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Abstract

In the backdrop of the established fact that the climate and agricultural produce foster a close-
knit relation, the present study explores the impacts of climate variability on the rice yields
across diverse agro-climatic zones of Uttar Pradesh, India. The time-series non-parametric
Mann-Kendall trend test was applied to study long term (both annual and seasonal) weather
and yield data sets. Minimum temperature, encompassing all the zones, was found to be
increasing within the range of 0.06 to 0.44 °C per decade. The ‘kharif’ season maximum
temperature trends were found increasing in most zones. In terms of annual and seasonal
rainfall trends, the results were mostly non-significant, except for Bhabhar and Tarai Zone
which had witnessed a very high decadal trend indicating towards the occurrences of intense
rainfall events. North Eastern Plain Zone needs a special mention owing to its large number of
extreme rainfall events in three categories (>50 to <100 mm/day; >100 to <150 mm/day;
>150 mm/day). Considering the annual/seasonal temperature and rainfall variability in the
region, the warming trend along with spatio-temporally uncertain rainfall is likely to inflict
significant impact upon the rice crop. Consequently, there is a dire need to devise strategies
capable of dealing with the impacts of the prevailing climate variability on rice yields in this
state of India through development of suitable adaptation options for sustainable production.
The continuous and rigorous studies into this field of agro-meteorology subjected to impact
assessment call for international action plans that are designed in a frame of ‘bottom-up
approach’ or a ‘local to regional to country level strategic implementation of adaptation
options to sustain yields in the rice fields.

Keywords Adaptation - Agro-climatic zones - Climate variability - Kharif crop - Extreme events

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s40710-019-
00360-3) contains supplementary material, which is available to authorized users.

< R. K. Mall
mall_raj@rediffmail.com

DST-Mahamana Center of Excellence in Climatic Change Research, Institute of Environment and
Sustainable Development, Banaras Hindu University, Varanasi, India

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40710-019-00360-3&domain=pdf
http://orcid.org/0000-0002-3118-096X
https://doi.org/10.1007/s40710-019-00360-3
https://doi.org/10.1007/s40710-019-00360-3
mailto:mall_raj@rediffmail.com

Bhatt D. et al.

1 Introduction

At the door step of dual crisis of food and water scarcity, India being the second largest
populous country of the world, stands face to face the daunting task of feeding the nation’s
population, which is projected to reach 1.7—1.8 billion by 2050 (Population 2016 World Bank
2016; Jain 2011). Rice is one of the major cereal crops in India, which accounts for more than
60% of total cropped area and 77% of total food production of the country (Singh et al. 2013;
DES 2015). Since the 1950s, there has been substantial growth in total rice production along
with both population (undertaking exponential rise) and irrigational water requirement, where-
in the per capita surface water availability has drastically decreased since 2000 (Fig. 1).

Year-to-year rainfall variability and extreme weather conditions, such as droughts, floods
and heat waves are regarded as the primary causes of annual fluctuations in yield. Nonetheless,
subtler fluctuations in weather during critical phases of crop development can also have a
substantial impact on yield. 80% of total annual rainfall received by the Indian subcontinent
comes from the Indian Summer Monsoon Rainfall (ISMR). ISMR stays prevalent from June to
September and till date 60% of agriculture in the country relies on it. To add to it, uncertainty
in rainfall has affected irrigation water supplies leading to reduction in areas under irrigated
crops, consequently bringing in more cultivation area under rain-fed crops. Gross Domestic
Product (GDP) share of agriculture has shrunk from 57% in 1950 to about 14% in 2014,
primarily due to the growth in other economic sectors. Nonetheless, this decline in the share of
agriculture has not affected the importance of the sector in the Indian economy.

