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Abstract: The impact of Indo-Pacific climate variability in the South Asian region is very pronounced
and their impact on agriculture is very important for the Indian subcontinent. In this study,
rice productivity, climatic factors (Rainfall, Temperature and Soil Moisture) and associated major
Indo-Pacific climate indices in Bihar were investigated. Bihar is one of the major rice-producing
states of India and the role of climate variability and prevailing climate indices in six events
(between 1991-2014) with severer than —10% rice productivity are analyzed. The Five-year moving
average, Pearson’s Product Moment Correlation, Partial Correlation, Linear Regression Model,
Mann Kendall Test, Sen’s Slope and some other important statistical techniques were used to
understand the association between climatic variables and rice productivity. Pearson’s Product
Moment Correlation provided an overview of the significant correlation between climate indices and
rice productivity. Whereas, Partial Correlation provided the most refined results on it and among
all the climate indices, Nifio 3, Ocean Nifio Index and Southern Oscillation Index are found highly
associated with years having severer than —10% decline in rice productivity. Rainfall, temperature and
soil moisture anomalies are analyzed to observe the importance of climate factors in rice productivity.
Along with the lack of rainfall, lack of soil moisture and persistent above normal temperature
(especially maximum temperature) are found to be the important factors in cases of severe loss in rice
productivity. Observation of the dynamics of ocean-atmosphere coupling through the composite map
shows the Pacific warming signals during the event years. The analysis revealed a negative (positive)
correlation of rice productivity with the Nifio 3 and Ocean Nifio Index (Southern Oscillation Index).
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1. Introduction

The Indo-Pacific Ocean basin plays a very important role in deciding the amount of rainfall
observed and it directly influences the crop production in the South Asian region [1,2]. Along with
rainfall, the impact of variation in temperature is also very high with rice production and discussed in
the case of the South Asia region by Abbas and Mayo (2020) [3]. An important teleconnection detection
based study to find the impact of corn yield in the USA revealed a high association with the Arctic
Oscillation [4]. Moreover, the high association with the Monsoon Index in spite of El Nifio-Southern
Oscillation (hereafter ENSO) based indices was found while analyzing the teleconnection of various
climate indices with the rice and maize yield for the Indian case [5]. Local factors play a major role
in the quantity of rainfall and productivity depends on it. In a perception-based study, the role of
many local factors was highlighted and the role of heavy/low rainfall leading to the declining crop
productivity was discussed [6,7].

Sometimes, one climate index influences the intensity of another and thereby changing the
potential response to a teleconnection region [8,9]. Local factors play a major role in regulating the local
climate also and therefore production is affected by it [10,11]. A lot of studies related to different parts
of the globe discussed the relation of climate indices with crop production and some very important
studies were on in the South Asian region. Teleconnection impact of ENSO, Indian Ocean Dipole
(hereafter IOD), Tropical Atlantic Variability and North Atlantic Oscillation on wheat, maize and
soybean was calculated on a global scale and found the substantial impact of ENSO based episodes in
the majority of cases across the globe [12-14]. Ubilava and Abdolrahimi (2019) worked on maize yield
and its teleconnection with ENSO. They found the decline in yield by more than 20% during El Nifio
like events and explained the high vulnerability [15]. On the other hand, Roberts et al. (2008) found a
similar inverse trend between El Nifio events and rice production in the Philippines and found the
impact to be high there due to rainfed agriculture [16].

The sea surface temperature (hereafter SST) of the tropical Indian and the Pacific Ocean influences
rainfall patterns over the globe [8,17,18]. Considering SST as a highly important factor, an assessment
of climate impact was carried in the present study with Oceanic Nifio Index (hereafter ONI), Nifio 3,
Southern Oscillation Index (hereafter SOI), El Nifio Modoki Index (hereafter EMI), Dipole mode index
(hereafter DMI), Trans Nifio Index (hereafter TNI), and Monsoon Index (hereafter MI). ONI, Nifio 3,
SOI, EMI, TNI represents different regions within the tropical Pacific Ocean [8,19-22], whereas DMI
and MI are from the Indian Ocean region. For clarity, the spatial domains represented by these indices
are documented in Section 2.3. Oscillation in the oceanic temperature is generally associated with the
local atmospheric convection and warming (cooling) of the overlying atmospheric layer, which in turn
remotely affect the atmospheric conditions of distant places through teleconnection [23,24]. Impacts of
ENSO events and DMI for the Indian subcontinent are known in detail. However, investigation of the
contribution of the intensity of a particular index is of high interest to lessen the negative repercussion
to different sectors of the economy [25,26].

Rice is a staple crop for most of the northern states in India and a source of food with a high
carbohydrate level. Any decline in the total production of rice leads to a negative impact on food
security and the sustainable livelihood of farmers. Therefore, as far as the teleconnection part is
concerned, the dynamics of the ocean-atmosphere have a lot of societal ramifications and to know the
relation of a particular climate index impacting some regions is very important [27]. In some of the
previous studies, attempts were made to assess the impact of climate on rice production [28-30] as
well as projecting the rice production using seasonal climate forecasts [31].

The ideal range of rainfall required for the production of rice varies between 1100 and 1250 mm
whereas the temperature requirement varies with the growth stage of rice during the whole growing
period [32,33]. On average, the range of surface air temperature required for rice during different stages
of growth varies from 21 to 37 °C and at the time of ripening the ideal range of temperature should be
between 20 and 25 °C [34]. The water requirement of rice crop remains at its peak between the active
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tillering and flowering stage and it makes 70% of the total water requirement [33]. Active tillering to
the flowering stage is the phase of 30 days to 75 days after germination [35].

