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Abstract: Historical and future projected changes in climatic patterns over the largest irrigated basin
in the world, the Indus River Basin (IRB), threaten agricultural production and food security in
Pakistan, in particular for vulnerable farming communities. To build a more detailed understanding
of the impacts of climate change on agriculture s in the IRB, the present study analyzes (1) observed
trends in average temperature, precipitation and related extreme indicators, as well as seasonal shifts
over a recent historical period (1997–2016); and (2) statistically downscaled future projections (up to
2100) from a set of climate models in conjunction with crop-specific information for the four main
crops of the IRB: wheat, cotton, rice and sugarcane. Key findings show an increasing trend of about
over 0.1 ◦C/year in observed minimum temperature across the study area over the historical period,
but no significant trend in maximum temperature. Historical precipitation shows a positive annual
increase driven mainly by changes in August and September. Future projections highlight continued
warming resulting in critical heat thresholds for the four crops analyzed being increasingly exceeded
into the future, in particular in the Kharif season. Concurrently, inter-annual rainfall variability is
projected to increase up to 10–20% by the end of the 21st century, augmenting uncertainty of water
availability in the basin. These findings provide insight into the nature of recent climatic shifts in
the IRB and emphasize the importance of using climate impact assessments to develop targeted
investments and efficient adaptation measures to ensure resilience of agriculture in Pakistan into
the future.

Keywords: climate change impacts; extremes; trend analysis; food security; agriculture; Pakistan

1. Introduction

The agricultural sector in Pakistan accounts for 18.5% of the Gross Domestic Product
and employs 38.5% of the workforce nationally. Within the country, the Indus River Basin
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(IRB) is the primary agricultural region, contributing to more than 90% of the country’s
food production [1]. Pakistan is among the countries most affected by climate change and
extreme weather events over the last two centuries [2], having documented a succession of
climate related disasters including glacial lake outburst floods, droughts, heat waves, pest
infestations and changing monsoon patterns [3]. The impacts of climate on agricultural
production are often compounded by the high degree of vulnerability of small-scale farmers
and the limited adaptive capacity of livelihoods and institutions [4–6]. As a result, changes
in climate pose a serious threat to Pakistan’s food security and the sustainability of future
agricultural production [7–9].

The IRB hosts the world’s largest contiguous irrigation system [10] that sustains
approximately 90% of agricultural production in the country [11], which in turn puts
significant pressure on water resources. Changing climatic conditions threaten to exacerbate
future pressure on water availability, in particular increasing temperature, associated
evaporation rates and more irregular precipitation patterns. According to national surveys,
one of the main factors driving the recent decline in crop productivity along the IRB is the
more frequent extreme weather events and shifts in seasonal rainfall [12].

Uncertainty in the timing and extent of water availability and extreme events in the
IRB makes the adaptation of the vulnerable agriculture sector essential for the future [13].
Previous studies found that water sources to the IRB are expected to shift, including
increases in the upstream sub-basins of Hunza, Shigar and Shyok, and decreases in the
lower altitude sub-basins [13,14]. Likewise, increased precipitation and intensification
of heavy rainfall events is likely to exacerbate river flow variability [15]. In conjunction
with increases in glacial and snow-melt runoff, this suggests a higher risk of flooding
and damage to cropping systems during this season [13]. For instance, in 2010, floods in
the Sindh province resulted in a decline of almost 30% in rice production [16]. Recently,
August 2020 has been documented as the wettest month on record for Pakistan, affecting
77,000 hectares of agricultural land predominantly along the Sindh province [17].

Previous works have reported that maximum and minimum temperatures have in-
creased between 0.5 and 1 ◦C, on average for Pakistan, over the period 1960–2007 [7,18,19].
However, these studies have also demonstrated a high degree of heterogeneity both spa-
tially and temporally. With respect to precipitation, historical trends highlight an average
annual increase, with the frequency of extreme precipitation events also increasing across
the country over the period 1965 to 2009 [15].

Future projections of temperature in Pakistan show an continued increase in average
temperature, ranging between 3 and 9 ◦C by 2100 [11]. Overall annual rainfall in the
IRB is projected to increase, however, rainfall projections exhibit significant temporal and
spatial variability over the 21st century [20], with a decrease in the number of rainy days
accompanied by an increase in rainfall intensity over shorter periods [20–22].