Rice crop experiences heat stress to varying degrees at different phenological stages due to
its direct effect on grain number and grain mass. Strategic and applied research proved that
climate variability and extreme weather events matter as much to crop production as do the
mean values of climate variables in a given crop season (Rosenzweig and Parry 1994; Mall
and Gupta 2000; Piao et al. 2010; Lobell et al. 2011;Chen et al. 2013; Sehgal et al. 2013;
Pathak et al. 2014;Ray et al. 2015; Bhatta and Aggarwal 2015; Wang et al. 2015; Duncan et al.
2015;Mondal et al. 2015; Singh et al. 2018). India too is facing similar issues in crop yields
due the weather adversities that have jeopardized the socio-economic demands. Therefore, to
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Fig. 1 Projections for India 2050 and 2065 population, total food-grain production, surface water availability and
total irrigation requirement with recent rice area vs. rice yield for Uttar Pradesh in the incept [Source of Data: Jain
2011 and DES 2015]
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sustainably suffice these demands, India has taken recourse to better policy and planning
towards effective disaster risk reduction in the future (NATCOM 2012; Mittal and Ray 2015).

Increasing temperature trends of the order of 0.6 °C during the last 112 years over India
have already been observed (IMD 2012). Recently, several studies reported a significant
change in the pattern of temperature and no significant trend in rainfall and/or decreasing/
increasing trends in rainfall and sharp decrease in rainy days (Singh and Sontakke 2002;
Goswami et al. 2006; Dash et al. 2007; Guhathakurta and Rajeevan 2008; MoEF 2010;
Guhathakurta et al. 2011; Subash et al. 2011; Kothawale et al. 2012; IPCC 2013; Das et al.
2014; Dubey and Kumar 2014; Oza and Kishtawal 2015). On an average, rainfall intensities
have been found increasing country wide but the number of rainy days is decreasing and the
trend is expected to continue till the end of the twenty-first century (Goswami et al. 2006; Pai
et al. 2015). A number of studies have been carried out to understand the crop-weather
relationship in the Indian perspective (Aggarwal and Mall 2002; Mall and Gupta 2002;
Selvaraju 2003; Mall et al. 2006; Singh et al. 2010; Kumar et al. 2011; Swaminathan and
Kesavan 2012; Prasanna 2014; Mondal et al. 2015; Singh et al. 2016; Mall et al. 2018) as well
as the dependence of the Indian economy on its agriculture (Preethi and Ravedkar 2012;
Ravedkar and Preethi 2012). India’s policy-making has already taken serious note of climate
variability and change that has been affecting the nation’s agricultural produce. The introduc-
tion of National Action Plan for Climate Change (NAPCC), adopted in 30th June 2008,
National Adaptation Fund (NAF) and an overall shift towards sustainable practices to achieve
the nation’s developmental goals stand firm to prove that the Indian government is active to
ensure an effective implementation of these policies. The National Mission for Sustainable
Agriculture (NMSA) and National Mission on Strategic Knowledge on Climate Change
(NMSKCC) are the two of the eight missions under the NAPCC which were designed to
mitigate the climate induced risks and to encourage research, innovation and the expansion of
the Climate Smart Agriculture (CSA) like practices NAPCC 2008).

Climate projections developed for India for the 2050s indicate a 2-4 °C increase in average
temperature and decrease in the number of rainy days (Kumar et al. 2006; MoEF 2010). It is
projected that by 2100, the kharif season (June to October-monsoon season in India) temper-
ature would warm by a minimum of 0.7 °C - 3.3 °C, whereas rainfall would be —7% to 37%
wetter (Birthal et al. 2015). Also there are studies that say that if measures to uphold the rice
yields in India are not enacted immediately, by 2050, India would be more of an importer of
rice than an exporter (Teng et al. 2016; van Oort and Zwart 2017).

Uttar Pradesh is the most populated (199.6 million; 17% of India) state and has distin-
guished itself as the ‘agricultural hub’ on account of its largest share of rice area (13%, 114 in
India, 5.95 Mha) and production (13%, III"d in India, 14.0 MT). The state also faces
tremendous stress on its water resources due to the huge agriculture industry (Mall et al.
2006). As long as the rainfall variability and change remains a threat for the water availability,
it would keep flinging in difficulties to cultivate the water-intense crops. The rising concerns
like the high climate variability, decreasing per capita water availability and the rising food
demands of the growing national population are yet to be explored for their inter-dependencies
to combat the crisis. This crisis is a daunting challenge for the stakeholders and the decision-
makers, and to handle, they must look for effective adaptive measures capable of ensuring
sufficient water and food supplies for all.