Consequences of ENSO impacts on India are well known yet different regions within India get
varying responses. While highlighting the fact of rice being the staple crop in the Ganges-Brahmaputra
basin, Asada and Matsumoto (2009) elaborated on the high impact of drought (flood) in the upper
Ganges (lower Ganges) basin [36]. Knowing the magnitude of impact on rice productivity in Bihar
and the huge population depending on it for sustainable livelihood, it was essential to find the
teleconnection of rainfall and temperature conditions with different climate indices in relation to rice
productivity in Bihar.

The present study discusses the productivity of rice in Bihar (major rice-producing state of India)
in relation to the role of different climate drivers influencing rice productivity. The teleconnection of
different climate indices was examined using Pearson’s Product Moment Correlation (hereafter PPMC)
and results were enriched through Partial Correlation. The possible impact of climate variability was
looked into by taking climate indices independently and mutually. The Linear Regression Model,
Mann Kendall Test, Sen’s Slope and statistical techniques were also used to discuss the periodic trend
of climatic variables and their association with rice productivity [37].

We obtained highly important results signaling the strong association of different climate
indices in different seasons. ONI, Nifio 3 and SOI showed a very strong connection for different
seasonal correlation values with the productivity in Bihar. The present study is of high relevance
to the policymakers and the stakeholders, in which the sustainable livelihood is directly linked to
rice productivity.

2. Materials and Methods

2.1. Study Area

The Indian state Bihar is located in the Indo-Gangetic plain (Figure 1) and has a total of
3.6 million-hectare area under rice cultivation in 2015-16 [38]. The state has a large population,
i.e., 104 million according to the 2011 census [39]. Out of the total population, 92 million live in rural
areas in the state, which accounts for 88.71% of the total population [40]. Climate variation plays a
big role in rice productivity and directly harms the sustainable livelihood of this rural population like
other populous regions of the world [41-44]. The majority of rice production in Bihar is under rainfed
conditions [45]. Variation of rainfall in Bihar plays a very important role in determining the productivity
of rice and it is vulnerable to the failure of monsoonal rainfall received in the July-August-September
(hereafter JAS) season.

Anomalies of rainfall, temperature and soil moisture in Bihar were analyzed for the period,
i.e., one month after the germination of the rice crop. In Bihar, rice is produced in three different seasons,
i.e., Kharif (Sowing: June to August, Harvesting: September to November), Rabi (Sowing: October to
November, Harvest: April to May) [40] and Summer (Sowing: January to February, Harvest: May to
mid-June, only in the irrigated areas) [34]. Each season has its share of importance in the total rice
production [46—48], though in the case of Bihar, the Kharif season consistently remains to be the main
season of rice production.

On average, the Kharif season accounts for more than 93% of annual production during 1997-2014
(Open Government Data Platform India, https://data.gov.in/catalog/district-wise-season-wise-crop-
production-statistics). Therefore, the JAS season’s climate is the most important player in productivity
after one month of sowing of Kharif crop in June. Hence, the event years were enlisted based on
the season whenever the decline in rice productivity of the Kharif season was severer than —10%.
Moreover, we considered different seasons of climate indices in relation to the rainfall season (JAS) to
look into the influence based on the changing conditions in the preceding season of the rainfall season.

The other seasons were further investigated through the analysis of soil moisture, after one month
of sowing in all the three rice growing seasons, i.e., Kharif, Rabi, and Summer. It was noted that the
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productivity of rice remained good in the ENSO neutral years, with the exception of some years with
the influence of local factors on production. On the other hand, the variability or a shift in ENSO
events may bring more harmful results to rice productivity in the Bihar [49].
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Figure 1. District-wise locational map of Bihar in India with the spatial distribution of District-Wise
average rice productivity from 1991-1992 to 2014-2015 in kilogram per hectare in low to the high tone
of green color. The dotted line within the solid boundary shows the administrative boundary of each
district. (Figure was created using a licensed software ArcGIS version 10.2.1).
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2.2. District Wise Rice Productivity

District-wise data on rice productivity was taken from the Handbook of Statistics [38,50-53].
The effect of agricultural input and mechanization were normalized in this study by making a
five-year running mean for rice productivity. It helped us to find out the climate relationship with rice
productivity through some of the important climate indices. Here the impact of climate variability was
investigated therefore the absolute impact (gradual and long term) induced due to climate change and
non-climatic factors were not analyzed [54].

The year to year rice yield variation (A’) was defined as the anomalous percentage deviated
from the five-year running mean, A = AA%A x 100, where A was the annual rice yield and A
was the five-year running mean with the interval of t — 2 to t + 2. Here, initialization of the
five year moving average calculation was done with 1989-1990. t was the first year of the whole
period, i.e., 1991-1992 and ¢ + 2 (¢ — 2) was 1992-1993 and 1993-1994 (1989-1990 and 1990-1991).
A choropleth map was drawn to show district wise spatial distribution of rice in Bihar (Figure 1).
In this study, we used the average of normal years (years other than event years) as the base period for
calculation of the climate variable’s anomaly in event years.

