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Abstract
This study presents two aspects of heat waves over India. Firstly, we have analysed the gridded daily temperature data (1° × 1°)
for six decades (1951–2015) to understand the changes in heat waves using the heat wave magnitude index daily (HWMId).
Secondly, we have post-facto assessed the impact of the March 2010 heat wave on the growth and yield of wheat crop over north
India. The study clearly showed the effectiveness of HWMId to capture the heat waves over India. The most-intense heat waves
have significantly increased over 56% area of the country, and over the past three decades, it also started occurring in nonconventional heat wave regions of the southern peninsula and northeastern India. Among different categories of HWMId, the rate
of spatial spread was highest for the very extreme category. The auto-regressive integrated moving average (ARIMA) intervention technique showed negative impact of the March 2010 extreme heat on yield of wheat over north India. The yield decreased
by 4.9%, 4.1% and 3.5% over Punjab, Haryana and Uttar Pradesh, respectively, which were statistically significant (p < 0.1).
Though the total production decreased, it was non-significant due to the slight increase in harvested area. Satellite-derived crop
phenology parameters also captured the event. The rate of browning increased significantly over the study area. There were interdistrict variations in the heat-wave impacts. The results may be used for identification of potential heat wave zones. It may also be
used for devising zone-specific adaptation strategies for shielding wheat crop from such events.

1 Introduction
Global climate is experiencing more extremes than ever before
and these are predicted to increase further in the near future
(Stocker 2014). Likewise, extreme temperatures are also occurring more frequently over the globe (Coumou and Rahmstorf
2012; Seneviratne et al. 2014) as well as over India (Panda et al.
2014). Heat waves, the occurrences of extreme temperature for
a continuous duration, have much greater influence than extreme temperature itself. Heat waves are reported to have
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cascading impacts spreading across several sectors like health,
ecosystem, agriculture and ultimately to the national economy
as a whole (Coumou et al. 2013; Rohini et al. 2016; Trenberth
and Fasullo 2012). Heat waves over India climatologically occur from March to July (Pai et al. 2013; Ratnam et al. 2016)
mostly concentrating between April and June (Rohini et al.
2016). Heat waves are widely reported to have claimed several
thousands of lives per year over different parts of the world
(Parry 2007; Ratnam et al. 2016) and over India (Azhar et al.
2014; NDMA 2016). These events are also very crucial for
sustaining agricultural production as reported by several researchers (Lesk et al. 2016; Lobell et al. 2012).
Wheat, the most important support to the food security over
the globe, which is cultivated on more than 220 M ha of land
and with over 700 Mt of production (FAO 2014) also remains at
the centre of the discussion due to its sensitivity to heat (Lobell
et al. 2012; Duncan et al. 2015; Lüttger and Feike 2017). India is
the second largest producer of wheat with about 95 Mt of production (2013–2014) which contributes about 13% of global
wheat supply (DES, MoA & FW, GOI; FAO). It is also the
second most important crop of India with over 35% contribution
to its total food basket. Wheat is a crop that favours cooler
temperatures and is sensitive to heat especially during its
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reproductive growth stage (Tashiro and Wardlaw 1989). It is
normally sown in India during early winter in the month of
November to December and harvested during early summer or
pre-monsoon season, i.e. during April. So, the heat-sensitive
reproductive growth stage generally occurs during late
February to March and may coincide with the sudden shooting
up of temperature during the period (Rao et al. 2015). Across the
globe, croplands are being affected by extreme high-temperature
events incurring negative impacts in the form of yield loss
(Asseng et al. 2011, 2014; Liu et al. 2016; Lobell et al. 2012).
Many studies have reported the influence of rising temperature on crop growth using statistical techniques such as
regression-based models (Gupta et al. 2016; Lobell et al.
2012) and process-based crop simulation models (Asseng
et al. 2014; Liu et al. 2017; Potgieter et al. 2012). But most
studies have focused on the rise in mean temperature, whereas
until recently, very few have tried to understand the effects of
extreme heat events or heat waves. van der Velde et al. (2011)
reported the effects of extreme weather on wheat crop in
France using crop simulation models while Fontana et al.
(2015) reported the relationship between early heat waves in
Italy and durum wheat yields at a regional scale. Yang et al.
(2017) linked the CropSim wheat model with output from
General Circulation Models (GCMs) and observational data
to project local climate suitable for assessing the impact of
increasing heat stress events on wheat yield in China.
But most of these studies have focused either on medium to
long-term increase in temperature or to understand the probable
changes in wheat yield due to heat stress in the future. None of
the studies have focused on a particular extreme heat stress year
and tried to find out its regional effect on wheat growth and
yield. So, this research aimed to study two aspects: (a) determine the spatio-temporal trends in the heat wave prevailing area
over India over 1951–2015 using the widely accepted heat
wave magnitude index daily (HWMId) which works on the
principle of percentile-based threshold rather than absolute value of threshold, and (b) to analyse and quantify post-facto the
effects of a heat wave on the wheat crop using robust statistical
techniques. The year 2010 has been widely reported as one of
the major heat wave years in India due to its spread, effects and
multiple occurrences over time (NDMA 2016; Ratnam et al.
2016). Hence, we tried to assess the post-facto impact of the
March 2010 heat wave on wheat crop growth and production
over three major wheat-growing states of north India using the
ARIMA intervention model (Box and Tiao 1975; Shao 1997).

