —343 -212 -—134 —1.1 —19.0 —8.49 266 —193 228 234 0.6 1.66
9 Bihar -9.1 6.5 —25.7 —16.6 —-10.2 1043 434 16.9 25.6 —-21.2 16.2 7.58
10 Haryana 14.8 —58.1 =342 —33.0 —35.7 3.63  39.0 —41.1 34.4 —60.6 —8.2 17.04
11 Maharashtra 11.7  —-17.8 9.9 —41.6 -89 2318 —224 —184 —143 —-21.9 —18.9 3.76
12 Madhya Pradesh ~ 55.6 17.1 =22.0 —53.8 —2.0 -10.14 —12.2 8.1 9.0 0.1 3.7 —12.13
13 Gujarat 36.8 —68.9 —50.0 -97.9 —48.2 -30.56 207.5 =329 25.6 45.5 39.6 3.74
14 Kerala -57 —453 28 —4.4 —-17.3 —-3.61 —43 47.9 35.0 29.6 24.6 -3.92
India 7.5 -92 -—113 —30.2 —10.6 —4.27 9.6 —1.1 9.3 3.2 4.9 2.47

Table 3. Season-wise mean rainfall (mm) and its coefficient of variation (CV) (%) over important rice growing states and India.

S. no. Important Winter Summer Monsoon Post-monsoon Annual
rice growing
states Mean Ccv Mean CvV Mean CvV Mean CcvV Mean CvV
1 West Bengal 31.2 (1.5) 61 2784 (13.5) 23 1594.2 (77.2) 13 160.3 (7.8) 47 2064.1 12
2 Andhra Pradesh 16.6 (1.8) 110 71.9 (8.0) 65  562.4 (62.5) 24 2489 (27.7) 33 899.6 15
3 Uttar Pradesh 31.1 (3.3) 75 40.2 (4.3) 59  818.9 (88.0) 21 40.8 (4.4) 92 930.9 18
4 Punjab 56.9 (8.5) 61 65.5 (9.7) 63 5224 (77.8) 35 26.7 (4.0) 98 671.4 26
5 Orissa 28.7 (2.0) 72 135.8 (9.3) 57 1146.6 (78.7) 18 144.9 (10.0) 67 1456.1 17
6 Karnataka 4.6 (0.3) 126 138.6 (8.1) 50 1357.3 (79.6) 15 204.7 (12.0) 34 1705.2 12
7 Tamil Nadu 36.4 (3.9) 139 123.0 (13.1) 47 309.9 (33.0) 25 469.1 (50.0) 30 938.4 18
8 Assam 51.0 (2.2) 59  567.0 (25.0) 23 1456.8 (64.2) 17 193.4 (8.5) 44 2268.2 14
9 Bihar 30.7 (2.4) 76 103.6 (8.0) 34 1065.1 (82.8) 16 87.5 (6.8) 63 1286.9 14
10 Haryana 36.4 (6.2) 67 532 (9.1) 71 4755 (81.3) 33 19.8 (3.4) 114 585.0 27
11 Maharashtra 14.4 (1.6) 94 36.6 (4.1) 65  728.6 (82.5) 19 103.5 (11.7) 59 883.1 17
12 Madhya Pradesh ~ 26.6 (2.4) 82 33.7 3.1) 58  979.5 (89.1) 16 58.9 (5.4) 65 1098.7 15
13 Gujarat 4.0 (0.6) 166 10.3 (1.5) 163 651.5 (93.2) 34 33.2 (4.8) 115 698.9 30
14 Kerala 26.7 (1.0) 113 368.1 (13.4) 39 1848.9 (67.1) 18  510.0 (18.5) 29 2753.7 13
India 22.5 (2.1) 49 97.5 (9.1) 22 830.8 (77.4) 10 123.1 (11.5) 24 1073.9 9

The numbers in parenthesis indicate the percent contribution to annual rainfall.

Table 4. Monthly distribution of monthly mean rainfall (mm), standard deviation (SD) (mm) and coefficient of variation (CV)
(%) over important rice growing states and India.

S.no.  Important June July August September
rice growing
states Mean + SD Ccv Mean + SD Ccv Mean + SD Ccv Mean + SD Ccv
1 West Bengal 3455+73.6 (16.7) 21  503.9+74.8 (244) 15 400£99.8 (19.4) 25 344.8+102.2 (16.7) 30
2 Andhra Pradesh ~ 100.34+44.6 (11.1) 44  148.1+£62.4 (16.5) 42 159.4+56 (17.7) 35 154.6+654(17.2) 42
3 Uttar Pradesh 116.5+63.3 (12.5) 54  2782+£87.7(29.9) 32 251.9+72.6 27.1) 29 1723+£72.8 (18.5) 42
4 Punjab 709+51.5 (10.6) 73 193.3+£103.1 (28.8) 53 161.5+74.2 (24.0) 46 96.7+86.5 (14.4) 89
5 Orissa 219.14+£82.5(15.0) 38  331.9+103.4 (22.8) 31 369.24+108.7 (25.4) 29  226.5+80.8 (15.6) 36
6 Karnataka 42194924 (24.7) 22 419.4+£102.6 24.6) 24 320.8+81.5 (18.8) 25 1953+86.1 (11.5) 44
7 Tamil Nadu 46.5+£30.5 (5.0) 66 63.2+28.2 (6.7) 45 81.7+34.8 (8.7) 43 118.5+44 (12.6) 37
8 Assam 391.1+£97.7 (17.2) 25 4419+£1179 (19.5) 27 336 £90 (14.8) 27 287.9+86.5(12.7) 30
9 Bihar 197.9+£82.9 (15.4) 42  347.5+£834(27.0) 24 296 +71 (23.0) 24 22374773 (174) 35
10 Haryana 69.7+36.4 (11.9) 52 17534909 (30.0) 52 152.9+80 (26.1) 52 77.6+58.2 (13.3) 75
11 Maharashtra 153£48.1 (17.3) 31  211.44£59.1 (23.9) 28 206.2+62.1 (23.4) 30 1579+77.7 (17.9) 49
12 Madhya Pradesh  161.44+69.2 (14.7) 43  317.7+£68.9 (28.9) 22 331.5+£81.5(30.2) 25 1689+77.7 (154) 46
13 Gujarat 11834+79.3 (16.9) 67 244.1+113.4 (349) 46 195.8+£105.5 (28.0) 54 933+79.1 (13.3) 85
14 Kerala 647.5+186.2 (23.5) 29 578.7+£175.9 (21.0) 30 374.1+114.6 (13.6) 31 248.5+138.5(9.0) 56
India 16534335 (154) 20 2625+37.7 (244) 14 240.6+30.2 (22.4) 13 1624+£34.2 (15.1) 21