2.3. Climate Variables/Indices and SST Data

Rainfall (0.25° x 0.25°) [55] and Temperature (1° x 1°) [56] grid data for 1990-2015 were
obtained from the National Climate Centre, India Meteorological Department, Government of
India. Climate Prediction Centre soil moisture (V2) data (0.5° x 0.5°) [57] and Global daily
SST data (0.25° x 0.25°) [58] were provided by NOAA/OAR/ESRL PSD, Boulder, Colorado,
U.S.A. NOAA/NCEP/ NCAR/CDAS-1 daily zonal wind (850 hPa) [59] data set of 2.5° x 2.5°
resolution and OLR from NOAA /NCEP/CPC/GLOBAL daily data [60] of 2.5° x 2.5° from January
1990 to December 2015 were used for composite index along with SST. We used the finest possible
resolution of data for all the variables used for Bihar and the grid data in the present study was used to
observe the spatial pattern of the variables in the different time periods and how they behave in relation
to the climate indices. While analyzing the trend and finding the association of climatic variables with
productivity, field means of the grid data for Bihar were calculated. Interpolation techniques were
used to standardize the resolution.

Rainfall anomaly was plotted over the district map of Bihar for the JAS season only.
November-December-January (hereafter NDJ) and March-April-May (hereafter MAM) were selected
to look into the availability of soil moisture. Negligible rainfall in both the seasons (NDJ and MAM)
was the requirement to consider soil moisture anomaly data. In general, the decline in the JAS seasonal
rainfall used to have a prolonged impact on the irrigation of rice drop due to lack of available surface
water [61].

MI was derived from the difference of mean zonal wind between Southern (40° E-80° E,
5° N-15° N) and Northern (70° E-90° E, 20° N-30° N) [20]. ONI was obtained from CPC, NOAA and
it was the measurement of running three months SST in Nifio 3.4 region (5° N-5° S, 120° W-170° W).
TNI was defined as TNI = SSTy oniio — SSTuNine- In this equation SST means normalized SST,
1 + 2 region means Nifio 1 + 2 region, and 4Nifio means Nifio 4 region [62]. DMI is the indicator of
IOD, and IOD plays an important role in influencing the summer monsoon rainfall in India [63,64].
Along with the independent impact of IOD, the mutual impact of IOD with ENSO events is also
of great value, therefore IOD index was also used in this study [65]. The difference between the
SST anomaly of the region lying within 50° E-70° E, 10° S-10° N and 90° E-110° E, 10° S is known
as DMI [66]. DMI monthly data in this study were obtained from the online portal of the Japan
Agency for Marine-Earth Science and Technology (hereafter JAMSTEC) [67]. Along with ONI, Nifio 3
was considered in this study, which is represented by the SST anomaly in the region (5° N-5°§,
150° W-90° W). When it crosses the threshold of 0.5 °C, it impacts Indian summer monsoonal
rainfall [68,69]. EMI is also considered an important indicator of climate variability in India [21].
Monthly EMI values were taken from JAMSTEC's online facility. Data of SOI was acquired from the
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Climate and Global Dynamics Laboratory (CGD) of the National Center for Atmospheric Research
(hereafter NCAR). SOl is calculated by subtracting the monthly sea level pressure anomalies of Tahiti
from Darwin [19]. We used all these important indices to investigate the seasonal correlation through
PPMC with rice productivity as a part of the initial step (Figure 2a). The linear trend of productivity
anomaly as shown in Figure 2b convinced us to look into the annual correlation with the indices
having a good correlation shown in Figure 2c.
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Figure 2. (a) Pearson’s Product Moment Correlation (PPMC) for the whole period (1991-1992 to
2014-2015) of rice productivity with climate indices in different seasons. Y-axis shows the value of
PPMC. MI is for JJA season only therefore shown with the orange color bar. (b) Time series of rice
productivity in Bihar. (c¢) The anomaly of Rice productivity in gray bars. Red (Black) numbers in the
figure show the percent decline (increase) in Rice productivity. All the climate indices are multiplied
by 15 to get standardized climate indices with rice productivity within the same figure. For rice
productivity, Y-axis shows the anomalous percentage deviation and climate indices in degree celsius.
Anomalous percentage deviated is calculated by subtracting the observed value of rice production
from the five-year running mean of rice productivity.

Along with all the climatic variables, temperature, being one of the highly important ones,
also plays an important role in deciding total productivity of crop [70], therefore to look into
the role played by temperature, all the events with severer than —10% decline were considered.
Temperature anomaly composite of JAS, NDJ and MAM season for all declining years were
represented through choropleth (color fill) map using all the variants of temperature, i.e., maximum,
minimum and mean and seasonal maps for the particular decline, showed the prevailing maximum and
minimum temperature (Figures S1 and S2).
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2.4. Methods

PPMC is used to examine the linear association between the yearly rice productivity and climate
indices of different seasons [71]. It reveals the one to one association of seasonal indices with the
productivity of rice. The correlation for all the years from 1991-2014 was calculated to find the
general trend of relationship (Figure 2a) and later on, Particular PPMC, the General Partial Correlation
and Particular Partial correlation were calculated (in this article Partial Correlation dealt with rice
productivity and two climate indices, here one climate index was made silent as per the procedure of
Partial Correlation calculation). Particular PPMC and Partial Correlation dealt with the event years
only. PPMC is widely used statistical techniques and is expressed here in Equation (1).