2 Material and methods
2.1 Study region
The study area pertains to the continental mainland of India,
leaving aside the islands (Fig. 1). The map also shows the

cropland area of India which is derived from the Global
Land Cover 2000 Project (GLC 2000). It is spread between
8° 04′–37°06′ north latitude and 68°07′–97°25′ east longitude.
At first, we computed the heat waves during 1951–2015 using
HWMId throughout Indian mainland at 1° × 1° grid scale and
then analysed its trend and change point for all the grids of the
country. In order to study the impact of the 2010 heat waves
on wheat crops, we selected the major wheat-growing region
of north India, popularly known as “bread basket”. This study
included only those grids which had more than 40% of wheatcultivated area (Monfreda et al. 2008) belonging to the States
of Punjab, Haryana and Uttar Pradesh (UP).

2.2 Agricultural data
This study utilised the state as well as district level area, production and yield data of wheat crop which is available on the
website of Directorate of Economics and Statistics,
Department of Agriculture, Cooperation and Farmers
Welfare, Ministry of Agriculture and Farmers Welfare,
Government of India (http://aps.dac.gov.in/APY/Public_
Report1.aspx). The area statistics is compiled by
enumerating the area sown under a particular crop through
the Revenue Departments in each State, while yield data is
estimated by aggregating crop-cutting experiment data as per
State and crop-specific sampling plan.

2.3 Temperature data and its processing
The high-resolution daily gridded temperature data (1° × 1°)
developed by the India Meteorological Department (IMD)
were used in the analysis (Srivastava et al. 2009). Our analysis
was carried out for the 65-year data series developed by IMD
spanning from1951 to 2015.
As this study focused on heat waves, only the time series of
daily maximum temperatures for each grid covering the
Indian mainland only were analysed. There are different
criteria or indices for identifying the extremes such as heat
waves (Nairn and Fawcett 2011; Radinović and Ćurić 2012)
and are mainly grouped into four categories: (a) absolute value-based, (b) threshold-based, (c) percentile-based and (d)
duration-based indices (Alexander et al. 2006). IMD monitors
and declares heat waves in India based on absolute values of
the maximum temperature (Tmax) recorded by weather stations. The thresholds of positive anomalies above absolute
value (30 °C for hills and 40 °C for plains) constitute a heat
wave (Ratnam et al. 2016; Rohini et al. 2016). These absolute
and threshold-based approaches lack scientific soundness for
applications over a large heterogeneous region due to their
inherent variation in thermal regime. So, the Expert Team on
Climate Change Detection and Indices (http://etccdi.
pacificclimate.org/list_27_indices.shtml) proposed
percentile-based indices as they have comparative advantage
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Fig. 1 Political map of mainland India with state boundaries and crop lands

over others, especially when the objective is to understand the
change in extremes in the perspective of climate change over a
large diverse region (Klein Tank and Können 2003; Radinović
and Ćurić 2012; Panda et al. 2014). As India is one of the large
diverse parts of the world having large variation in climate,
soil and topography, hence the percentile-based Heat Wave
Magnitude Index daily (HWMId) method was adopted in this
study (Russo et al. 2015).
The Heat Wave Magnitude Index daily (HWMId) was developed and discussed by Russo et al. (2015). The HWMId is
the maximum magnitude of the heat waves in a year. The
HWMId is a simple numerical index which takes into account
both duration and intensity of the heat wave event. It is the
period of more than or equal to three consecutive days with
maximum temperature above the daily threshold of reference
period which is of 31 years. In this study, we have taken 1961–
1992 as the reference period. The threshold used is 90th percentile of the daily maximum temperature, centred on a 31day window. The 90th Percentile threshold is also used by the
Expert Team for Climate Change Detection and Indices