The numbers in parenthesis indicate the percent contribution to annual rainfall.

© 2013 Royal Meteorological Society
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Table 5. Percentage of trend from mean for monthly, seasonal and annual rainfall over major rice growing states during the study

period.

S. no. Important Percent deviation from mean

rice growing

states June July August September Monsoon Annual

1 West Bengal 18.1 —5.8 17.0 4.6 5.0 6.0
2 Andhra Pradesh —-17.2 —47.2% -94 8.8 -9.6 —-3.8
3 Uttar Pradesh 39.3 —16.5 —14.7 —11.7 —12.9 —10.0
4 Punjab 46.9 —36.7 —51.8 -2.5 —32.8 —29.5
5 Orissa 29.2 33.1% 1.8 32.7 26.6* 30.5%*
6 Karnataka —6.2 —21.5 -29.0 -9.2 —11.8 —6.7
7 Tamil Nadu 10.1 —34.4 16.7 —35.5 —16.0 12.3
8 Assam —6.6 —35.5%%* -0.7 —19.2 —15.6 -3.6
9 Bihar 40.6 —15.8 17.9 —6.0 2.1 5.7
10 Haryana 53.8 —69.7% —34.1 33.7 —28.1 —19.6
11 Mabharashtra 6.2 0.9 —13.5 27.3 34 —1.1
12 Madhya Pradesh 14.6 8.3 —39.4%%* —-1.2 —12.2 —11.0
13 Gujarat —6.5 50.4 —14.8 20.4 18.3 8.4
14 Kerala —25.8% —6.2 —35.3% 254 —14.7 —0.4

India 14.3 —6.5 —13.2 6.5 -3.5 0.6

* %% indicate statistical significance at 95% and 99% confidence level,
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Figure 4. Variability of actual kharif rice productivity and its trends during the study period over major rice growing states as well as India.
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(Table 4). During the middle of the season, during trend. But, large spatial variations observed over the
the last week of July/first week of August, most of states (Table 5). A significant increasing trend of 26.6
the rivers/dams will normally be replenished. However, and 30.5%, respectively over normal rainfall has been
Andhra Pradesh, Orissa and Madhya Pradesh received the  observed during monsoon and annual rainfall over Orissa.
highest rainfall during August, shows the shift of rainfall The majority of states (Andhra Pradesh, Uttar Pradesh,
pattern (Guhathakurta and Rajeevan, 2006). Interestingly, Punjab, Karnataka, Tamil Nadu, Assam, Haryana, Mad-
Karnataka and Kerala receive higher rainfall during hya Pradesh and Kerala) shows decreasing trend in mon-
June, whicb may be due t.o coincidence of pre-monsoon  ¢,on rainfall and only in five states, namely, West Bengal,
showers with monsoon rains. Orissa, Bihar, Maharashtra and Gujarat show an increas-

ing trend. June rainfall has shown decreasing trend for
3.3. Trends in monsoonal rainfall five states (Andhra Pradesh, Karnataka, Assam, Gujarat
The all India annual, monsoon and monthly rainfall and Kerala) and significant decreasing trend of —25.8%
for the monsoon months do not show any significant over Kerala. But, July rainfall has decreased for most of
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Figure 5. Variability of normalized monsoon rainfall anomaly and normalized kharif rice productivity during the study period over major rice
growing states as well as India.
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the states with significant decrease of —69.7 and —47.2%,
respectively over Haryana and Andhra Pradesh. How-
ever, Orissa has shown a significant increasing trend of
33.1% during this period. Out of 14 states, 10 states show
decreasing trend in rainfall in July and since July is the
most important month as far as the rice crop is con-
cerned and almost all the places the ‘sowing/transplanting
window’ falls during this month and thereby decreas-
ing trend in rainfall may be a threat to sustainable rice
cultivation. A significant decreasing trend of —39.4 and
—35.3%, respectively have been noticed over Madhya
Pradesh and Kerala during August. However, no sig-
nificant trend has been observed during September in
any of the States. Interestingly, Karnataka and Assam
show a decreasing trend in rainfall in all the four mon-
soon months. Andhra Pradesh, Uttar Pradesh, Punjab and

2385

Kerala show decreasing trend in rainfall in three consec-
utive monsoon month’s rainfall.