From the crop perspective, previous studies have investigated the impacts of climate
on crop production in the region. Ali et al. [23] found that net production for cotton and
wheat increased in Southern Punjab, while yield declined in correlation with temperature
extremes. This study, however, was limited to a small region in the IRB over the historical
period and did not investigate trends into the future using climate projections.

To build a more detailed analysis of the past and future climate and its related impacts
on the agriculture sector in the IRB, the present study employs national records of daily
temperature and precipitation to assess the trends of observed extreme indicators during a
recent historical period (1997–2016) and statistically downscaled future projections from
climate models to identify some of the key risks (related to heat stress) that are expected
to limit crop productivity in the region along the entire 21st century. We focus on the two
main provinces within the IRB, Punjab and Sindh—which account for over 90% of the
country’s food production and 75% of the country’s export revenues [1]—and analyze four
key crops: wheat, cotton, rice and sugarcane.

The paper is organized as follows: Section 2 describes the area of study, data and
methods used for the analyses performed. The results obtained are presented and discussed
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in Section 3. Finally, Section 4 summarizes the implications of our key findings for the
agricultural sector.

2. Materials and Methods
2.1. Area of Study

The climate in Pakistan varies from arid to semiarid with a range of annual rainfall
from 250 mm/year to up to 2000 mm/year in the southern slopes of the Himalaya and sub-
mountain northern regions. Heavy monsoons in summer months account for approximately
60% of the total annual precipitation nationally and define precipitation patterns in the
south-eastern regions. The north-western regions of the country receive rains mainly
during winter months (December to March) through western weather disturbances [11].

The alluvial plain of the Indus River has an area of approximately 207,200 km2,
covering nearly 65% of Pakistan’s territory. The basin is the country’s main center of
agricultural production, the source of over 90% of the country’s food and agriculture
commodities [1]. Of the total cropped area in Pakistan (23.4 million ha), 77% is located in
the Punjab province and 14% in the Sindh province [24], which are shown in Figure 1. The
present study targets these two provinces central to agricultural production.

Punjab

Sindh

Figure 1. Study area and location of the 15 weather stations used in this work (red triangles), together
with a land-use map for the Punjab and Sindh provinces. Note that the Jammu and Kashmir regions,
whose current status has not yet been agreed upon the different parties involved, are not shown in
the map. Sources: PMD and FAO-Pakistan.

2.2. Observational Data

Daily precipitation, maximum and minimum temperature records for 15 weather
stations across Punjab and Sindh provinces (red triangles in Figure 1; details in Table 1)
were provided by the Pakistan Meteorological Department (PMD) for the period 1997–2016.
PMD data was used (i) to compute the climate indicators described in Section 2.2 and their
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corresponding trends (Section 2.4), and (ii) to calibrate the statistical models used to obtain
the local projections of climate change (Section 3.2.1).

Table 1. Details of the 15 PMD stations used in this study.

Station Name Longitude (◦) Latitude (◦)

BADIN 68.90 24.63

BAHAWAL-NAGAR 73.25 29.95

BAHAWAL-PUR 71.78 29.33

DERA ISMAIL KHAN 70.92 31.82

FAISALABAD 73.10 31.43

HYDERABAD 68.42 25.38

JACOBABAD 68.47 28.30

JHELUM 73.72 32.93

KARACHI (AIRPORT) 67.13 24.90

KHANPUR 70.68 28.65

LAHORE 74.33 31.55

MULTAN 71.43 30.20

MURREE 73.38 33.92

NAWABSHAH 68.37 26.25

SIALKOT 74.53 32.50

Figure 2 shows the observed mean climatology for precipitation, maximum and mini-
mum temperature (in rows) for the 15 PMD stations considered for the period 1997–2016,
for the entire year and two seasons of particular interest, Kharif (May–October) and Rabi
(November–April), which cover the growth cycles of the four main crops in the IRB: wheat,
cotton, rice and sugarcane (see Table 2).
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Figure 2. Observed mean climatology for precipitation, maximum and minimum temperature (in
rows) for the 15 PMD stations over the period 1997–2016, for the entire year and the Kharif and Rabi
seasons (in columns).
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Table 2. Cropping calendar for wheat, cotton, rice and sugarcane (in rows). The blue/green/yellow
boxes, labelled as P/G/H correspond to the planting/growing/harvesting phase. Brown boxes
identify those periods of the year which can correspond to more than one phase, depending on the
region. Source: Personal communication from Jam Khali (FAO-Pakistan).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Wheat (Rabi) G G H H P P G
Rice (Kharif) P P P G G G/H H H

Cotton (Kharif) P P P G G G H H H
Sugarcane (Kharif) G/H P/H P P/G G G G G G G G G
Sugarcane (Rabi) G G G G G G G G P/H P/H P/H G

2.3. Extreme Climate and Crop-Specific Indicators

To assess the implications of climate variability on crops during the recent historical
period, this work uses the precipitation- and temperature-based indicators described in
Table 3.