VT = (Ex)?nCy? - (Ex)7]
Here x is the independent variable, whereas y is the dependent variable represented by the rice
productivity in this study.
Now, we calculated the Particular PPMC to observe the one to one association of major climate
indices with rice productivity. Hereafter, filtration was adopted to find the larger side of impact on

rice productivity by General Partial Correlation value. The General Partial Correlation here means
the whole time period considered in the present study irrespective of the event years (the year with
severer than —10% decline). This produced a much clearer picture of the correlation while controlling
the effect of other indices. It directed us to some particular seasons for calculating the Particular
Partial Correlation. Calculation of the Particular Partial Correlation here means the calculation of
Partial Correlation for the event years only, hence this was the last level of filtration adopted in the
study. The formula used to calculate the Partial Correlation is mentioned here in Equation (2) and here
correlation is calculated for A and B while taking away the effect of C.

r —r r
r _ AB AC BC (2)

ABC \/(1—ric)(1—réc)

The Partial Correlation was calculated in general for the period 1991-2014 and in particular
for the event years and Particular Partial Correlation was calculated for all the seasons,
ie., August-September-October (hereafter ASO), September-October-November (hereafter SON),
October-November-December (hereafter OND), NDJ, December-January-February (hereafter DJF),
January-February-March (hereafter JEM), February-March-April (hereafter FMA), MAM, April-May-June
(hereafter AMJ), May-June-July (hereafter MJ]), June-July-August (hereafter JJA) and JAS and compared
with the significant high value of General Partial Correlation. The significance of the correlation results
was based on 90% level of significance using one-tailed Student’s ¢-test. Along with the PPMC and Partial
Correlation, we used the Linear Regression Model to quantify the impact of the climatic condition on
rice productivity. Mann Kendall Test along with Sen’s Slope was also used to look into the existence
of monotonous trend and magnitude of the monotonous trend [72-74]. Linear Regression is generally
used to look into the relationship between two variables and the value of slope (b), intercept (2) and
p-value (significance level) make it easy to understand the one to one relationship. The value of b here
assists to understand the potential impact on rice productivity due to change in the climatic variable
(i.e., temperature or rainfall).

y=a+bx 3)
3. Results

In order to understand the regional variations in the ENSO impacts on Bihar, the investigation
was done on the basis of productivity for the period 1991-1992 to 2014-2015. Districts with high
productivity (>2000 kg/ha) are Rohtas, Buxar, Bhabua (Kaimur), Lakhisarai, Arwal, Aurangabad,
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Bhojpur and West Champaran, and districts with moderate productivity (1500-2000 kg/ha) are Purba
Champaran (West Champaran), Patna, Jehanabad, Gaya, Sheikhpura, Nawada, Banka and Katihar
(Figure 1). An upward trend was noted in rice productivity (Figure 2b) though the fluctuations prevail
over the years. Productivity was found to be negatively (positively) correlated with the ONI, and Nifio
3 (SQI) (Figure 2a). Results of PPMC for SOI (ASO-AM]J), TNI (NDJ-MAM), ONI (ASO-M]J]J), Nifio 3
(ASO to JEM) and MI (JJA) are significantly different from 0 with 90% level of significance. Whereas the
increase in the maximum surface temperature in Bihar negatively impacted the rice productivity,
and rainfall had a positive relation. Some exceptional local events sometimes played their role in
dissipating teleconnection impacts associated with climate indices. These major findings are discussed
in detail in Section 3.

3.1. Climate Variability and Rice Productivity

The role of different climate phenomena was investigated by calculating PPMC of rice productivity
with different climate indices, i.e., ONI, Nifio 3, SOI, EMI, DMI, TNI, and MI. Among all the indices,
SOI showed the highest PPMC (1991-2014) running through SON to DJF (Figure 2a). Among all the
seasons, DJF showed comparatively high value (significant at 90% level) of PPMC —0.5043, 0.4964,
—0.4930, —0.3910 and 0.3781 for ONI, SOI, EMI, Nifio 3 and TNI respectively (Table S1). We calculated
PPMC for the event year following these observations. When event years were taken together,
the high PPMC value was obtained for DMI (0.758) in AM]J, EMI (—0.746) in JJA, MI (—0.627) in JAS,
Nifio 3 (—0.555) in JFM, SOI (0.546) in NDJ and ONI (—0.526) in AM]J seasons respectively (Table S2).
High correlation value does not mean that it is significantly different from zero.

Hence, DMI could not be considered further due to non-significant correlation value and TNI got
eliminated with a weak strength of the correlation. As a part of the subsequent step to separate the
impact of one index from the other, we calculated the Partial Correlation with EMI, MI, Nifio 3, SOI and
ONI for the whole period, i.e., 1991-1992 to 2014-2015. Calculation of Partial Correlation presented
a clear picture that DMI, MI, TNI and EMI do not play a major role in independent mode (Table S3).
Whereas, removing their influence on Nifio 3, ONI and SOI emerged effectively. Therefore moving on
to the next step of refining our results on climate indices and their relation with rice productivity, we
adopted the Particular Partial Correlation. Particular Partial Correlation dealt with the six identified
event years only. In a nutshell, results of this particular correlation revealed the major climatic indices
with the utmost impact on rice productivity.