In the light of the above discussion, it is very important to make the rice crop production
more resilient to climate variability and change. It is noteworthy that there are plenty of studies
in India on climate and extreme weather events, but they are only few for Uttar Pradesh and
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none expanding over the states’ agro-climatic zones. Therefore, the present study aimed to
examine the long-term annual and seasonal climate variability and extreme events across
various agro-climatic zones of Uttar Pradesh, and its impact on rice growth and yields. Also,
an attempt has been made to analyze the impact of extreme weather upon phenological
phase(s) of rice crop with a special reference to better agronomic management of weather
constraints to ensure sustainable production in the region.

2 Materials and Methods
2.1 Study Site

Uttar Pradesh is located within the Indo-Gangetic Plains (IGP) of India, spreading between
23050°-30045” N latitude and 77°04’—-84°38’ E longitude, as shown in Fig. 2a. It is divided
into nine agro-climatic zones on the basis of rainfall, temperature and soil. Table 1 enlists a
detailed description for all these zones (including their abbreviations that are used in the
discussion further below).

2.2 Data and Analysis

The observed daily long-term maximum temperature and minimum temperature data from
1971 to 2013 and rainfall data from 1971 to 2013 were obtained from the Indian Meteoro-
logical Department (IMD), New Delhi. Rice yield data were obtained from the KrishiBhawan,
Uttar Pradesh and Ministry of Agriculture, New Delhi (DES 2015). Mann Kendall Test at
0.05% significance level was applied to detect the trend in both temperature and rainfall data.
For rice or kharif season, temperature extremes were considered whenever the temperature
rose beyond 35 °C and/or fell below 20 °C, which might have affected the crop growth and
development, and thus the final yield. Apart from that, rainfall at the annual/seasonal (mon-
soon, pre-monsoon, post-monsoon and winter) time scales with analysis of rainy days and
extreme rainfall variations was also studied. Mann-Kendall test is a statistical test, which is
widely used for the long-term climatological and hydrological time series data. Rainy days are
categorized with threshold of >2.5 mm per day as given by criteria of IMD. Whereas, extreme
rainfall was categorized under three categories of thresholds, i.e., >50 mm to <100 mm /day,
>100 mm to <150 mm /day and > 150 mm/day. Apart from that, rainfall in each of the crop
growth stages were compared with that of the annual rice yields to minutely examine whether
growth stage rainfall held any crucial role in the rise or fall of the yields. This is followed by
assessment of phase-wise impact of temperature and rainfall over the crop yields, so as to
identify the most affected phase(s) which plausibly lead to final yield variability.

3 Results and Discussion

3.1 Variability and Trends in Annual and Seasonal Temperature

Although India’s overall average annual surface temperature has increased significantly over
the past century (IMD 2012), there are remarkable zonal contrasts as far as increase in

temperature is concerned (Fig. 2b). The largest warming was found in WPZ with an annual
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Fig. 2 a Study area: Nine Agro-climatic Zones of Uttar Pradesh; b Annual Temperature Trend in Agro-climatic
zones of Uttar Pradesh; ¢ Annual Rainfall Trend in Agro-climatic zones of Uttar Pradesh; and (d) Kharif
Temperature and Rainfall trends

trend of 0.4 °C per decade and marked 2002 being the warmest year with positive anomaly of
1.9 °C. Whereas, MWZ was found to have a trend of 0.3 °C per decade and 2006 being the
warmest year marked by a positive anomaly of 1.6 °C. On the contrary, CPZ was characterized
by a cooling trend, i.e., 0.1 °C per decade wherein, no discernible trend was found in NEZ in
terms of annual temperature variability. As for the diurnal temperature range, it is distinctly
increasing in the cases of NEZ and CPZ, as in these two zones the maximum temperature
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showed an increasing trend, whereas the minimum temperature showed a decreasing trend.
Across the state, on an average, the minimum temperature undertook a rising trend within the
range of 0.1 to 0.4 °C. In general, the maximum temperature was also observed to be
increasing in all zones except in NEZ and CPZ. Rice or kharif season also showed similar
trend to that observed for annual temperature (Fig. 2d). The Mann-Kendall test was applied to
detect trend(s) in the long term temperature data (Table 2). Across the state the variation in
annual mean temperature ranged between 20.6-26.1 °C. The Mann-Kendall Statistic (S) value
for maximum temperature indicated a positive upward trend in all the zones except in NEZ,
CPZ and EPZ. In the entire Uttar Pradesh state, the largest minimum temperature increase (i.e.,
3.7 °C) was estimated in BKZ in year 2006 and the largest maximum temperature increase
(i.e., 2.6 °C) was estimated in WPZ in year 2002.