3.4. Relation between normalized rice productivity
anomaly and normalized monsoon rainfall anomaly

The kharif rice productivity of all the states as well as
India was fitted into the linear model (Figure 4). There
exists a large inter-annual variability of normalized rice
productivity anomaly in all the states (Figure 5). Inter-
estingly, India as a whole, the anomaly confined within
4+20%. However, in Punjab, Haryana, Uttar Pradesh,
Andhra Pradesh and Gujarat, the anomaly reached above
4+50% in some of the years. The relation between nor-
malized rice productivity anomaly and normalized mon-
soon rainfall anomaly shows monsoon rainfall contributes
48% (squares of the correlation coefficient) variations in
rice productivity over India. Despite 56% rice area being
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Figure 6. Relation between normalized monsoon rainfall anomaly and

normalized kharif rice productivity anomaly over major rice growing

states as well as India.
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under irrigation in India, 48% contribution of monsoon
rainfall to productivity indicates the importance of mon-
soon rainfall. However, this varies from states to states
and no uniform relation exists between monsoon rainfall
and rice productivity. This may be due to two reasons;
one is the difference in percent of irrigated area as well
as the irrigation facilities created in these states and the
other is the variation of the crop growing period in these
states. The percent area under irrigation in rice growing
states varies from 4.6% in Assam to 99.9% in Haryana.
Andhra Pradesh, Punjab, Tamil Nadu has more than 90%
and Uttar Pradesh and Karnataka have more than 70%
irrigated area. This may be the reason for the large varia-
tion of correlation coefficients between productivity and
monsoon rainfall anomaly (Figure 6). In some states,
especially, Punjab, Haryana and Assam got a negative
relationship with monsoon rainfall.

3.5.

As far as India is concerned, out of 8 El Nifio years,
6 years received deficit rainfall during monsoon season.

El Nifio and spatial variability of monsoon rainfall

AND B. GANGWAR

But the quantity of deficit varies from —20.3% in 2002
to —5.5% in 1991 (Tables 6 and 7). The monthly dis-
tribution of monsoon rainfall shows higher frequency
of the deficit during July and September. Interestingly,
all El Nifio years, except in 1997, September received
deficit in rainfall which indicate the early withdrawal
of monsoon. The spatial variability of rainfall during
moderate and strong El Nifio years indicates that there
exists a wide variation. During moderate El Nifio years,
Andhra Pradesh, Uttar Pradesh and Tamil Nadu received
deficit monsoon rainfall in all the years and Karnataka,
Assam, Haryana, Punjab, Maharashtra, Madhya Pradesh,
Gujarat and Kerala received deficit monsoon in 3 years
(Table 8). During strong El Nifio years, the scenario is
different and Punjab, Haryana and Maharashtra received
deficit monsoon rainfall in all the years while Andhra
Pradesh, Tamil Nadu, Bihar, Madhya Pradesh and Gujarat
received deficit monsoon in 3 years. The monthly distri-
bution pattern also shows no clear trend in deficit rainfall
during moderate and strong El Nifio years. However,
Andhra Pradesh received negative rainfall anomaly in

Table 6. State-wise monthly normalized rainfall anomalies during monsoon season and normalized kharif rice productivity
anomalies in moderate ENSO years.

S.no.  Important Year 1986 Year 1987

rice growing

states June July  August September Mon NKRP  June July  August September Mon NKRP

1 West Bengal —-6.0 —13.5 —20.1 39.0 —2.2 —-9.7 —-0.3 12.3 71.1 8.4 23.5 —6.8
2 Andhra Pradesh —8.9 —23.7 26.8 —29.3 -83 —14.1 -37.0 -30.1 6.3 —-50.6 —26.7 0.7
3 Uttar Pradesh —124 —-114 —12.8 —40.8 —18.2 —32 =839 —423 -30.1 —0.6 —35.7 —6.0
4 Punjab 62.1 —28.6 7.2 —-56.9 —14.9 8.8 —62.5 —-80.0 —52.7 —-90.4 —71.1 2.1
5 Orissa 41.3 309 -—10.8 —21.1 9.2 —1.0 —44.6 27.6 —449 —29.2 —-20.7 -26.0
6 Karnataka —1.3 =393 12.6 —-17.9 —12.1 —3.2 11.0 -234 114 —41.2 -7.0 —129
7 Tamil Nadu —353 =293 2.8 —18.6 —17.7 1.0 69 —-744 —169 2.1 —17.8 -2.9
8 Assam —-343 =212 -—134 —1.1 —19.0 —8.5 13.6 26.3 —2.4 47.0 20.4 0.8
9 Bihar —9.1 6.5 —25.7 —16.6 —10.2 104 —47.5 16.0 65.6 46.8 245 —13.9
10 Haryana 14.8 —58.1 =342 —33.0 —35.6 3.6 —43.0 -—-87.9 —-54.0 —85.7 —70.1 2.1
11 Mabharashtra 11.7 —-17.8 9.9 —41.6 -89 232 —-19.5 =369 14.3 —-72.3 —-264 —16.9
12 Madhya Pradesh ~ 55.6 172 =220 —53.8 -2.0 -—-10.1 —-56.2 -92 —11.5 4.0 —15.4 —6.3
13 Gujarat 369 —68.9 —50.0 —-97.9 —482 -306 -—-584 -—-71.4 —51.7 —96.5 —66.7 -36.9
14 Kerala —5.7 —453 —-2.8 —4.4 —-17.3 -3.6 -2.9 -58.9 14.9 —35.8 —21.2 —3.8

India 7.4 -9.1 —11.7 —29.7 —10.6 —-43 =299 -21.2 -2.0 —14.9 —16.1 -7.8
S.no.  Important Year 1994 Year 2002

rice growing

states June July  August September Mon NKRP  June July  August September Mon  NKRP