Results of Particular Partial Correlation (Table S4) reflect in ONI’s case that removing the
influence of TNI (ASO, SON, OND and NDJ season) yields significant very high correlation values.
DMTI’s influence in OND and NDJ season for almost the whole years yielded a good correlation.
In addition to it, the case of removing the EMI’s influence of almost all its seasons proved effective in a
strong correlation of ONI. In the case of Nifio 3, it remained dominant from DJF to FMA when the
influence of TNI in its ASO to NDJ seasons, DMI in its SON to NDJ season and EMI in its ASO to NDJ
and JJA to JAS season were removed. Whereas, SOI was found dominant mainly in JJA when the role
of TNI for SON to AM], DMI for ASO to NDJ and EMI for SON to DJF were removed. Climatic phases
with significant correlation and value with >0.5 and <—0.5 are tabulated in Table 1 and this table shows
the most refined results for rice productivity and its association with climate indices.

3.2. Rainfall and Soil Moisture

Negative anomalies of rainfall and soil moisture (Figures 3-5) were observed during the JAS
season for all the low productivity years. In comparison to seasonal rainfall and soil moisture in JAS,
Figure 6 for NDJ and Figure 7 for MAM showed a little decrease in the magnitude of the anomaly.
Figure 5a,b clearly reflects the significant scarcity of rainfall and soil moisture in the JAS season for all
the event years. All the event years selected in this study had a severer than —10% anomalous deviation
in rice productivity. During the first event year, 1991-1992 as shown in Table 1, significant El Nifio
phase persisted for three seasons starting in MJJ of 1991 and encompassed throughout the rice-growing
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seasons, especially Kharif and Rabi. Therefore, rainfall anomaly in JAS (Figure 3a) and soil moisture
anomaly in JAS, NDJ and MAM season of 1991-1992 remained highly negative (Figures 4a, 6a and 7a).

(a) 1991-1992 (b) 1992-1993 (c) 2004-2005

T T
0
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i

o

() 2010-2011

5,\ 2

(@) 200

-1 -08 -06 -04 -0.2 0 0.2 0.4

GrADS: COLA/IGES

Figure 3. Rainfall anomaly for the July-August-September (JAS) period of all the years with severer than
—10% anomalous percentage deviation of rice productivity. The unit of rainfall anomaly is centimeter.
Numbers within the map frame show the anomalous rainfall value and the regular black solid line is the
district map of Bihar. (Figure was created using a free software GrADS version 2.0.2 (http://cola.gmu.
edu/grads/downloads.php).

(a) 1991-1992 (c) 2004-2005

-21 —-18 =15 =12 -9
GrADS: COLA/IGES
Figure 4. Anomalous soil moisture for JAS period of all the years with severer than —10% anomalous
percentage deviation of rice productivity. Numbers within the map frame shows the anomalous soil
moisture value and the regular black solid line is the district map of Bihar. (Figure was created using a
free software GrADS version 2.0.2 (http:/ /cola.gmu.edu/grads/downloads.php).
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Table 1. Events of severer than —10% anomalous percentage deviation in different climatic phases.

Prevailing phases of the three important climate indices during the event year is extracted on the basis

of their significance at 90% level and >0.5 and <—0.5 value of Partial Correlation for the event years

(Table S4). The value within brackets represent the year.

Year Anomalous Percentage Deviated Climat~ic Phase
ONI NINO 3 SOI

1991-1992 —12.05 MJJ(1991)-JAS(1991)+ve - MAM(1991)-JJA(1991)-ve
1992-1993 —29.76 ASO(1991)-JAS(1992)+ve  NDJ(1991)-AMJ(1992)+ve  MAM(1992)-]JA(1992)-ve
2004-2005 —35.3 JJA(2004)-JAS(2004)+ve - MAM(2004)-JJA(2004)-ve
2005-2006 —10.03 ASO(2005)-JAS(2005)+ve  NDJ(2004)-DJF(2005)+ve ~ MAM(2005)-]JA(2005)-ve

JJA(2009)-JAS(2009)+ve - MAM(2009)-JJA(2009)-ve
2009-2010 —23.31 After Effects of Flood Occurrence in 2008
2010-2011 —3852 JTA(2010)-JAS(2010)+ve  NDJ(2009)-FMA(2010)+ve -

-20 -15 -10 -5 0 5 10 15

-20 -15 -10 -5 0 5 10

-20 -15 -10 -5 0 5 10 15

Figure 5. The composite map has a mean sum of anomalies of rainfall and soil moisture for events

with severer than —10% anomalous percentage deviation in rice productivity. Map (a) is a composite of

rainfall anomaly in JAS season, (b) represents composite soil moisture in JAS season, (c) is for composite

soil moisture in the November-December-January (NDJ) season and (d) follows composite soil moisture

in the March-April-May (MAM) season. Values above 95% significance level (green contours) from

a two-tailed Student’s t-test are shown. The unit of anomalies of rainfall is centimeter. (Figure was

created using a free software GrADS version 2.0.2 (http://cola.gmu.edu/grads/downloads.php).
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(b) 1992-1993 (c) 2004-2005

-21 -18 —-15 =12 -9 -6 =3 0 3
GrADS: COLA/IGES
Figure 6. Anomalous soil moisture for NDJ period of all the years with severer than —10% anomalous
percentage deviation of rice productivity. Numbers within the map frame shows the anomalous soil
moisture value and the regular black solid line is the district map of Bihar. (Figure was created using a
free software GrADS version 2.0.2 (http:/ /cola.gmu.edu/grads/downloads.php).

(a) 1991-1992 (b) 19921993 (c) 2004-2005

\

2009-2010 (1) 2010-2011

-21 -18 —-15 =12 -9 -6 -3 0 3
GrADS: COLA/IGES
Figure 7. Anomalous soil moisture for MAM period of all the years with severer than —10% anomalous
percentage deviation of rice productivity. Numbers within the map frame shows the anomalous soil
moisture value and the regular black solid line is the district map of Bihar. (Figure was created using a
free software GrADS version 2.0.2 (http://cola.gmu.edu/grads/downloads.php).