3.2 Variability and Trends in Annual and Seasonal Rainfall

The annual as well as seasonal trends over the different agro-climatic zones varied greatly from each
other with remarkable zonal contrasts. On an average the annual and rice/kharif season rainfall
trends were found to be increasing at 1.1 and at 0.7 mm/year, respectively, over the state.
Nevertheless, this trend seems to be biased by the exceptionally high annual rainfall trend of
13 mm/year that characterized BTZ, and on exclusion of BTZ’s rainfall, the trend for the whole
state was a distinct overall decreasing trend at —0.8 mm/year. The trends for winter, post-monsoon
and pre-monsoon seasons were estimated at 0.22, —0.38 and 0.24 mm/year, respectively. SWZ
(-0.5 mm/year), EPZ (—0.3 mm/year) and CPZ (0.2 mm/year) showed considerable declining
trends, whereas MWZ and BTZ showed remarkable rising trends (0.51 and 0.91 mm/year,
respectively; Fig. 2¢). The obtained statistical estimates from running the Mann-Kendall (MK) test
on rainfall datasets for the various zones are compiled in Table 2. The comparative assessment of p-
estimate with that of the significance level « (alpha) = 0.05 is the criteria in this statistical test as far
as acceptance or rejection of the null hypothesis. When the p value is less than «, H is rejected,
indicating the existence of a statistically significant trend in the data, whereas if the p value is found
more than o, Hy is accepted denying existence of any trend whatsoever. The MK test statistic (S) for
various zones of the state cannot be put in any trend as there exist large fluctuations; the estimates
have been calculated as high as 400 for BTZ and as low as —105 for SWZ. In between are VZ, CPZ
and NEZ, whereas BKZ and MWZ exhibit poor S.

3.3 Vulnerability of Rice Yield to Climate Variability and Extreme Events

An exhaustive study undertaken by Ray et al. (2015) underscores the fact that considering all
the global spread of rice producing regions, about 53% of the region has experienced impact of
climate variability on the yield. In the case of India, they suggested that during the span of
study, i.e., 1979-2008, almost 15% to 30% of rice yield variability was due to climate. In the
case of Uttar Pradesh, extreme temperature and rainfall events affected the yields, as well as
normal rainfall due to its late arrival in the form of monsoons. Not only India but also other rice
producing countries like China, Vietnam, Thailand, Philippines, Bangladesh, Indonesia have
also experienced fluctuations in the yields of their rice crops grown in various crop-seasons.
Indonesian rice yield has a very close knit relation with arrival of monsoon rains and recent
delays in the monsoon has affected the rice yields of the South-Asian rice producing countries
(Naylor et al. 2007). An all China-wide research lead by Chao et al. (2014) undertook the
impact assessment of rice yield variability in response to changing climate over a dataset of
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50 years. They found that the decrease in diurnal temperature conditions have affected the
single-rice cropping system and the production has fallen down by 3% from its long term
average production from 1961 to 2010. Wherein, reduction further increases by 6.2% when
combined with changes in precipitation. For double cropping system, only the decrease in
diurnal temperature was found to be significant with production reduced by 2.0% from the
long term average. A recent study carried out in Vietnam indicated that though average
seasonal rainfall positively affected the rice yields, the average seasonal maximum temperature
adversely affected the yield in both rice growing seasons (Chung et al. 2015). The three major
ecotypes of rice grown in Bangladesh were studied with respect to the observed dataset
available for the period of 1981-2010 (Ara et al. 2017). Spatio-temporal variations in yields
of these three ecotypes were found to be more susceptible to temperature than to rainfall. As
for Philippines, a 2018 study highlights the El-Nino and Southern Oscillation phenomena,
which modulated to a great extent the available soil moisture, thus affecting the rain-fed rice
yields with only a limited impact on yield due to temperature variability playing the major role
(Stuecker et al. 2018). With all the above discussions, it is obvious that temperature or rainfall
variability affect rice yields, depending on geographical location along with soil properties or
the popular crop variety grown or agricultural systems and their regimes. The above discussion
underscores the fact that the specific variability caused by climate parameter(s) could be an
appropriate approach to understand the actual reason(s) behind the impact of climate upon
yield. As for India, the rice-growing season almost coincides with the arrival of the southwest
monsoon, which brings rainfall ranging from at least 713 mm to 1415 mm across the different
agro-climatic zones of the state (Table 1). Over the past five decades, rice yields have increased
significantly despite of both the considerable annual rainfall variability and the remarkable
regional contrasts in the maximum and minimum temperature trends, but the annual yield
variability showed the impact of climate variation. During kharif season, the critical mean
temperature for flowering and fertilization ranges from 16 to 20 °C. High temperature,
especially during the night, leads to loss of reserved food through greater respiration (Peng
et al. 2004). For higher grain yield, a day temperature of 25 to 32 °C and night temperature of
15 to 20 °C is preferable. Temperature beyond 35 °C affects both the pollen shedding as well
as the grain filling. It is well known that mild temperature of night and clear sunny weather
during daytime is better for high yield of rice, but temperature less than 15 °C is neither
conducive for the panicle initiation nor for the crop growth (Rao et al. 2014).