(http://etccdi.pacificclimate.org/list_27_indices.shtml) for
identification of extreme temperature and also followed by
several researchers like Klein Tank et al. 2009, Sen Roy,
2009, Seneviratne et al. 2014 and Tao et al. 2014. Russo
et al. (2015) expressed the threshold which is 90th percentile
of the set of data Ad, for a particular day d, as:
Ad ¼

1992

⋃

dþ15

⋃ T y;i

y¼1961 i¼d−15

ð1Þ

Where ⋃ denotes the union of sets and Ty,i is the daily maximum temperature of the day i in the year y. It calculates the
magnitude of any heat wave based on every single day of the
event where magnitude value (Md) is assigned based on the
normalised difference of the 25th (T30y25p) and 75th (T30y75p)
percentile values of the time series of that particular day as
follows (Russo et al. 2015).
8
< T i −T 30y25p
; if T i > T 30y25p
ð2Þ
M d ðT i Þ ¼ T 30y75p −T 30y25p
:
0; if T i ≤ T 30y25p
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Where Ti indicates maximum daily temperature on the ith
day. Here they have adopted a system of non-parametric
measure of the variability or assigning the weight
(Ceccherini et al. 2017). Ultimately, the sum of the magnitude of each day of the heat wave makes the value of
HWMId. If a day of a heat wave has a temperature value
equal to the interquartile range (IQR) (i.e. the difference
between the 25th and 75th percentiles of the daily maximum temperature), its corresponding magnitude value will
be equal to 1. A magnitude of 3 at a particular day means
that the temperature anomaly on that particular day is 3
times the IQR. The different categories of HWMId are
shown in Table 1.

2.4 Satellite data and its processing for phenology
extraction
The study analysed the widely used time series of NOAASTARNDVI of vegetation health products (https://www.star.
nesdis.noaa.gov) (Jiang et al. 2008). The dataset is available
from 1981 to the present at 4-km spatial and 7-day composite
temporal resolution as global smoothened NDVI (SMN).
SMN has been used widely for estimation of phenological
phases such as start of the growing season, start and senescence of vegetation, etc. (Chakraborty et al. 2017).
TIMESAT, the open source software for phenology extraction, was used for estimation of wheat phenology
(Jonsson and Eklundh 2002, 2003, 2004). The analysis
was performed for the duration of 1981–1982 until 2014–
2015 (33 years/seasons). Start of Season (SOS), End of
Season (EOS) and Length of the Season (LOS) phenology
metrics were computed for each year as described in
Chakraborty et al. (2017) and Sehgal et al. (2011). We also
computed the amplitude of the wheat crop growth profile
(Ampli), its maximum NDVI (Max-NDVI), area under the
crop growth profile, i.e. small and large integral (SI and LI)
along with the rate of greening and browning (GR and
BR). The pictorial description of these parameters is shown
in Fig. 1S. All these indicators reflect the growth of the
crop in that area in a season.

Table 1 Category scale
of heat wave magnitude
index daily (HWMId)