In the second declining event of 1992-1993, the El Nifio phase of ENSO affected the rainfall
during MAM of 1991 to JJA of 1992. It directly impacted the sowing season (Figures 3a and 4a)
and it led to the total decline in the yield by —29.76%. Failure of southwest monsoonal rainfall
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reduced the soil moisture content not only in highly productive districts but also in other parts as
well (Figures 3b, 4b, 6b and 7b).

In the case of third and fourth events of 2004-2005 and 20052006 respectively, the commencement
of the El Nifio phase in JJA of 2004 survived for several seasons and ended in MAM of 2005.
This affected monsoonal rainfall and soil moisture in almost all the rice-producing districts in the state
(Figures 3c, 4c, 6¢ and 7c). The rainfall and soil moisture were scarce even at the beginning of the
sowing season for 20052006 (Figure 3d), which led to the decline of rice productivity for 2004-2005 and
2005-2006, respectively. Soil moisture content was low in JAS (Figure 4c,d) but its spatial distribution
expanded in NDJ and MAM (Figures 6¢,d and 7c,d).

The sixth low yield event of 2009-2010 had after-effects of flood in 2008 due to a breach of the
embankment in Nepal [75]. As already discussed in Section 1, Bihar is a rainfed region and rainfed
regions of India are affected by extreme hydrological events like some other exceptional regions across
the globe [76,77]. Another cause for the decline was indicated by ONI (JJA of 2009 to JJA of 2009) and
SOI (MAM 2009 to JJA 2009) as shown in Table 1. These conditions resulted in low rainfall and soil
moisture from JAS of 2009 to other succeeding rice growing seasons. Figure 5 for composite rainfall
and soil moisture cases and Figures 3e, 4e, 6e and 7e clearly showed that anomalies of rainfall and
soil moisture in JAS, NDJ, and MAM for all the event years with severer than —10% decline were
negative. This clearly demonstrated that the scarcity of water leads to a decline in rice productivity.
Moreover, some in-depth study will be highly important to understand the underlying complexities
related to atmospheric circulation in this fifth event year.

In the sixth event of 2010-2011, declined rainfall (Figure 3f) was the consequence of the prevalence
of El Nifio from SON of 2009 to MAM of 2010. Eventually, La Nifia developed during JAS of 2010 to
MAM of 2011, the rainfall did not recover. It might be related to some local atmospheric dynamics that
need further investigation.

3.3. Temperature

Composite of all the years with severer than —10% anomalous percentage deviation in the
productivity of rice showed an increase in the maximum surface air temperature of all the seasons
(Figure 8a,c). The increase in the maximum temperature was found comparatively much higher than
normal for all the rice-growing seasons. The least increase in maximum temperature was observed
in the NDJ season. As shown in Figure 8a,d,e, it was found that an increase of temperature during
the JAS season remained consistent among all the variants of temperature and a decline in the
seasonal minimum temperature was profound in the NDJ season for mean and minimum temperature.
Therefore, the connection between an increase in the temperature and its connection with the decline of
rice productivity was further investigated and discussed here in this Section 3.3. Event wise prevalence
of maximum and minimum temperature in different seasons is shown in Figures S1 and 52.

As far as SST is concerned, the composite anomalies in the Pacific Ocean indicated an El Nifio
event with prevailing anomalies of outgoing longwave radiation (hereafter OLR) and zonal wind
(Figure 9). In the case of particular event years with severer than —10% anomalous deviation, it was
observed that the seasonal maximum temperature pattern in Bihar followed the ONI index (Figure S1).
In the case of the El Nifio event, the maximum temperature was found above the climatology (Figure S1)
and the minimum temperature falls below the climatology (Figure S2). Therefore, the range of daily
temperature variation increased in all the El Nifio event years.

We calculated the association of climatic variables over Bihar with rice productivity and found the
dominance of maximum temperature in it. Over the period 1991-1992 to 2014-2015, a high magnitude
of the decline in productivity (obtained through slope value) and the good association of anomalous
maximum (significant at 95% level of significance) and mean temperature with rice productivity was
found. Figure 10a,b show that one unit of change in maximum (mean) temperature leads to a decline of
18.816% (15.784%) rice productivity. Interestingly, monotonous trend results (Table 2) also expressed the
highest positive magnitude (b in Figure 10a) of the increase in maximum temperature (significant at
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99% level). On the basis of these obtained results, it becomes evident that the increase in temperature in
Bihar causes a decline in the productivity of rice. Therefore, the prevailing conditions in the Indo-Pacific
region leading to the increase in temperature are not favorable for rice productivity in Bihar.

-0.56 -0.24 -0.18 -0.12 -0.06 O 006 0.12 018 024 035 0.36

Figure 8. Composite temperature anomaly map for all the events with severer than —10% anomalous
percentage deviation in rice productivity. (a,c) shows maximum temperature anomaly. (d,f) is for mean
temperature anomaly, (g,i) is for minimum temperature anomaly. (a,d,g) represents JAS season of their
temperature variants. (b,e/h) are for NDJ season their temperature variants. (c,f,i) show MAM season
of their variants. Values above 95% significance level (green contours) from a two-tailed Student’s
t-test are shown. The temperature unit is in degrees Celsius. (Figure was created using a free software
GrADS version 2.0.2 (http://cola.gmu.edu/grads/downloads.php).