1 West Bengal 42 =254 —5.6 —359 —16.3 5.1 —0.4 19.9 7.3 —10.0 5.9 4.4
2 Andhra Pradesh —40.3 -0.6 —6.5 —66.5 —27.5 1.2 —15.1 —-61.3 —8.4 —55.1 —-36.4 —10.5
3 Uttar Pradesh —14.0 16.9 —5.1 -35.0 —-5.2 8.2 —=50.0 -74.6 —-5.2 43.1 —-25.0 -9.9
4 Punjab —11.3 63.3 65.3 —25.1 37.4 03 —38.8 —454 -31.9 53.2 —22.1 —4.8
5 Orissa 37.7 41.7 39.0 15.1 34.8 17.1 —=13.1 =509 —-10.6 -0.5 —20.7 —45.8
6 Karnataka 31.1 21.5 —1.2 —50.6 8.8 7.6 —-09 -599 -—-174 —49.5 —-30.0 —14.6
7 Tamil Nadu —65.2 —55 —41.2 —44.0 —38.6 14.7 23.0 —-609 —-324 —48.5 —-36.1 —-22.1
8 Assam 126 —28.1 —6.6 —11.0 —8.8 6.1 7.1 35 —143 —20.5 —4.4 1.8
9 Bihar 46.7 —-1.7 26.5 —17.8 11.8 3.1 —-364 -31.8 =245 —6.8 —25.4 7.0
10 Haryana 14.8 89.3 32.3 —58.1 36.0 173 =362 —828 —11.2 55.3 —30.4 13.5
11 Maharashtra 27.5 16.7 —4.4 —16.7 5.7 1.0 86.8 —68.3 22.6 —28.7 —1.5 =246
12 Madhya Pradesh 106.5 54.5 33.2 6.5 47.6 27.4 —4.6 —71.7 20.6 —10.6 —18.8 —-354
13 Gujarat 51.3 50.4 8.3 162.5 54.0 8.0 723 —-874 —-7.7 —42.9 —-28.1 =279
14 Kerala 23.6 39.9 23.3 -30.9 21.3 —1.5 —189 —-54.6 9.5 —62.1 -30.1 —0.7

India 31.5 22.6 114 —10.5 14.7 9.0 44 —-552 —-1.2 —17.8 —-20.3 —13.8
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Table 7. State-wise monthly normalized rainfall anomalies during monsoon season and normalized kharif rice productivity
anomalies in strong ENSO years.

S.no.  Important Year 1982 Year 1991

rice growing

states June July  August September Mon NKRP  June July  August September Mon NKRP

1 West Bengal -177  —-19 -=28.0 —40.8 —-20.3 -329 214 —113 -10.6 54.3 10.2 10.1
2 Andhra Pradesh 0.9 20.3 374 —11.2 —8.2 9.4 832 7.0 -293 —0.8 45 —-04
3 Uttar Pradesh —27.6 343 42.6 21.1 20 —-102 -325 -—54.6 233 —32.1 —22.8 8.7
4 Punjab —71.4 —483 33.0 —96.7 —35.2 8.2 240 —46.9 3.0 —48.8 222 0.0
5 Orissa —14.4 —43.6 553 —44.5 —63 =292 346 33.8 22.0 —18.1 6.7 23.3
6 Karnataka -9.9 10.7 50.9 —-39.3 6.6 —14 22.8 24.8 5.0 —52.1 8.4 2.0
7 Tamil Nadu —49 —40.7 -60.2 —40.2 —40.3 —-49 1622 —-0.8 -204 3.8 20.2 4.2
8 Assam 7.0 =207 2.5 -2.5 —4.3 5.0 126 =313 1.2 31.5 0.4 2.5
9 Bihar —6.1 =327 —15.8 —39.1 —244 -265 8.1 =346 9.7 16.3 —6.7 =218
10 Haryana —552 -39.6 13.7 —-95.2 —33.8 10.5 7.5 =705 16.9 —48.5 274 18.9
11 Maharashtra —447 =02 —40.1 53 —-19.7 -10.4 48.9 19.1 —38.8 =73.1 —-11.0 -124
12 Madhya Pradesh —42.6 —18.3 46.2 —25.9 -1.8 —-129 -209 10.1 11.8 —62.7 =7.0 8.1
13 Gujarat -850 9.2 244 —79.8 377 —-122 =525 31.8 —399 —72.8 —-20.0 —153
14 Kerala 103  —13.1 21.5 —68.9 5.4 1.6 66.8 22.7 9.9 —81.6 21.5 43

India -21.6 —17.6 11.0 —25.1 —11.5 —114 86 32 —4.5 —25.2 —5.5 4.7
S.no.  Important Year 1997 Year 2009

rice growing

states June July  August September Mon NKRP  June July  August September Mon NKRP

1 West Bengal 17.1 -0.9 11.0 33 6.9 3.8 —-389 -25.1 12.4 —34.2 —-20.6 —4.7
2 Andhra Pradesh —452 -333 —-36.5 68.5 -83 —11.6 —-39.7 =537 -16.0 8.4 —-235 24
3 Uttar Pradesh —14.2 212 —148 53 1.8 169 =757 —46.6 —25.6 —24.5 -39.6 —10.1
4 Punjab —-2.0 =275 54.7 —64.6 -55 =07 -827 —17.7 —49.7 —30.2 —38.7 1.3
5 Orissa 59 —12.8 61.0 —5.3 16.0 10.0 —55.6 88.5 213 —29.0 24 11.3
6 Karnataka —11.5 21.1 24.2 —41.0 2.8 1.1 —44.0 40.9 =255 70.2 3.0 -10.0
7 Tamil Nadu 11.2 2.8 —334 —13.9 —11.9 1.6 -21.1 —-179 19.5 3.0 -0.5 2.6
8 Assam 26.5 —193 228 234 0.6 1.7 —-403 -33.1 12.9 —45.8 —-27.0 =03
9 Bihar 43.4 16.9 25.6 -21.2 16.2 7.6 —583 —36.1 2.7 —17.2 255 —159
10 Haryana 39.0 —41.1 34.5 —60.6 —8.2 170 =747 =575 —67.1 111.6 —35.5 24.7
11 Maharashtra —224 —184 —143 -21.9 —18.9 3.8 —56.4 8.1 =341 —8.6 -21.0 74
12 Madhya Pradesh —12.2 8.1 9.0 0.1 3.7 —12.1 —69.2 154 —442 —25.7 —258 82
13 Gujarat 207.6 =329 25.6 45.4 39.6 3.7 —68.6 65.0 —49.4 —67.2 —12.6 6.2
14 Kerala —4.2 47.9 35.0 29.6 246 -39 =320 364 —38.8 14.6 =5.7 5.5

India 9.6 —1.0 8.8 3.8 4.9 2.5 =527 33 =253 —14.7 —-19.6 —438

Table 8. Spatial variability of frequency of deficit/negative rainfall anomaly during monsoon months and season in moderate and
strong ENSO years.