Category

Index range

Normal

1 ≤ HWMId < 2

Moderate
Severe

2 ≤ HWMId < 3
3 ≤ HWMId < 4

Extreme
Very extreme

4 ≤ HWMId < 8
8 ≤ HWMId < 16

Super extreme

16 ≤ HWMId < 32

Ultra extreme

HWMId ≥ 32

2.5 Statistical analysis
2.5.1 Trend and change-point analysis
In this study, we have employed non-parametric MannKendall test (MK test) which is widely used for trend analysis
in climatologic and hydrologic time series datasets (Partal and
Kahya 2006). The change point tests of a climatic parameter
time series provide the idea of the time from which the statistically significant changes have started to take place in a particular region. The time series of maximum HWMId of the
year was subjected to non-parametric Pettit’s rank test as recommended by the European Climate Assessment & Dataset
project (ECA&D) (Pettitt 1979).
2.5.2 Analysis of data for impact assessment
To assess the impact of a particular extreme event of a heat
wave, we adopted two approaches: (a) by selection of agricultural data (area, yield and production of wheat and satellitederived phenology) for a shorter period of time, i.e. 7-year
window which was centred on the event year, i.e. 2010, and
(b) the whole time series of agricultural and phenology data
from 1983 to 2014. In the first approach, we selected the data
for 3 years preceding and succeeding the heat wave event. The
average value of these 6 years was used for normalisation of
the selected 7-year data. In this case, we did not de-trend the
series for removal of technological trend. This is a way to
enhance the signal of a particular event while reducing the
noises in the time series (Lesk et al. 2016). In the second
approach, we modelled the whole time series by employing
the ARIMA intervention model which models the whole time
series and then tests the impact and its significance for any
known point time. It is described briefly in the following
section.
2.5.3 ARIMA intervention model
ARIMA (auto-regressive integrated moving average) intervention modelling and analysis are used to identify the nature
(positive or negative) and magnitude of impact of any event
occurring at a known point of time (Ray et al. 2014, 2017). A
detailed description of ARIMA intervention modelling can be
found in Box et al. (1994) and Madsen (2007). In ARIMA
intervention modelling, at first, the ARIMA model is fitted
without considering the intervention event to identify the
ARIMA process. The ARIMA methodology is carried out in
three stages: (a) identification stage when parameters are selected tentatively, (b) estimation stage where parameters are
estimated using iterative least square techniques, and (c) diagnostic stage where adequacy of the selected model is tested. If
the model is found to be inadequate, the three stages are repeated until a satisfactory ARIMA model is selected for the
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time-series under consideration. After identification of appropriate ARIMA model, it is refitted considering the intervention event. The values of an intervention variable can depend
on types of interventions such as pulse, ramp and step. In this
study, only pulse intervention, i.e. one-time occurrence of the
intervention, extreme temperature of the year 2010, was used.
As with ARIMA model, the intervention model fitting also
consists of the three stages, i.e. identification, estimation and
diagnostic checking.
Open source R software and its integrated development
environment (IDE) R-Studio was used for all the analysis
and mapping (R Core Team 2016; R Studio Team 2015).
ARIMA Intervention modelling was implemented using
Statistical Analysis Systems (SAS), USA, Version 9.4,
Module SAS-ETS. This article contains figure/maps showing
only those grids which were significant at 10% probability
level; the rest of the non-significant grids were masked out.

3 Results and discussion
3.1 Validation of heat wave magnitude index
The HWMId was calculated for each year of the 1951–2015
period using 1961–1992 as reference period. Heat wave
events occur almost every year in some or other parts of the
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country, mainly during the pre-monsoon months (March to
May) and continue until June. The HWMId could capture
most of the major heat waves which occurred over the
Indian subcontinent. We took two prominent heat wave
events, one from 1995 and another recent one that occurred
in the year 2010 to evaluate the capability of HWMId to capture heat waves (Fig. 2). Both of these events were extreme
and widespread in nature as indicated by the human casualties
(1677 and 1274 deaths during 1995 and 2010, respectively)
(NDMA 2016). HWMId could accurately capture the start
day, as well as the duration of these two different heat waves,
as reported in the study by Ratnam et al. (2016). In the year
1995, the heat wave occurred during the end of May to the
first fortnight of June and in 2010, there were several heat
wave events, but the most extreme one occurred during the
second fortnight of May. Both of them were captured clearly
by HWMId as in 1995, the start days of heat waves ranged
between 146 and 158 Julian days, i.e. within the reported
periods of end of May to the first fortnight of June and in
2010, the start days of heat waves ranged between 130 and
146 Julian days, i.e. 10 to 26 May 2010, falling within the
reported periods of the second fortnight of May shown in Fig.
2b and e. Besides, the HWMId could also capture the spatial
extent and variations in magnitude of heat wave events. So,
this study employed HWMId to further analyse the patterns of
changes in heat waves over India in 65 years (1951–2015).

Fig. 2 Heat Wave Magnitude Index daily (a & d), its start Julian day (b & e) and duration in days (c &\ f) for May and June in 1995 and 2010,
respectively

Author's personal copy
1930

3.2 Gradual trend and abrupt shifts in HWMId
The HWMId climatology for two different periods (1961–
1992 and 1980–2011) and their difference was calculated for
each grid over the country to understand the broad spatiotemporal changes in heat waves between the two periods
(Fig. 3). It clearly shows the intensification of heat wave magnitude during the last three decades in majority of the area of
the country, except for the eastern states of Bihar, Jharkhand
and West Bengal and hill state of Uttarakhand. The significant
intensification in heat wave magnitude can be seen in the
western state of Rajasthan, central region of Madhya
Pradesh, peninsular region of Telangana, Andhra, and southwestern coastal state of Kerala.
Ratnam et al. (2016) demarcated heat wave regions of India
using the maximum temperature data of 1982–2013 and following the IMD’s threshold-based criteria for heat waves. Our
results for the 1980–2011 period are in variance with their
results. Their demarcated area mostly comprised of regions
in western, northern, central and eastern parts of India. Our
results show that heat wave regions comprise of western, central, southern peninsula and southwestern coast region.
Climatologically, our results show low magnitude of heat
wave in the eastern region. Though using same primary temperature data of similar period, the differences in two studies
may be on account of (a) criteria to define heat wave and (b)
the use of different reference period. Their study used 1982–
2013 temperature data for computing the climatology but our
study used data of 1961–1992 as reference period to compute
heat wave magnitude climatology for the 1980–2011 period.
Mazdiyasni et al. (2017) also computed different properties of
heat waves for two periods (1960–1984 and 1985–2009)
using 85 percentile threshold and their results of spatial pattern
match with our results. Besides, several studies have also reported increase in extreme warm temperature or warm days
over the southern peninsula, coastal and northeastern zones of
Indian (Chakraborty et al. 2018; Dash and Mamgain 2011;
Klein Tank et al. 2006; Kothawale et al. 2010; Rao et al.