Table 2. Mann Kendall Test trend and Sen’s Slope results of climatic variables for the period 1991-1992
to 2014-2015.

Variable z Value Sen’s Slope p-Value
Rainfall —1.611 —1.954 0.107

Temperature (Max.) 3.48 0.04 0.0005
Temperature (Mean) 4.087 0.035 0.00004

Temperature (Min.) 3.34 0.035 0.00084
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Figure 9. The composite map of anomalous SST (in °C), outgoing longwave radiation (in W/m?) and
zonal wind (in ms~1) from NDJ to JJA seasons for all the events (as per Table 1). Blue to red shading in
this map represents low to the high intensity of the anomalous sea surface temperature. Y-axis shows
the latitude and the X-axis is for longitude. Values above 95% significance (green contours) level for SST
from a two-tailed Student’s t-test are shown. Blue contours represent the anomaly of OLR. (Figure was
created using a free software GrADS version 2.0.2 (http://cola.gmu.edu/grads/downloads.php).
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Figure 10. Association of anomalous temperature (maximum and mean) and rainfall with productivity
in Bihar for the period 1991-1992 to 2014-2015. Unit of productivity shown in the figure is percentage
deviation based on the calculation as shown in Figure 2¢, temperature anomaly is in °C and rainfall

anomaly is in centimeter.
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Each variant of temperature showed a significant increasing monotonous trend at the 99%
level. Trend results of climatic variables with productivity showed strong relation with maximum
temperature (p-value 0.026) followed by mean temperature (p-value 0.144) and rainfall (p-value 0.157)
(Figure 10). As discussed above, we found the consistency with the increase in temperature and its
association with productivity was comparatively stronger than rainfall. Some flood events due to
exceptionally high rainfall events or breaking of the embankment caused its relationship to become a
little lenient. Though, the monotonously decreasing rainfall and the increasing temperature was a real
worry for rice productivity in view of the one to one relationship between productivity and climatic
variables (Figure 10a,c).

4. Discussion

In this study, it was observed that climate factors like rainfall, temperature, soil moisture and
Indo-Pacific climate variability played a dominant role in deciding the rice productivity in Bihar.
On the basis of the event wise scrutiny of the impact of prevailing large-scale mechanism on the local
climatic conditions, it was worthwhile to note that rainfall and soil moisture [78] behaved according
to the role played by the discerned climate indices (ONI, Nifio 3 and SOI) with significantly high
correlation with rice productivity. Thereby, scarcity of the rainfall and soil moisture was found highly
associated with the signals provided by climate indices. During 2010-2011, a shortfall of more than
20% rainfall was observed and all the districts were declared drought-prone [79]. The sowing season
was affected due to the late onset of monsoon by 2-3 weeks [80].

The literature discussed in Section 1 of this study revealed the teleconnection and its association
with rainfall. However, due to fragility of the crop to temperature, it was important to look into the
behavior of temperature also and we found a high association with maximum temperature in the case
of Bihar. Effective adaptation strategies must be adopted to save the water received through rain so
that the crop becomes resilient to the impact of climate variability [81-83].

Capturing the teleconnection signal in a quick and simple manner was through the composite
map of the events and visualization of spatial patterns through it. Teleconnection signals captured
through the composite anomaly map of SST, OLR and zonal wind reflected the effect of Pacific warming
during the event years (Figure 9). However, this is not always a guarantee for every case due to its
generalized nature. Therefore, we captured the event wise scenario for event years with severer than
—10% deviation. While mapping the high to low productivity districts in Bihar, we found that most of
the high productivity districts are located in the southern part of Bihar.

A very important study revealed the vulnerability of upper Ganges to drought and lower Ganges
to flood due to high rainfall in lower Ganges [36]. Contrary to Asada and Matsumoto (2009), we found
homogeneity in the trend of rainfall across Bihar during the event years. Anomalies of soil moisture
and rainfall were directly proportional to each other in the same season (JAS) as well as in later seasons
(NDJ and MAM). Therefore, the substitution of rainfall was made with soil moisture for the NDJ and
MAM season. Identification and monitoring of the vulnerable zones using remote sensing data may
prove very helpful to mitigate the loss of rice productivity due to flood [84,85].

A most important phenomenon observed in the study was the excessive maximum temperature
during the declining productivity years. This fact of increasing temperature and its impact was
highlighted in many previous studies on India [86] and the association of maximum temperature as
observed in Figure 8a—c was an interesting case for Bihar also. This important finding in the present
study was supported by the temperature based sensitivity experiment on rice production in Indian
cases and revealed the negative impact on rice due to an increase in temperature [87].

Persistent above normal temperature, lack of rainfall and soil moisture (especially in the districts
with more than 1500 kg /ha rice productivity) are identified as the important factors in cases of severe
loss in rice productivity. A very strong association of persisting conditions are found in high positive
(negative) association with the ONI and Nifio 3 (SOI). Bihar produces a large part of Indian rice and
therefore vulnerability of rice productivity needs to be addressed earnestly. A lot of uncertainties in
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the case of the South Asia Monsoon increase the vulnerability [88], hence there is still a way to go for
predicting the Monsoon with high precision [89]. In the future, some other study at the pan-Bihar level
by considering different constraints to the rice productivity will be relevant to look into the intensity of
the impact of different elements, i.e., physical, chemical, and biological.