Table 3. Precipitation and temperature-based extreme indicators used.

Related Variable Indicator Description Units

CDD Largest number of Consecutive Dry Days
(precipitation < 1 mm) days

CWD Largest number of Consecutive Wet Days
(precipitation ≥ 1 mm) days

SDII Simple Daily Intensity Index mm/wet day

Precipitation

R20 Number of very heavy precipitation days
(precipitation ≥ 20 mm) days

TX90p 90th percentile of maximum temperature ◦C

SU Summer days: Number of days with maxi-
mum temperature above 35 ◦C days

TR Tropical nights: Number of days with mini-
mum temperature above 20 ◦C daysTemperatures

ETR
Extreme diurnal temperature range (differ-
ence between the highest maximum tempera-
ture and the lowest minimum temperature)

◦C

With the exception of ETR, all these indicators have been defined by the Expert Team
for Climate Change Detection and Indices (ETCCDI: http://etccdi.pacificclimate.org/
list_27_indices.shtml (accessed on 14 February 2021). In addition, the indicator summer
days (SU) has been modified for this study to represent the agro-climatic conditions of
Pakistan. In particular, we have increased the 25 ◦C threshold defined in ETCCDI to
35 ◦C to account for the optimal growth of wheat, cotton, rice and sugarcane have been
empirically determined to occur at 30, 32, 36 and 34 ◦C, respectively, [25–29].

2.4. Trend Analysis

In this study, we analyze the observed annual trends over the 1997–2016 period. Note
that, although a longer period would be more appropriate for a robust computation of
trends, we are using for this study the longest observational records available from the
national meteorological authority of the country. For the trend analysis the following
climatic variables were selected: (i) precipitation, maximum and minimum temperature
and (ii) precipitation- and temperature-based extreme indicators as shown in Table 3. In all
cases, trends were calculated as the slope of the straight line that best fit (based on least
squares) to a given set of data. This line responds to the equation y = ax + b, where the
slope a can be computed as:

http://etccdi.pacificclimate.org/list_27_indices.shtml
http://etccdi.pacificclimate.org/list_27_indices.shtml
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Moreover, the non-parametric Mann–Kendall (MK) test [30,31] was applied to assess
whether or not the trends were statistically significant. MK is based on the number of positive
differences minus the number of negative differences that take place in a time-series, S:

S =
n−1

∑
k−1

n

∑
j−k+1

sign(xj − xk)

where j and k denote different times (from 1 to n). For n > 10, the variance of S can be
obtained according to the following Equation [32]:

Var(S) =
1

18

[
n(n− 1)(2n + 5)−∑

p
Tp(Tp − 1)(2Tp + 5)

]
where p varies over the set of tied groups and Tp is the number of observations in the pth

group. Then the statistic of the test, ZMK, can be computed as

ZMK =


S−1√
Var(S)

, i f S > 0

0 , i f S = 0
S+1√
Var(S)

, i f S < 0

The null hypothesis of no trend in the data can be rejected if ZMK >= Z1 − α, where
Z1 − α is the 100(1− α)th percentile of the standard normal distribution. In this study, a
confidence level of 95% (α = 0.05) was considered.

Note that previous works targeting the assessment of trends from gauge data across
the globe have used the same approach followed here [33–38].

2.5. Statistical Downscaling

Local daily projections (up to 2100) of precipitation, maximum and minimum temper-
ature for the 15 PMD stations analyzed were obtained by means of statistical downscaling
as explained in Section 2.2.1 of [39] (the interested reader is referred to the latter reference
for further technical details on the downscaling process). As described therein, the four
Earth System Models (ESMs) from the Coupled Model Intercomparison Project–Phase 5
(CMIP5) listed in Table 4 were downscaled under two Representative Concentration Path-
ways (RCPs) representing different socio-economic and emission scenarios, the moderate
RCP4.5 [40] and the extreme RCP8.5 [41].