Over Uttar Pradesh the kharif season was marked by an increase in minimum temperature
ranging between 0.06 to 0.44 °C per decade across the state, inclusive of all zones. Such a
rising trend in temperature may bear negative impacts on kharif rice crop. And the rice yields
declined due to the rise in minimum temperature, e.g., in the cases of MWZ, BKZ, WPZ and
EPZ in recent years (after 2000) the yield was affected due to the same reason (Fig. 4a). In
SWZ, years 2002, 2007 and 2009 witnessed maximum number of days with
temperature >38 °C for more than one to three weeks consecutively during the vegetative
phase, which caused drastic decline in the rice yield. During the same year, continuously for
two to three weeks, occurrences of maximum temperature with a count of >35 °C were also
observed in the reproductive and ripening phases of the crop leading to yield reduction.

In BTZ situated at the north-west corner of the state, during the El Nino years like 1976,
1982 and 1987, the reported rice yields were found lower than the crop’s long period yield
averages (Fig. 4a). The middle most situated zones of the state, i.e.,CPZ, in 1972, 1976, 1982
and 1987 El Nino years witnessed an overall reduction in rice yields. In EPZ, during the El
Nino years 1972, 1976, 1982 and 1987 the overall yields were also lower than the long period
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average of rice crop of the zone but not severely lower. The above findings regarding BTZ,
CPZ and EPZ agree with the findings of Ashalatha et al. (2012) who found that in a district
level study of Southern India ~92% of its sampled farmers confirmed that the reduction in the rain-
fed crop yield was due to reduction in rainfall. Nonetheless, in another study, increase in grain yield
with increase in rainfall was reported (Bhattacharya and Panda 2013). The study confirmed that for
each mm increase in rainfall resulted in an average of 0.35 kg/ha increase in rice grain yield. Koshal
(2014) concluded that the rice crop in IGP depends on ISMR. A keen observation of the yield
variability across almost all the zones for the given study period brought to light the fact that after
1990s, despite the occurrences of El Nino or La Nina events or of regional droughts, the crop yield
did not undergo any significant decline.

At BKZ, annual rice yields, considering for example years 2007 and 2008, showed large gaps. In
2007, the rice yield went down by 20%, whereas in 2008, just the next year, the yield went up by
98% when compared with the mean yield of the zone. 2008 was marked by higher minimum
temperature than that of 2007. Apart from this, during 2008, the maximum temperature had also
dipped very low (~ 4 °C below the mean of 34.3 °C), accompanied by a significant rainfall in the
crop season (Fig. 3a, b). A keen look into the extremes pinpoints that neither 2007 nor 2008 was
demarcated as any kind of a drought year, and 2007 even did not have any worth mentioning records
of rainy days or not even any rainfall extremes that might have acted as potential reason in pulling
down the yield (Fig. 3b). A number of studies pertaining to crop variability and changing climate
have found that the rise in temperature (average/maximum/minimum) in tandem with CO, fertil-
ization (both only to a certain extent) along with the crop variety and management practices help
increasing the rice grain yields (Devkota et al. 2013; Rani et al. 2011). However, in our case, the
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Fig 3 (continued)