D. Chakraborty et al.

2005). The use of earlier period data of 1961–1992 to define
the reference period for calculating 90th percentile is also more
scientific to define the heat wave climatology for later period
of 1980–2011, as it captures the increase in temperature over
time and hence heat waves. So, the climatology of heat wave
and its dominant region for India identified in this study may
be accepted to represent the realistic situation of heat waves
for taking any management decision.
The time series of yearly HWMId for each grid was subjected to non-parametric Mann-Kendall and Pettit’s test for
testing the presence of monotonic gradual trend and abrupt
shifts, respectively (Fig. 4). The analysis clearly showed the
presence of statistically significant trends over most areas of
India during the last six decades (Fig. 4a) with large spatial
variations. The statistically significant increasing trend was
observed in 55.9% of the area (p < 0.1), whereas it decreased
significantly in about 8.5% of the area (p < 0.1) while no statistically significant trend was observed in 35.6% of the area.
The increasing trend in HWMId was found across the country
starting from the north-western region to central, peninsular
and both the coastal regions. Persistent increasing trend in
yearly HWMId was observed over the states of Rajasthan,
Madhya Pradesh, Chhattisgarh, Telangana, Andhra Pradesh,
Karnataka, Tamil Nadu, Kerala and parts of Maharashtra,
Gujarat and almost over whole of the northeastern region of
the country. An opposite trend was observed over Bihar,
Jharkhand and West Bengal, while no trend was observed in
the Indo-Gangetic Plains comprising of states of Punjab,
Haryana, Uttar Pradesh and hill states of Himachal Pradesh
and Jammu and Kashmir. This spatial pattern of generally
increasing trends in heat waves matches to a large extent
with the spatial pattern of heat wave climatology
intensification as shown in Fig. 3c. Mazdiyasni et al. (2017)
also reported significant increase in the heat wave duration,
frequency and severity over southern, western and northeastern region while reverse trend was reported for Uttar
Pradesh, Bihar and West Bengal. It is important to note here
that both climatology and trends in heat waves are pointing

Fig. 3 Heat Wave Magnitude Index daily climatology for 1961–1992 (a) and 1980–2011 (b), using 1961–1992 as reference period. Their difference as
(b)–(a) is also depicted in (c)
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Fig. 4 Trend (a) and abrupt shifts (b) in time series of Heat Wave Magnitude Index daily during 1951–2014. (Value in grid indicates Mann Kendall’s Z
statistics (a) and change point year by Pettit test (b). Grids with p < 0.1 are only shown)

towards increasing events in some of the non-traditional heat
wave regions like Southern, Coastal and North Eastern region.
The strong increasing trends in heat wave regions coincide
with the rainfed or partially irrigated agricultural regions of
the country pointing to increasing risk to crop production in
these areas on account of frequency and intensity of droughts.
The non-traditional heat wave areas in southern parts of the
subcontinent identified here also broadly match with the district level drought frequency during the 2000 to 2015 period
(Manual for Drought Management 2016).
Pettit’s test could bring out the spatial pattern of abrupt
changes in maximum yearly heat wave magnitudes over
India (Fig. 4b). It can be seen that the changes in the east coast
occurred during early 1960s followed by northern Rajasthan
(during early 1970s), southern region (during late 1970s), central India (during late 1980s) and most recently over northeastern region during late 1990s. The typical heat wave regions like northwestern, central and eastern coastal region as
described by Pai et al. (2013) and Ratnam et al. (2016) have
witnessed these changes relatively early compared to the nontraditional regions like southern and northeastern regions of
the country.
The results imply that the maximum yearly heat wave magnitude has increased over the Indian region but with different
spatial spread pattern. To understand the inter-annual changes
in different categories of heat waves and its spread over the
country, we calculated the land area ratio (LAR) influenced by
different levels of heat waves. It not only indicates the changes
in severity of heat waves per se but also shows its spread over
the country. The results suggest that there has been a significant change in the land area ratio affected by different levels of
HWMId during 1951–2015 (Fig. 5 and Table 1). The land
area experiencing very low HWMId (0 to 1) has significantly
decreased (p < 0.01), while the extreme categories of HWMId
have significantly increased over the last six decades. The
severe, extreme and very extreme category of HWMId have