Table 4. The four CMIP5 Earth System Models (ESMs) used in this study.

ESM Institution Acronym and Country Horizontal Resolution Reference

CAN-ESM2 CCCMA (Canada) 2.8◦ × 2.8◦ [42]

CNRM-CM5 CNRM-CERFACS (France) 1.4◦ × 1.4◦ [43]

MPI-ESM-MR MPI (Germany) 1.8◦ × 1.8◦ [44]

NOR-ESM1 NCC (Norway) 1.5◦ × 1.9◦ [45]
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3. Results and Discussion
3.1. Observed Historical Climate
3.1.1. Trends in Precipitation and Temperatures

Precipitation exhibits high spatial variability, with the northernmost parts of the coun-
try recording the largest values, especially in the summer season. Very low precipitation
is received across the basin during winter. On the other hand, maximum and minimum
temperatures vary up to 15 ◦C and 10 ◦C across the basin, respectively. The present study
presents results over the entire year as well as disaggregated by the two cropping seasons
in the IRB, Kharif season (May–October) and Rabi season (November–April).

Figure 3 shows the observed trends in annual precipitation, maximum and minimum
temperature (in rows) over the 15 PMD stations considered, for the entire year, the Kharif
and the Rabi seasons (in columns). Significant (95% confidence level) trends are marked
with a white dot.

The results in Figure 3 show a general increasing trend for precipitation (with values
above 10 mm/year in some locations), supporting trends identified by [7] for the Punjab
province. However, the latter study finds a decreasing trend in precipitation over the
Sindh province for the period 1910–2007, while the present work shows an increasing
trend, although with a smaller magnitude and without statistical significance. The different
signal found in [7] can be explained by the difference in time periods analyzed. Here,
trends are presented for the two main cropping seasons elucidating the fact that increased
precipitation is driven almost entirely by an increase in the Kharif season (May–October)
while near to zero trends are found over the Rabi season (November–April).

With respect to temperatures, there is not a clear spatial pattern of observed trends,
neither for maximum nor for minimum values, while no significant changes are found in
general for maximum temperature, significant increasing trends of more than 0.1 ◦C/year
are encountered for minimum temperature in many locations, with both Kharif and Rabi
seasons contributing to a similar extent to this warming. These results are in partial
agreement with those from previous studies (see, e.g., [7]), which identified non-significant
changes of up to 0.35 ◦C in maximum temperature in Sindh and slightly decreasing (almost
zero) change in maximum temperature in Punjab over the period 1910–2007. With regards
to annual minimum temperature, an increase over the country, including the Punjab and
Sindh provinces, has been found in previous works [7]. Although the period analyzed in
the present study differs, the warming tendency is consistent between the two studies.

To give further insight into the temporal distribution of precipitation, maximum and
minimum temperature throughout the year of the trends shown in Figures 3 and 4 presents
a detailed analysis of annual trends, separately for each calendar month, over the period
1997–2016. Figure 4 reveals that the positive trends observed in yearly precipitation are
mainly driven by increases in August and September, and also in March (to a lesser degree),
particularly in the Punjab province. It also shows a slight decreasing trend in October and
no substantial changes in the other months. These results suggest a shift in the wet season
to end slightly earlier, and therefore receive increased total rainfall over a shorter period.

Regarding maximum temperature, monthly trends exhibit great variability, both
temporally and spatially. Particularly in the Sindh province, Figure 4 shows a weak signal
of warming in June, July and October. To the contrary, a cooling trend emerges from
January to April particularly in the Punjab province. Minimum temperatures in the region,
however, are increasing throughout the entire year, with the highest warming in October
and March, which suggests the elongation of the Kharif season and general shifts in the
warm periods throughout the year.
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Figure 3. Observed annual trends in precipitation, maximum and minimum temperature (from top to
bottom) over the period 1997–2016 for the whole year and the Kharif and Rabi seasons (in columns).
Significant (95% confidence level) trends are marked with a white dot.
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Figure 4. Observed annual trends in precipitation, maximum and minimum temperature (panels
from left to right) over the period 1997–2016 for each of the twelve calendar months. Significant (95%
confidence level) trends are marked with a white dot.