Month/Season

Four years negative rainfall anomaly

Three years negative rainfall anomaly

Moderate ENSO years
June

Andhra Pradesh, Uttar Pradesh

West Bengal, Punjab, Bihar, Kerala

July Andhra Pradesh, Tamil Nadu Uttar Pradesh, Punjab, Karnataka, Haryana,
Maharashtra, Gujarat, Kerala (India)
August Uttar Pradesh, Assam Punjab, Orissa, Tamil Nadu, Haryana, Gujarat (India)
September Andhra Pradesh, Uttar Pradesh, Punjab, Orissa, Tamil Nadu, Bihar
Karnataka, Maharashtra, Kerala (India)
Monsoon Andhra Pradesh, Uttar Pradesh, Tamil Nadu Punjab, Karnataka, Assam, Haryana, Maharashtra,

Strong ENSO years
June

Uttar Pradesh, Madhya Pradesh

Madhya Pradesh, Gujarat, Kerala (India)

Punjab, Orissa, Karnataka, Bihar, Maharashtra, Gujarat

July West Bengal, Punjab, Assam, Haryana Andhra Pradesh, Uttar Pradesh, Tamil Nadu, Bihar
(India)

August Andhra Pradesh, Maharashtra Tamil Nadu, Gujarat

September Punjab, Orissa Karnataka, Bihar, Haryana, Maharashtra, Madhya
Pradesh, Gujarat (India)

Monsoon Punjab, Haryana, Maharashtra Andhra Pradesh, Tamil Nadu, Bihar, Madhya Pradesh,

Gujarat (India)
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Figure 7. Spatial variability of rainfall and rice productivity during moderate and strong ENSO event years during delayed onset over India.

June, July and September months while Uttar Pradesh
received deficit rainfall anomaly during two consecutive
months (August and September) during all the moderate
El Nifio years. It is also clear from the spatial variability
of the frequency of occurrence of deficit rainfall shows
that Punjab and Kerala received deficit rainfall during
June and July in three years. As far as strong El Nifio
years, Punjab received deficit rainfall in July and Septem-
ber in all the years.

© 2013 Royal Meteorological Society

3.6. Onset of monsoon, El Nifio and rice productivity

The effect of delayed onset of monsoon and El Nifio event
influenced the rice productivity over India differently in
moderate and strong El Nifio years. In 1986 (moderate),
rice productivity falls below trend productivity while in
1997 (strong) rice productivity touched above trend pro-
ductivity. However, there exists wide spatial variation
among the rice growing states (Figure 7). During 1986,

Int. J. Climatol. 34: 2378-2392 (2014)
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Table 9. State-wise average monthly normalized rainfall anomalies during monsoon season and normalized kharif rice productivity
anomalies in moderate and strong ENSO years.

S. no. Important rice growing states Average-moderate ENSO
June July August September Mon NKRP

1 West Bengal —0.6 —-1.7 13.2 0.4 2.7 —-1.8
2 Andhra Pradesh —253 —28.9 4.5 -50.4 —24.7 —5.7
3 Uttar Pradesh —40.1 —27.8 —13.3 —8.3 —-21.0 —-2.7
4 Punjab —-12.6 —22.7 —6.6 —29.8 —17.7 1.6
5 Orissa 53 12.3 —6.8 -89 0.6 —13.9
6 Karnataka 10.0 —25.3 1.3 —39.8 —10.1 —5.8
7 Tamil Nadu —17.6 —42.5 -21.9 —27.3 —27.5 -2.3
8 Assam -0.3 —-4.9 -9.2 3.6 -29 0.1
9 Bihar —11.6 —2.7 10.5 1.4 0.2 1.7
10 Haryana —12.4 —-349 —16.8 -30.4 —-25.0 8.1
11 Maharashtra 26.7 —26.6 10.6 —39.8 —-7.8 —15.9
12 Madhya Pradesh 253 -23 5.1 —13.5 2.8 —6.1
13 Gujarat 25.5 —44.3 —253 —18.7 —-22.2 -21.9
14 Kerala -0.9 —29.7 11.2 —-333 —11.8 —2.4

India 33 —15.8 -0.3 —18.8 —8.1 —4.2
S. no. Important rice growing states Average-strong ENSO

June July August September Mon NKRP

1 West Bengal —4.5 —-9.8 -3.8 —4.3 —6.0 -59
2 Andhra Pradesh -0.2 —18.5 —29.8 16.2 —8.9 —-1.2
3 Uttar Pradesh -37.5 —28.6 6.4 —7.6 —14.7 1.3
4 Punjab —33.0 —35.1 10.2 —60.1 —-254 2.2
5 Orissa —24.7 16.5 29.3 —24.2 4.7 3.9
6 Karnataka —10.6 24.4 13.7 —15.5 5.2 —2.1
7 Tamil Nadu 36.8 —14.1 —23.7 —11.8 —8.1 0.9
8 Assam 1.4 —26.1 —1.5 1.6 —7.6 2.2
9 Bihar -7.3 —21.6 5.6 —15.3 —10.1 —14.2
10 Haryana —20.9 —52.2 -0.5 —23.2 —26.2 17.8
11 Maharashtra —18.6 2.2 -31.8 —24.6 —17.6 —6.6
12 Madhya Pradesh -36.2 3.9 5.7 —28.5 -7.7 —6.3
13 Gujarat 0.4 13.7 -22.0 —43.6 =77 —4.4
14 Kerala 10.2 23.5 6.9 —26.6 8.7 1.9

India —14.0 —4.7 -2.1 —15.7 -7.9 -23

highest negative anomaly of —30.6% noticed in Gujarat
followed by 23.2% in Maharashtra. Interestingly, the
higher productivity states Punjab and Haryana and lower
productivity state Bihar noticed positive rice productivity
anomaly and all other states recorded negative anomaly.
However, during 1997 all states, except Madhya Pradesh,
Andhra Pradesh, Punjab and Kerala recorded positive
anomaly. Thus, the delayed onset of monsoon along
with El Nifio have a mixed influence on rice produc-
tivity over different rice growing states as well as over
India.