shown statistically significant increasing trend as indicated by
the Mann-Kendall test. The rate of increase in LAR as indicated by the slope of the regression (s) equation was highest
for very extreme (s = 0.0284) followed by extreme (s =
0.0143) and severe (s = 0.0068) (Fig. 5d–f). It implies that
over India, the very extreme category of heat waves (8 ≤
HWMId<16) have spread with highest rate, followed by extreme category (4 ≤ HWMId<8), while the spread of severe
category (3 ≤ HWMId<4) has been relatively slow during the
past six decades. The trend in land area ratio as influenced by
normal and moderate category of heat waves was also positive
but statistically non-significant. The LAR impacted by very
extreme heat wave events became more frequent in the late
1970s and it further aggravated after the 2000s (Fig. 5f).
Ceccherini et al. (2017) also analysed the per cent land area
covered by different thresholds of heat waves over Africa
during 1981–2015 and showed that the rate of increase in
HWMId was highest for values more than 3 while it decreased
thereafter. Unlike for Africa, our study shows a significant
increasing trend in LAR with HWMId value above 3 and up
to 16 implying the spread of extreme heat waves at higher
rates across India than across Africa.

3.3 Impact of 2010 heat wave on growth and yield
of wheat
The year 2010 has been widely reported as one of the hottest
years over the world (http://www.climatecentral.org/gallery/
graphics/the-10-hottest-years-on-record) as well as for India
(Ratnam et al. 2016). India not only experienced widespread
heat waves but strong heat waves occurred several times from
March to June (Ratnam et al. 2016). In March 2010, both the
maximum and minimum temperatures over north India, especially in the three major wheat-growing states of Punjab,
Haryana and Uttar Pradesh, remained much higher than the
normal during the crop season (Tables 2 and 3; Fig. 6). The
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Fig. 5 Trend in land area ratio experiencing different categories of Heat Wave Magnitude Index daily during 1951–2015 (linear trend equation and
Mann-Kendall Z are shown for each category)

mean maximum temperature in March 2010 was 30.4 °C, 33.
3 °C and 34.2 °C for Punjab, Haryana and Uttar Pradesh,
respectively. The rise in mean maximum and minimum temperatures was about 10–12% and 14–20%, respectively, over
Table 2 Mean, total above the
90th percentile and total above
34 °C of maximum temperature in
March during the 7-year period
centred on 2010

the average of preceding and succeeding 3 years (Fig. 6). The
changes in extreme indicated by the monthly cumulative temperature above the 90th percentile has been more striking as
compared to the mean (Tables 2 and 3). It varied from as high

Mean maximum temperature

Monthly total above 90th percentile

Monthly total above 34 ° C

Punjab

Haryana

UP

Punjab

Punjab

2007

24.4

27.4

29.0

0.9

0.0

0.0

0.0

4.1

6.5

2008

28.7

31.6

31.6

11.6

9.7

0.8

0.0

8.3

10.5

2009

27.5

30.7

31.9

0.8

0.8

0.6

0.0

0.0

0.5

2010
2011

30.4
27.1

33.3
29.8

34.2
31.4

38.6
3.5

25.8
0.2

15.2
0.0

5.4
0.0

40.1
3.2

47.5
4.3

2012

26.8

29.8

31.0

1.9

1.4

0.0

0.0

4.6

10.1

2013

27.0

29.7

31.0

0.9

0.0

0.0

0.0

0.0

0.0

Haryana

UP

Haryana

UP
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Table 3 Mean and sum above 90th percentile of minimum temperature
in March during the 7-year period centred on 2010
Mean minimum temperature Monthly total above 90th percentile
Year Punjab