yield difference in these consecutive years could not be explained in this line of thought. The
increased temperatures (either maximum or minimum or both together) have rather played a
detrimental role as far as the rice yields are concerned in the region. Liu et al. (2017) conducted a
similar study in China to understand how the increased CO, levels in combination with the high
temperatures affected the rice yields. They identified the effect to be adverse for crop yield. From
2008 onwards, it can be noted that even when the minimum temperature have risen, the yields have
been sustained to the same level (Fig. 3a). The same level of yield indicates towards the management
applications undertaken by the farmers to protect rice yields from the temperature variability which
had affected yields consistently in the past, e.g., in 1995, 1997, 1998, 1999, 2001 and 2002.

As far as MWZ is concerned, the rice yields of 2010 and 2011 had great contrast, with the
difference between the two years being nearly 49% (Fig. 3a, b). The seasonal rainfall study
showed that year 2010 suffered >40% of rainfall deficiency, whereas year 2011 received ~35%
more rainfall than the long term average seasonal rainfall of this zone. As for the temperature
extremes, the number of days recorded to have crossed >35 °C in terms of maximum
temperature ranged from 18 to 20 for both years (Fig. 4a). The critical mean temperature for
flowering and fertilization in rice ranges from 16 to 20 °C. Therefore, high temperature,
especially during the night, leads to loss of the reserved food through greater respiration. For
higher grain yield, day temperature of 25 to 32 °C and night temperature of 15 to 20 °C is
preferable. Temperature beyond 35 °C affects not only pollen shedding but also grain filling
(Hatfield and Prueger 2015; Krishnan et al. 2011). It is well known that mild temperature of
night and clear sunny weather during day time is better for high yield of rice, but temperature
less than 15 °C is neither conducive for panicle initiation nor is it for crop growth (Peng et al.
2004). The number of days recorded for <20 °C in terms of minimum temperature were less in
2010 when compared with 2011, which indicates that 2010 was warmer than 2011. In 2010,
there were 4 rainfall extremes in the range >50 mm and <100 mm and a single event of
>100 mm and <150 mm. In contrast 2011 had to face only 2 events of >50 mm and <100 mm
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Fig 4 a Number of days estimated for temperatures >35°C and <20°C in Rice growing season (Dark line
represents total no. of days for temperature >35°C and dark straight line is the trend line, whereas the dotted line
represents the total no. of days for temperature <20°C and dotted straight line is the trend line); b Comparative
study of annual rainfall anomaly and rainy days with % contribution of rainfall extremes of different category for
each of the agro-climatic zones of Uttar Pradesh (In the Pie chart: Blue represents % of total days with >50 mm
and <100 mm rainfall. Red represents % of total days with >100 mm and <150 mm rainfall. Green represents %
of total days with >150 mm rainfall. Purple represents total counts of rainy days)

and no higher rainfall than this (Fig. 4b). Apart from this, 2010 witnessed 68 rainy days,
whereas 2011 witnessed only 50, which indicates that although 2010 witnessed lesser rainfall yet
due to its widespread temporal distribution, rice yield was deterred from experiencing any drastic
impact.

Similarly, in WPZ the yield anomalies were very noticeable, as year 2011 witnessed higher
yield compared to 2010 (Fig. 3a, b). The temperature anomalies of the two years were not that
remarkable (Fig. 3a). Kharif season rainfall was found >20% higher in 2010 and slightly less
than the zone’s long-term seasonal average in 2011 (Fig. 3b). None of the years fell under the
category of regional drought though year 2010 was preceded by three moderate regional
droughts in the zone, i.e., 2006, 2007 and 2008 (Table 1). These droughts might have left the
soil much too parched and even when 2009 received 718 mm rainfall during kharif season the
soil could not compensate the moisture loss due to the preceding prolonged dry period. Even
the study of temperature extremes estimated only <5 days of >35 °C for 2011, whereas for
2010 there were 14 days indicating warmer conditions in 2010 (Fig. 4a). Six rainfall extremes
in the range of >50 mm and <100 mm and a total of 40 rainy days were recorded in 2010 and
not a single rainfall extreme and a total of 64 rainy days seen in 2011 (Fig. 4b). More number
of rainy days with no notable rainfall extremes and less number of extreme maximum
temperature underscores the possibility of existence of consistent soil moisture in case of
2011 that might have supported the better rice yield in this zone. At EPZ, 14% decline in the
rice yield has been noticed in 2009, whereas the very next year 2010 witnessed quantum jump
to 16% in yield. In another instance, in MWZ, 5% decrease was observed in 2010, whereas a
43% increase was seen in 2011 when compared with the mean rice yield of this agro-climatic
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Fig 4 (continued)