3.7. El Nifio and rice productivity

To quantify the effect of El Nifio on monthly rainfall and
rice productivity, the average monthly normalized rainfall
anomaly and average normalized kharif rice productivity
during moderate and strong El Nifio years are computed
(Table 9). On an average, there is a deficit monsoon rain-
fall of —8.1% over India which influenced the rice pro-
ductivity of the order of —4.2% during moderate El Nifio
years while a deficit rainfall of —7.9% influenced the
rice productivity of the order of —2.3% during strong El
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Nifio years. The higher deficit of rice productivity during
moderate El Nifio years might be due to a higher rainfall
deficit of —15.8% during July, which is the main sow-
ing window of rice crop in majority of the states. There
exists a wide spatial variability of normalized kharif rice
productivity anomaly during the moderate El Nifio event,
with a maximum of —21.9% over Gujarat followed by
—15.9% at Maharashtra. However, during the strong El
Nifio event, there is a maximum of —14.2% at Bihar and
—6.6% over Maharashtra. To know what extent rainfall
can explain the difference in rice productivity between
the states, the normalized rice productivity anomaly plot-
ted against the normalized monthly rainfall anomaly of
all the states during one strong and moderate El Nifio
years (Figure 8). It shows there are a lot of variability
in each month among the states. The correlation between
normalized monthly rainfall anomaly and rice produc-
tivity anomaly during the El Nifio years indicated that
in July, rainfall explains 71% of the variations in rice
productivity.
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Figure 8. Relation between normalized rainfall anomaly during monsoon months and normalized kharif rice productivity anomaly during ENSO
years. The position dots indicate the relation between normalized rainfall anomaly during monsoon months and normalized kharif rice productivity
anomaly. The circle indicates that most of the points are clustered around this area in July, August and September.

4. Conclusions

This study examined the effect of El Nifilo on the
date of monsoon onset over India, quantity of monsoon
rainfall and its distribution during June to September
and its spatial variability pertaining to main rice growing
states. This study also demonstrated the assessment of El
Nifio episodes on rice productivity over different states
during moderate and strong El Nifio years. No specific
trends of the relationship between El Nifio and date of
monsoon onset have been found during the study period
1974-2009. Date of onset of monsoon delayed only once
in each out of four moderate and strong El Nifio years.
Interestingly, delayed date of onset of monsoon during
the two El Nifio years affected the monsoon rainfall and
its distribution in a dissimilar way over India. Similarly,
the spatial variation over different rice growing states
also shows no definite pattern during these 2 years. It
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has also emerged that the delayed onset of monsoon
along with El Nifio have a mixed influence on rice
productivity over different rice growing states as well as
over India.

Out of 14 states, 10 states show decreasing trend
in July rainfall (3 states, Andhra Pradesh, Assam and
Haryana are showing statistically significant), which
derail sowing/transplanting operations because almost
all the states the ‘sowing/transplanting window’ falls
during this month and this may be threat to sustainable
rice cultivation in these states. Hence, site specific
contingency plans incorporating low water low-cost
sowing/transplanting technologies may be prepared. The
simple correlation between normalized rice productivity
anomaly and normalized monsoon rainfall anomaly
shows monsoon rainfall contributes 48% variation in rice
productivity over India. Analysis of El Nifio impact on
spatial rice productivity may be useful for formulating
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farm management planning and policy decisions. Since
the El Nifo affect the rice productivity spatially, site
specific management practices such as balanced nutrient
application, varietal selection, moisture conservation
measures, cost-effective need based irrigation strategies
and popularizing suitable household/small farm level
integrated farming system models should be explored to
minimize/reduce the climatic risk.

Acknowledgements

The authors are grateful to Indian Council of Agricul-
tural Research for providing the necessary funds under
the National Initiative on Climate Resilient Agriculture
(NICRA) project to carry out this study. We are thankful
to the three anonymous reviewers who have made critical
comments and suggestions to improve the manuscript.

References

Ashok K, Guan Z, Yamagata T. 2001. Impact of the Indian Dipole
on the relationship between the Indian monsoon rainfall and ENSO.
Geophys. Res. Lett. 28(3): 4499-4502.

Auffhammer M, Ramanathan V, Vincent JR. 2012. Climate change,
the monsoon, and rice yield in India. Clim. Change 111: 411-424.

Bamzai AS, Shukla J. 1999. Relationship between Eurasian snow
cover, snow depth and the Indian summer monsoon: an observational
study. J. Climate 12: 3117-3132.

Bandyopadhyay A, Bhadra A, Raghuwanshi NS, Singh R. 2009.
Temporal trends in estimates of reference evapotranspiration over
India. J. Hydrol. Eng. 14(5): 508-515.

Barnett TP. 1983. Interaction of the monsoon and Pacific trade wind
system at interannual time scales part I: the equatorial zone. Mon.
Weather Rev. 111(4): 756-773.

Behera SK, Yamagata T. 2001. Subtropical SST dipole events in the
Southern Indian Ocean. Geophys. Res. Lett. 28: 327-330.