3.1.2. Trends in Extreme Climate Indicators

Figure 5 shows the observed annual trends for the precipitation and temperature-
based extreme indicators listed in Table 3 (left and right panel, respectively). In agreement
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with the results from Figures 3 and 4, the analysis of precipitation-based indicators reveals
an overall decrease in the number of consecutive dry days (CDD), driven by a negative
shift in the Kharif season. During the Rabi season, the number of CDD is increasing in
some parts of the basin, which points out to increased periods without rain during the
winter months. Over the basin, there is a slight increase in the number of consecutive wet
days (CWD) during the Kharif season, however no change during Rabi. The Simple Daily
Intensity Index (SDII) shows a slight increase in Kharif and no change during the Rabi
season. The analysis also finds an increase in the number of very heavy precipitation days
(R20) over the period analyzed driven by changes in the Kharif season. The results support
previous discussion of increasing intensity of rain during the wet summer season, however
extended dry periods during the already dry winter season. This decrease in dry days
may impact non-irrigated Rabi crops, in particular wheat and sugarcane, which will be in
critical growth phases during this period [7,39].
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Figure 5. Observed annual trends for the temperature- and precipitation-based extreme indicators
listed in Table 3 (left and right panel, respectively) over the period 1997–2016. Significant (95%
confidence level) trends are marked with a white dot.

Temperature-based indicators show overall large spatial variability. The indicator
exhibiting the most significant trend is TR, defined as the number of days with minimum
temperatures above 20 ◦C. Analysis of seasonal trends show that the increase is driven by
changes mainly during the Kharif season in the basin. The temperature indicators such
as the 90th percentile of maximum temperature (TX90p) and the number of days with
temperature above 35 ◦C (SU), both indicate decreases in maximum temperature driven by
a decrease during the Rabi or winter season. SU shows increasing values in some stations in
the Kharif season, suggesting increases in high temperature in the hot summer season. The
extreme diurnal temperature range (ETR) exhibit mostly significant decreasing trends in
the north during Rabi and in the central regions during Kharif. This finding highlights that
different regions experience increased night-time temperatures during different cropping
seasons, and therefore crop’s exposure to heat-stress conditions will vary spatially. Changes
in the diurnal temperature range (ETR) exhibit a significant decrease driven by changes in
the Rabi season. These results suggest that Kharif crops (sugarcane, rice and cotton) might
likely be more negatively impacted than Rabi ones due to the compounding impacts of heat
stress and increased water-loss. This finding is supported by the results [39], who found
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that potential increases in temperature will have minimal impact on the performance of
wheat, most likely due to a shortening of the growing cycle.

3.2. Projected Future Climate
3.2.1. Changes in Precipitation and Temperatures

Figure 6 shows the projected annual precipitation, maximum and minimum tem-
perature averaged along the 15 PMD stations up to 2100, as obtained from statistical
downscaling. On the one hand, projected precipitation exhibits large inter-annual vari-
ability, with an average increase of about 10–20% for the end of the century (with respect
to the historical period). On the other hand, beyond the uncertainty due to the choice of
ESM, projected maximum (minimum) temperature exhibits an average increase of about
2 ◦C/5 ◦C (2 ◦C/6 ◦C) for the end of the century under the RCP4.5/RCP8.5, respectively.
All these results are in agreement with previous studies (see, e.g., [11]).
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Figure 6. Projections of annual precipitation, maximum and minimum temperature (in rows) av-
eraged along the 15 PMD stations considered up to 2100, as obtained from statistical downscaling.
Colors represent the different ESMs used under the RCP4.5 and RCP8.5 scenarios (left and right
column, respectively). For completeness, the available observations for the period 1997–2016 are
given in black.

Note that increasing temperatures, in particular minimum values, will exacerbate
challenges for farmers, particularly in the warm Kharif season, as plant water requirements
will rise and certain temperature thresholds which are crucial for the development of crops
will be increasingly exceeded (see Section 3.2.2). Moreover, rising maximum and minimum
temperatures will increase the accumulated heat or growing degree days, resulting in
shorter growing periods and earlier harvest.
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3.2.2. Change in Crop-Specific Temperature-Based Indicators

Most of the agricultural production in Punjab and Sindh provinces depends on the
Indus Basin Irrigation System (IBIS). As a result, most agriculture in the basin does not
depend directly on water from precipitation, rather on water availability in the basin
more broadly. Therefore, the investigation of crop-specific indicators in this study focuses
exclusively on temperature thresholds, leaving precipitation out of the discourse. In
particular, we analyze the number of “hot” days exceeding a maximum temperature of
30, 32, 36 and 34 ◦C. These thresholds have been empirically determined to be critical
for wheat, cotton, rice and sugarcane, respectively, [25–29]. These thresholds mark the
boundaries for heat stress above which the plant’s physiology is negatively affected, or
even inhibited.