zone. Similar consecutive changes (year to year) in annual yield variability were also seen in
other agro-climatic zones which may most possibly be due to climatic variability, as crop
variety improvement, management and other factors cannot undergo change or transformation
within a short span of time.

4 Rice Growth Phase and Climate Variability

The phenological phases of rice crop like vegetative, reproductive and ripening are illustrated
in the Supplementary Material file in Fig. A1 along with their respective critical temperature
and rainfall requirements. Correlation at o= 0.05 was computed to understand the relation of
rainfall, maximum and minimum temperature with yield at different phenological phases
(Table 3). The vegetative phase requires significant amount of water and high moisture
conditions are ideal for proper growth. BKZ out of the nine zones was found to hold week
negative correlation with the rainfall in all three vegetative phases. During reproductive phase,
the relationship between the rainfall and the rice yield were found to be negative only in two of
the zones, i.e., BKZ and CPZ, whereas the rest of the seven zones were characterized by
positive correlation. As for the ripening phase, all zones were characterized by positive
correlation except for VZ, BKZ and EPZ. As far as the role of temperature is concerned, rice
crop generally does not suffer harsh temperature conditions due to the profuse rains of the
kharif (monsoons) season which help it to wade off the loss that the high temperature
conditions may exert upon the rice-yields. Table 3 presents a vivid record of the crop growth
phase-wise relation of temperature (both temperature minimum and maximum) with that of the
annual rice yield for all the zones. The analysis brought forth only a moderate estimate of the
relation between the reproductive phase, temperature variability and annual rice yield, e.g., in
VZ, MWZ, CPZ and WPZ. However, the reproductive phase held considerable (significant at
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Table 3 Relation between Temperature, Rainfall and Rice yield in different phenological phases of Rice Crop

Agro-climatic zones Climate parameters RICE
Vegetative Reproductive Ripening
SWZ Tmax 0.17 —0.06 0.05
Tmin 0.06 0.25 —0.02
Rainfall 0.05 0.01 0.04
\4 Tmax 0.12 0.13 —0.06
Tmin 0.36 0.56* 0.36
Rainfall —0.28 0.13 —0.26
MWZ Tmax 0.14 0.03 0.02
Tmin 0.32 0.53* 0.33
Rainfall 0.12 0.05 0.07
NEZ Tmax -0.21 —0.16 —0.18
Tmin 0.27 0.44 0.25
Rainfall 0.01 0.00 0.03
BKZ Tmax —0.02 -0.21 —-0.09
Tmin 0.33 0.22 0.16
Rainfall —0.22 —0.08 —0.03
CPZ Tmax -0.29 —0.18 —0.36
Tmin 0.15 0.58* 0.07
Rainfall —0.01 —-0.01 0.01
WPZ Tmax 0.34 0.24 0.19
Tmin 0.56* 0.55% 0.29
Rainfall -0.22 0.07 0.02
BTZ Tmax —0.09 -0.31 —0.26
Tmin 0.36 0.38 0.26
Rainfall 0.22 0.19 0.03
EPZ Tmax —0.06 0.07 0.05
Tmin 0.03 0.14 0.23
Rainfall 0.16 0.00 —-0.09

*Significant at « =0.05

o =0.05) relations with minimum temperature in VZ, MWZ, CPZ and WPZ, and thus resulted
in decreased rice-yield with higher minimum temperature even with normal to higher rainfall
in all agro-climatic zones.