5. Conclusions

This study examined rainfall, temperature, soil moisture, and Indo-Pacific climate indices and
their relation with rice productivity in Bihar. Results are based on statistical methods like PPMC,
Partial Correlation, Mann Kendall Test and Linear Regression Model. Both the methods, i.e., PPMC and
Partial Correlation, had their own significance and in the present study, both of them were used as
a filtration mechanism to identify the most significant association of climate factors and climate
indices with rice productivity. Based on the event wise trend of rainfall in different districts of
Bihar, it can be concluded that the majority of climate indices in the Pacific Ocean had direct relation.
Whereas, climate indices in the Indian Ocean had an indirect relation. There was a high impact on
the JAS seasonal rainfall and temperature with respect to the occurrence of the prevailing intensity
and timing of the Indo-Pacific climate indices. Scarcity of rainfall, low soil moisture and persistence of
high temperature (especially maximum temperature) are found to be the primary consequences of the
prevailing ONI, Nifio 3 and SOI leading to the decline in rice productivity.

In general, Partial Correlation of DJF season for ONI, Nifio 3, DMI, and TNI were found uniformly
good and in Particular Partial Correlation value for AMJ season was comparatively higher for ONI,
SOI and Nifio 3 (—0.739, 0.731 and 0.677 respectively). However, highlighting that high correlation does
not mean the correlation is significantly different from zero, we calculated the identified significant
high correlation as tabulated in Table 1. Here, it can be summarized that along with the impact
on rainfall and soil moisture, an increase in the range of temperature was also found in the years
of declining productivity. With respect to temperature, the Linear Regression revealed the close
association of maximum temperature with productivity during the study period. There appeared
weak PPMC for DMI and MI with rice productivity in Bihar though Partial Correlation value of DMI
improved in JJA season (—0.499) but it was not significant and the Monsoon index remained weak.
Moreover, the impact on regional atmospheric circulation due to intra-seasonal variability and some
hazards like breaking of embankments in Nepal do affect the productivity of rice. Therefore, it should
be noted that there exists a lot of complexities in the South West Monsoon system in India and early
identification of which was a highly complicated task. However, the prediction of such intra-seasonal
variation can be of benefit in understanding the impact on rice productivity in Bihar. It would be
interesting to study the episodes causing intra-seasonal variation and further studies will be highly
important for sustainable livelihood systems.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Mean
maximum temperature anomaly for all the years (as per Table 1) with severer than —10% anomalous percentage
deviation in rice productivity of Bihar. Map (a) to (f) is JAS season, (g) to (I) for NDJ season and (m) to (r) for
MAM. (Figure was created using a free software Grid Analysis and Display System (hereafter GrADS) version
2.0.2 (http://cola.gmu.edu/grads/downloads.php), Figure S2: Mean minimum temperature anomaly for all
the years (as per Table 1) with severer than —10% anomalous percentage deviation in rice productivity of Bihar.
Map (a) to (f) is JAS season, (g) to (1) for NDJ season and (m) to (r) for MAM. (Figure was created using a free
software GrADS version 2.0.2 (http://cola.gmu.edu/grads/downloads.php), Table S1: General PPMC result
for the period 1991-1992 to 2014-2015. Coloumn (row) in the table represents the climate indices (seasons of the
climate indices). Values in bold format are significant at 90% level of significance and values highlighted with
red color represent the value exceeding >0.5 and < —0.5, Table S2: Particular PPMC for all the six event years.
Coloumn (row) in the table represents the uncontrolled (controlled) climate indices in different seasons. Values
in bold format are significant at 90% level of significance and values highlighted with red color represent the
value exceeding >0.5 and < —0.5, Table S3: General Partial Correlation for the period 1991-1992 to 2014-2015.
Coloumn (row) in the table represents the uncontrolled (controlled) climate indices in different seasons. Values in
bold format are significant at 90% level of significance and values highlighted with red color represent the value
exceeding >0.5 and < —0.5. Table S4: Particular Partial Correlation for all the six event years. Coloumn (row) in
the table represents the uncontrolled (controlled) climate indices in different seasons. Values in bold format are
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significant at 90% level of significance and values highlighted with red color represent the value exceeding >0.5
and <—0.5.
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The following abbreviations are used in this manuscript:

DJF December-January-February

JFM January-February-March

FMA February-March-April

AM] August-May-June

NDJ November-December-January

MAM March-April-May

M]] May-June-July

JAS July-August-September

ASO August-September-October

GOSAT Greenhouse Gases Observing Satellite
ENSO El Nifio-Southern Oscillation

SST Sea Surface Temperature

SOI Southern Oscillation Index

EMI El Nifio Modoki Index

DMI Dipole mode index

TNI Trans Nifio Index

MI Monsoon Index

10D Indian Ocean Dipole

PPMC Pearson’s Product Moment Correlation
OLR Outgoing Longwave Radiation
JAMSTEC Japan Agency for Marine-Earth Science and Technology
CGD Climate and Global Dynamics Laboratory
AU Tamil Nadu Agricultural University
DRDPAT  Directorate of Rice Development Patna
ONI Ocean Nifio Index

ICAR Indian Council of Agricultural Research

TNIRRI International Rice Research Institute
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Directorate of Economics and Statistics

WAOB World Agricultural Outlook Board
UNICEF  United Nations Children’s Fund

NCAR National Center for Atmospheric Research
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