Brunetti M, Buffoni L, Maugeri M, Nanni T. 2000a. Precipitation
intensity trends in northern Italy. Int. J. Climatol. 20: 1017-1031.
Brunetti M, Buffoni L, Maugeri M, Nanni T. 2000b. Trends of
minimum and maximum daily temperatures in Italy from 1865 to

1996. Theor. Appl. Climatol. 66: 49—-60.

Cane MA, Eshel G, Buckland RW. 1994. Forecasting Zimbabwean
maize yield using eastern equatorial Pacific sea surface temperature.
Nature 370: 204-205.

Chand R, Raju SS. 2009. Dealing with effect of monsoon failures.
Econ. Polit. Weekly XLIV(41): 29-34.

Cherchi A, Navarra A. 2012. Influence of ENSO and of the Indian
Ocean Dipole on the Indian summer monsoon variability. Climate
Dynam., DOI: 10.1007/s00382-012-1602-y.

Cochran WG. 1952. Chi-square test of goodness of fit. Ann. Math. Stat.
23: 315.

Gadgil S. 1996. Climate change and agriculture. In Climate Variability
and Agriculture. An Indian Perspective, Abrol YR, Gadgil S, Pant
GB (eds). Narosa: New Delhi, India; 1-18.

Gadgil S, Gadgil S. 2006. The Indian Monsoon, GDP and agriculture.
Econ. Polit. Weekly XLI: 4887-4895.

Gadgil S, Abrol YP, Seshagiri Rao PR. 1999. On growth and fluctuation
of Indian foodgrain production. Curr. Sci. 76: 548—-556.

Gadgil S, Vinaychandran PN, Francis PA, Gadgil S. 2004. Extremes of
Indian summer monsoon rainfall, EL NINO, equatorial Indian Ocean
Oscillation. Geophys. Res. Lett. 31, DOI: 10.1029/2004GL019733.

Guhathakurta P, Rajeevan M. 2006. Trends in the rainfall pattern over
India. NCC Res. Rep. 2: 1-25.

Hansen JW, Hodges AW, Jones JW. 1998. EL NINO influences
on agriculture in the south-eastern united states. J. Climate 11:
404-411.

Hirsch RM, Slack JR, Smith RA. 1982. Techniques of trend analysis
for monthly water quality data. Water Resour. Res. 18(1): 107—121.

Jan  Null. 2011. ElI Nifio and La Nifia Intensities.
http://ggweather.com/EINifio/oni.htm.

© 2013 Royal Meteorological Society

2391

Joseph PV, Sooraj KP, Rajan CK. 2006. The summer monsoon onset
over process over South Asia and an objective method for the date
of monsoon onset over Kerala. Int. J. Climatol. 26: 1871-1893.

Kane RP. 2005. Unstable EL NINO relationship with Indian regional
rainfall. Int. J. Climatol. 26(6): 771-783.

Kendall MG. 1975. Rank Correlation Methods. Charles Griffin: Lon-
don, UK.

Kripalani RH, Kulkarni A, Sabade SS, Khandelkar ML. 2003. Indian
monsoon variability in a global warming scenario. Nat. Hazards 29:
189-206.

Krishna Kumar K, Rajagopalan B, Cane M. 1999. On the weakening
relationship between the Indian monsoon and EL NINO. Science
284: 2156-2159.

Krishna Kumar K, Balaji R, Hoerling M, Bates G, Cane M. 2006.
Unraveling the mystery of Indian monsoon failure during El Nifo.
Science 314: 115-119.

Krishna Kumar K, Kamala K, Rajagopalan B, Hoerling MP, Eischeid
JK, Patwardhan SK, Srinivasan G, Goswami BN, Nemani R. 2010.
The once and future pulse of Indian Monsoonal climate. Climate
Dynam., DOI: 10.1007/s00382-010-0974-0.

Krishnamurthy V, Goswami BN. 2000. Indian monsoon-El Nifio
relationship on interdecadal timescale. J. Climate 13(3): 579-595.
Kumar KK, Kumar KR, Ashrit RG, Deshpande NR, Hansen JW.
2004. Climate impacts on Indian Agriculture. Int. J. Climatol. 24:

1375-1393.

Luo Y, Liu S, Fu S, Liu J, Wang G, Zhou G. 2008. Trends of
precipitation in Beijiang River Basin, Guangdong province, China.
Hydrol. Process. 22: 2377-2386.

Maity R, Kumar DN. 2006. Bayesian dynamic modelling for monthly
Indian summer monsoon rainfall using El Nifio-Southern Oscillation
(EL NINO) and Equatorial Indian Ocean Oscillation (EQUINOO).
J. Geophys. Res. 111: D07104.

Mann HB. 1945. Non-parametric test against trend. Econometrica 13:
245-259.

Mooley DA, Parthasarathy B. 1984a. Fluctuations in All-India summer
monsoon rainfall during 1871-1978. Clim. Change 6: 287-301.
Mooley DA, Parthasarathy B. 1984b. Indian summer monsoon and EIl

Nino. Pure Appl. Geophys. 121: 339-352.

Mooley DA, Parthasarathy B, Sontakke NA, Munot AA. 1981. Annual
rain-water over India, its variability and impact on the economy. J.
Climatol. 1: 167-186.

Onoz B, Bayazit M. 2003. The power of statistical tests for trend
detection. Turk. J. Eng. Environ. Sci. 27: 247-251.

Pai DS. 2003. Teleconnections of Indian summer monsoon with global
surface air temperature anomalies. Mausam 54: 407-418.

Pai DS, Rajeevan M. 2007. Indian summer monsoon onset: variability
and prediction. NCC Res. Rep. 6: 1-27.

Pal I, Al-Tabbaa A. 2010. Regional changes in extreme monsoon
rainfall deficit and excess in India. Dynam. Atmos. Oceans 49:
206-214.

Pant GB, Rupakumar K. 1997. Climates of South Asia. John Wiley &
Sons: Chichester, UK.

Parthasarathy B, Pant GB. 1985. Seasonal relationship between Indian
summer monsoon rainfall and southern oscillation. J. Climate 5:
369-378.