Largest warming was mostly found during September in all the agro-climatic zones which
could be the core reason behind the decline in the rice yield (Fig. 3a). Increase in maximum
temperature may cause cellular injury, lipid membrane per-oxidation, increase rate of respira-
tion and photosynthesis. Increase in minimum temperature may cause poor growth, decrease in
photosynthesis rate which may finally culminate in adversely affecting the yield. This type of
change in temperature affects the crop production through factors such as increased respiration,
higher metabolism, evaporation losses and altering plant responses to biotic stresses in
different agro-climatic zones of the state (Rezaei et al. 2015). Presence of clouds for prolonged
period due to active southwest monsoon appeared to have reduced the incoming solar
radiation, thus resulting in a significant increase in minimum temperature and negligible
increase in maximum temperature (Rebetez and Beniston 1998). Increase in minimum tem-
perature has a negative impact on rice yield overriding the impacts of radiation and maximum
temperature (Nagarajan et al. 2010). Substantial reduction in rice yield is observed when high
temperature was noticed during flowering period in all agro-climatic zones. Jagadish et al.
(2010) also reported that rice flowering is the most sensitive stage in the face of both heat and
cold stress, with the male reproductive organ determining the level of spikelet sterility.
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Nevertheless, it is not alone the variability in the climatic parameters that controls the
variability in yield of any crop. It is rather the complex nexus of soil, water, crop (variety)
and agronomic practices along with the climate variability that modulates rice yields like in the
case of other crops. So, to understand and manage the yield fluctuations it is important to have
the understanding of how the various elements of this nexus interact. Therefore, continuous
and rigorous studies into the field of agro-meteorology focused at impact assessment call for
action plan(s) that is(are) designed in a frame of ‘bottom-up approach’. Such approaches, when
implemented strategically at ‘local to regional to country level’, can prove to be the potential
adaptation options capable of sustaining the rice-yields.

5 Conclusions

The study is a part of the ‘bottom-up approach’ as discussed in the above section. It is of
importance because it covers the Uttar Pradesh known to be the second largest state of India in
terms of its rice production. The Uttar Pradesh comprises of various agro-climatic zones
making it agro-meteorologically relevant to understand the observed variability in the rice
yield due to the observed climatic variability.

The major findings of the above study are as follows:

a. During the rice season both minimum and maximum temperatures were found to be
increasing across all the agro-climatic zones of the state, except in two zones where
decreasing trends were observed.

b. Over the different agro-climatic zones, the annual minimum temperature fluctuated more
than the maximum temperature, indicating the considerable change in the diurnal tempera-
tures in this region, thereby, playing an important role in deciding the rice growth and yields.

¢. Rise in minimum temperature was found to have negative impact on rice crop in the form
of an average rate of decline in rice yields.

d. Furthermore, for the given study-period, the monsoon rainfalls were estimated to have a
non-significant positive trend only. Moving from West to East in Uttar Pradesh, decadal
rainfall trends were found to exist in a mixed manner, positive as well as negative
(significant at 5% level) making it difficult to decide the overall rainfall trend pattern.
Nonetheless, NEZ and VZ experienced considerably higher occurrences of rainfall ex-
tremes, whereas there was higher occurrence of rainy days in case of BTZ that raised up
the annual rainfall averages.

e. The consistent and better distribution of rainy days observed in BTZ could be the reason
behind higher mean yield (2 tons per hectare) when compared to the lower yields of NEZ
and VZ. NEZ and VZ faced more numbers of extreme rainfall events which might have
reduced the final yield. In the same place, WPZ achieved the 2 tons per hectare yield in
rice despite having witnessed considerably low average annual rainfall (Fig. 4b) as well as
more number of moderate drought events and even a severe drought hit in 1987 (Table 1).
The farmers might have adopted well-informed agronomic practice(s) to bring up the
yields given the unfavorable climatic conditions.

With the climate variability evidently affecting the crop yield, studies like the present one must
be taken up at varied geographical scales preferably for eco-climatologically vulnerable regions

such as for river basins (sub-basins) or for coastal strips. Assessments for such regions in the
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above persepective are destined to be of great use estimating the impacts of climate variability
on the regional agriculture, thereby, enabling better decision-making and management at the
food security front. In the twenty-first century, food security in India has to be based on the
proportionate use of biotechnology, information technology and eco-technology (Swaminathan
and Kesavan 2012) if the nation’s population has to be fed sufficiently.
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