Haryana

UP

Punjab

Haryana

UP

2007 10.8

13.2

14.2

0.9

0.6

0.0

2008 12.7

14.8

16.3

0.0

0.5

0.0

2009 11.7
2010 13.9

13.9
16.1

15.4
17.2

1.6
17.0

2.3
14.6

1.1
6.4

2011 11.7
2012 10.6

14.0
12.8

15.4
14.1

2.0
2.1

2.1
4.6

0.0
1.5

2013 11.8

13.9

15.0

0.5

0.9

0.0

as 38.6 °C in Punjab to 25.8 °C in Haryana and 15.2 °C in
Uttar Pradesh. As compared to the maximum temperature, the
monthly cumulative minimum temperature above the 90th percentile was quite lower.
Wheat is a crop that favours cooler temperatures and so is
sensitive to heat stress, especially, during the reproductive
stage which generally occurs in the month of March in north
India (Duncan et al. 2015; Lobell et al. 2012; Lüttger and
Feike 2017). Figure 7 shows that warmer temperature during
the month of March 2010 negatively influenced the wheat
growth in three States of north India. It affected the growth
and development leading to the decrease in production and
yield of wheat crops (Fig. 7b, c). Gupta et al. (2010) and
Rao et al. (2015) also reported the detrimental effect of 2010
heat stress on the wheat growth and yield in Punjab State
based on ground observations. Though the production and
yield were negatively influenced in all the three states of north
India, the area remained unchanged (Fig. 7a). After analysing
the global data on cereal production, Lesk et al. (2016) have
also reported decrease in yields due to the extreme heat whereas harvested area did not change. Statistically, the results of
ARIMA intervention analysis also showed that over all the
states, production and yield were negatively influenced but

the area remained unchanged (Table 4 and 1S). Yield decreased significantly over all the three states (p < 0.1) while
the decrease in the production was not statistically significant.
This may be due to a slight but non-significant increase in the
area as indicated in Fig. 7a.
The influence of heat stress on the crop was captured by the
changes in phenology as derived from satellite images. The
wheat crop phenology parameters such as small integral (Fig.
7d) and large integral (Fig. 2Sa) showed decrease for the event
year. Though the rate of decrease varied among the states, it
was very sharp for Punjab followed by Haryana and Uttar
Pradesh. In contrast, phenology parameters of amplitude
(Fig. 7e) and maximum NDVI (Fig. 2Sb) did not show any
reduction. These parameters represent the maximum vegetative growth of the crop. As the vegetative growth of wheat
peaks around mid to end of February, it skipped the
March 2010 heat stress. The rate of browning (Fig. 7f) was
positively influenced by the heat wave and it increased sharply
over all the states. It was also highest for Punjab followed by
Haryana and Uttar Pradesh. Statistical tests also indicated a
significant increase in the rate of browning (p < 0.1) over all
the three states. The increase in rate of browning led to early
senescence and maturity of wheat which may also be the reason for decrease in small integral, i.e. area under the growth
curve of the crop. The sudden rise in temperature during the
reproductive/grain filling stage probably led to the decrease in
grain filling duration, forcing the crop to mature early (Asseng
et al. 2011; Lobell et al. 2012).
Overall, the decrease in state-level average wheat yield in
Punjab, Haryana and Uttar Pradesh during 2010 was 4.9%,
4.1% and 3.5%, respectively (Fig. 8) which were statistically
significant (p < 0.1) as indicated by the ARIMA intervention
model (Table 4). Many global studies have reported that wheat
yield decreased significantly once the maximum temperature
crosses 34 °C (Lobell et al. 2012; Rao et al. 2015). Our results
(Table 2) conclusively show that wheat yield at a location is
more significantly related to the rise in temperature value
above the 90th percentile, i.e. extreme temperature over a
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Fig. 6 Normalised variation in mean monthly maximum (a) and minimum (b) temperatures in March for the 7-year period centred on event year 2010
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Fig. 7 Effects of 2010 heat wave on wheat crop of three north Indian
states. Normalised composites of area (a), production (b), yield (c) and
satellite-derived wheat phenology parameters like small integral (d),

amplitude (e) and rate of browning (f) over 7-year period centred on the
event year are shown here

place, as compared to the temperature above a certain absolute
threshold (e.g. 34 °C). It can be seen from Table 2 that for
Punjab the extreme cumulative value (above the 90th percentile) was highest (38.6 °C) and the yield penalty was also
highest (4.9%) though the cumulative value above 34 °C
was highest for UP. Hence, the application of a specific absolute threshold for heat stress is not a suitable indicator to study
the impacts of heat waves on crop yield.
Besides state-level impacts, occurrence of sub-state or district level impacts on yield, as well as on all other wheat

growth and production indicators, were also studied.
Figure 8a shows that over Punjab, not only the state level yield
(indicated by the blue line) decreased but the district level
yields have also reduced as compared to the previous and
succeeding year, as indicated by the 1st and 3rd quartiles.
Similar is the case for Haryana and UP (Fig. 8b, c). Our estimate of 4.9% loss in average wheat yield in Punjab in 2010 is
close to the 5.8% loss reported by Gupta et al. (2010). The 1%
difference may be on account of methodology used, as their
estimate was based on ground survey while our estimate is