Parthasarathy B, Sontakke NA, Munot AA, Kothawale DR. 1987.
Droughts/floods in the summer monsoon season over different
meteorological subdivisions of India for the period 1871-1984. J.
Climatol. 7: 57-70.

Parthasarathy B, Munot AA, Kothawale DR. 1988. Regression model
for estimation of Indian food grain production from Indian summer
monsoon rainfall. Agr. Forest. Meteorol. 42: 167—-182.

Parthasarathy B, Sontakke NA, Munot AA, Kottawale DR. 1990.
Vagaries of Indian monsoon rainfall and its relationships with
regional/global circulations. Mausam 41: 301-308.

Parthasarathy B, Rupa Kumar K, Munot AA. 1992a. Forecast of rainy
season foodgrain production based on monsoon rainfall. Indian J.
Agr. Sci. 62: 1-8.

Parthasarathy B, Rupakumar K, Kothawale DR. 1992b. Indian sum-
mer monsoon rainfall indices: 1871-1990. Meteorol. Mag. 121:
174-186.

Parthasarathy B, Rupakumar K, Munot AA. 1993. Homogenous Indian
monsoon rainfall: variability and prediction. Indian Acad. Sci. Earth
Planet. Sci. 102: 121-155.

Parthasarathy B, Munot AA, Kothawale DR. 1994. All-India monthly
and seasonal rainfall series: 1871-1993. Theor. Appl. Climatol. 49:
217-224.

Parthasarathy B, Munot AA, Kothawale DR. 1995. Monthly and
seasonal rainfall series for all-India homogeneous regions and

Int. J. Climatol. 34: 2378-2392 (2014)



2392

meteorological subdivisions:1871-1994. Research Report No. RR-
065, ITEM, Pune.

Phillips JG, Cane MA, Rosenzweig C. 1998. EL NINO, seasonal
rainfall patterns and simulated maize yield variability in Zimbabwe.
Agr. Forest. Meteorol. 90: 39-50.

Rajeevan M, Pai DS. 2006. On El Nino Indian monsoon predictive
relationships. NCC Res. Rep. 4: 1-20.

Rao VUM, Rao AVMS, Rao BB, Rao BVR, Sravani C, Venkateswarlu
B. 2011. El Nifo effect on climatic variability and crop production:
a case study for Andhra Pradesh. Research Bulletin No. 2/2011.
Central Research Institute for Dryland Agriculture, Santoshnagar,
Hyderabad, Andhra Pradesh, India, 36 p.

Rasmusson EM, Carpenter TH. 1983. The relationship between
eastern equatorial Pacific sea surface temperature and rain-

fall over India and Sri Lanka. Mon. Weather Rev. 111:
517-528.
Selvaraju R. 2003. Impact of El Nifio-Southern Oscilla-

tion on Indian foodgrain production. Int. J. Climatol. 23:
187-206.

Sen PK. 1968. Estimates of the regression coefficient based on
Kendall’s tau. J. Am. Stat. Assoc. 63: 1379-1389.

Serrano A, Mateos VL, Garcia JA. 1999. Trend analysis for monthly
precipitation over the Iberian Peninsula for the period 1921-1995.
Phys. Chem. Earth 24: 85-90.

Sikka DR. 1980. Some aspects of the large-scale fluctuations of summer
monsoon rainfall over India in relation to fluctuations in planetary
and regional scale circulation parameters. Proc. Indian Acad. Sci.
Earth Planet. Sci. 89: 179-195.

Sneyer R. 1990. On the statistical analysis of series of observations.
Technical Note no. 143, WMO No. 415, World Meteorological
Organization.

© 2013 Royal Meteorological Society

N. SUBASH AND B. GANGWAR

Subash N, Ram Mohan HS, Sikka AK. 2011. Decadal frequency and
trends of extreme excess/deficit rainfall during the monsoon season
over different meteorological subdivisions of India. Hydrol. Sci. J.
56(7): 1090-1109.

Tanaka M. 1992. Intraseasonal oscillation and the onset and retreat
dates of the summer monsoon east, southeast Asia and the western
Pacific region using GMS high cloud amount data. J. Meteorol. Soc.
Jpn. 70: 613-628.

Terray P, Delecluse P, Labattu S, Terray L. 2003. Sea surface
temperature associations with the late Indian summer monsoon.
Climate Dynam., DOI: 10.1007/s00382-003-0354-0.

Wang B, Lin H. 2002. Rainy season of the Asian-Pacific summer
monsoon. J. Climate 15: 386—396.

Wang B, Wu R. 1997. Peculiar temporal structure of the South China
Sea summer monsoon. Adv. Atmos. Sci. 14: 177-194.

Wang B, Kang IS, Lee JY. 2004. Ensemble simulations of Asian-
Australian monsoon variability by 11 AGCMs. J. Climate 17:
699-710.

Webster PJ, Magana VO, Palmer TN, Shukla J, Thomas RA, Yanai
M, Yasunari T. 1998. Monsoons: processes, predictability, and the
prospects of prediction. J. Geophys. Res. 103: 14451-14510.

Wilks DS. 1995. Hypothesis Testing. In Statistical Methods in the
Atmospheric Sciences. Academic Press: New York, NY, 160—176.

Xavier PK, Marzin C, Goswami BN. 2007. An objective definition
of the Indian summer monsoon season and new perspective on
the ENSO-monsoon relationship. Q. J. Roy. Meteorol. Soc. 133:
749-764.

Zeng X, Lu E. 2004. Globally unified monsoon onset and retreat
indexes. J. Climate 17: 2241-2248.

Zubair L. 2002. El Nino-Southern Oscillation influences on rice
production in Sri Lanka. Int. J. Climatol. 22: 249-260.

Int. J. Climatol. 34: 2378-2392 (2014)