Table 4 ARIMA intervention
model test statistic (T) and
probability (p) for the impact of
March 2010 heat wave on
different wheat parameters in
three states

State

Area

Punjab

Haryana

Uttar Pradesh

T

p

T

p

T

p

0.13

0.898

0.08

0.934

0.97

0.338

Production

− 1.05

0.303

− 1.63

0.114

− 1.30

0.202

Yield

− 1.76

0.089*

− 1.71

0.098*

− 1.70

0.100*

Small integral
Large integral

− 1.44
− 1.28

0.159
0.209

− 0.65
− 0.81

0.519
0.422

− 0.11
− 0.18

0.910
0.855

Amplitude

− 0.11

0.910

0.30

0.767

0.78

0.441

Maximum NDVI

− 0.64

0.529

− 0.10

0.921

0.95

0.350

Length of growing season

− 1.14

0.265

− 0.18

0.861

0.12

0.906

Right derivative

1.72

0.096*

1.79

0.084*

1.73

0.093*

* denote significance at p < 0.1
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Fig. 8 Impact of 2010 heat wave on yield of wheat in three wheat dominated north Indian states of Punjab (a), Haryana (b) and Uttar Pradesh (c). Blue
line indicates the average state yield while the box plot show the variation in the district yields over the 7-year window centred on the event year

based on the reported yield by the Government of India. They
have also reported large intra-state variations in wheat yield,
i.e. at district scale which is similar to our findings. We observed that wheat yield decreased in 82%, 89% and 87% districts of Punjab, Haryana and UP, respectively (Fig. 9). The
corresponding figures for production decrease were 71%,
65% and 74% districts of Punjab, Haryana and UP, respectively. Fewer districts were impacted in terms of decrease in area,
amplitude and maximum NDVI, as was seen for the whole
state. Length of the growing season followed a similar pattern
as that of the yield and reduced in 78–86% of the districts over
the study area. The change in large and small integral was
quite high for Punjab as compared to the other states. All the
districts showed increase in rate of browning in the three states
due to heat waves. Some of the areas in districts where early
sowing of wheat took place might have escaped the impact of
the March heat wave and so even though rate of browning
increased in 100% districts, the percent of districts showing
decrease in yield was marginally lower.

4 Conclusions
This study analysed the gradual trend and abrupt shifts of
maximum intensity heat waves using the heat wave
Fig. 9 Percentage of districts in
each state negatively influenced
by 2010 heat wave based on
different parameters (LOS: length
of the season, SI: small integral,
LI: large integral, Ampli:
amplitude, Max-NDVI:
maximum NDVI and BR: rate of
browning)

magnitude index daily in each grid cell (1° × 1°) over India
during 1951–2015. It also analysed the spread of different
magnitudes of heat waves over India. The effects of the
March 2010 heat wave on wheat growth and yield were also
identified and discussed. Our study established the capability
of using HWMId to successfully identify all heat waves over
India. The use of percentile-based threshold is a better method
than absolute value based threshold, especially for vastly heterogeneous landmass like India. Apart from the climatologically known heat wave regions like north, central and east
coast, the study establishes an increase in heat waves in nontraditional regions like southern and northeastern region. The
spatial spread of the “very extreme” category heat waves was
highest over the country thereby increasing the risk many
folds and bound to have large ramifications on several sectors
of life. These results are very crucial for policy planners and so
should be included in the preparation of region- and situationspecific contingency plans for minimizing the impacts of heat
waves in these zones.
The ARIMA intervention model could clearly capture the
impact of the March 2010 heat wave on the wheat crop. The
yield decreased significantly over all the three studied states,
though the harvested area remained unchanged. The heat
wave impact was captured by the satellite derived phenology
parameters, especially the rate of browning which increased

100
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significantly. Extreme temperatures above the 90th percentile
corroborated well with the yield penalty in each state as compared to any specific absolute value based threshold. The
presence of intra-state differences of heat wave impacts at
district scale was also captured by the study. The effects of
heat wave were maximum in the most agriculturally developed and highest wheat-producing state of Punjab. Further
dedicated studies at district to sub-district scale should be conducted taking the least affected zones which can lead to identification of proper strategies which helped them avoid the
stress. The regional spread and frequency of heat waves
should be considered while devising the crop breeding programs and crop management solutions.
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