Figure 7 shows, for each crop (in rows), the annual projections of the number of “hot”
days averaged over the 15 PMD stations up to 2100, as given by the different ESMs used (in
colors) under the RCP4.5 and RCP8.5 scenarios (left and right column, respectively), while
increases in temperature and CO2 enrichment support the growth and development of
wheat [39], temperatures above 30 ◦C can result in a decline in pollen viability [46]. The first
row of Figure 7 shows that the number of days per year with maximum temperature above
30 ◦C in Rabi is projected to increase from about 70 to up to 140 days/season (depending
on the ESM and RCP) by 2100, which suggests that this crop’s productivity will likely be
negatively affected by heat stress over the studied region. More intense and shorter rainy
periods may compound this negative effect; however, in the mainly irrigated basin, it is
expected to be limited compared to temperature drivers.

Cotton is impacted by heat stress at temperatures above 32 ◦C, when pollen viability
and pollen tube elongation is reduced [47]. Moreover, above this critical threshold, water
losses due to evapotranspiration may make the plant undergo water stress, which in turn
may inhibit its growth. Nevertheless, the second row in Figure 7 shows that the number of
days with maximum temperature above 32 ◦C during Kharif is only projected to increase
from about 160 to 170 days/season (depending on the ESM and RCP) by 2100, which
suggests that the impact of climate change on local cotton plantations may be limited.

For rice, exposure to temperatures above 36 ◦C can result in incomplete fertiliza-
tion [48] and can even cause sterility [25]. The third row in Figure 7 shows that the number
of days per year with maximum temperature above this critical threshold during Kharif is
expected to increase from approximately 110 to 160 days/season (depending on the ESM
and RCP) by the end of the century. The results highlight the potential challenge for rice
cultivation over Punjab and Sindh provinces, which currently account for about 90% of
this key crop’s production in Pakistan. To ensure sustainable and resilient production in
the future, adaptation measures should be considered through appropriate agricultural
planning, adjusted cropping calendars and irrigation schedules and cultivation of more
heat-resilient rice varieties.

Sugarcane requires temperatures around 30–34 ◦C for economic production. Outside
this optimal range, a reduction in yields is observed [49,50]. The fourth row in Figure 7
indicates that the number of days per year with maximum temperature exceeding 34 ◦C in
Kharif is projected to increase from about 140 to 160 days/season (depending on the ESM
and RCP) by 2100; whilst, for Rabi (fifth row), this indicator is expected to increase from
about 30 to up 90 (depending on the ESM and RCP), especially from 2060 onward. Although
projected changes (with respect to the observed historical conditions) are important in both
seasons, these results indicate that Rabi may become more viable for sugarcane production
in Punjab and Sindh provinces.
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Figure 7. Annual projections of the number of “hot” days averaged over the 15 PMD stations up to
2100, as given by the different ESMs (in colors) under the RCP4.5 and RCP8.5 scenarios (left and
right column, respectively). The threshold defining a “hot” day depends on each particular crop (in
rows), being 30/32/36/34 ◦C for wheat/cotton/rice/sugarcane. Only the growing season of each
crop is considered in this analysis: Rabi for wheat and Kharif for rice and cotton. For sugarcane,
which grows in the two seasons, results are shown for both Kharif and Rabi (last two rows).

4. Conclusions

Building a better understanding of climate trends and extremes in the IRB provides
a basis for identification of efficient adaptation measures and targeted investments for
the agriculture sector in Pakistan. The present study elucidates the spatial and temporal
distribution of observed climate trends and the frequency of projected extreme conditions
that can affect the long-term productivity of the four main crops in the Punjab and Sindh
provinces: wheat, cotton, sugarcane and rice. Our results indicate that changes in the
annual regime of temperatures (e.g., increasing temperatures at the end of the summer
period) may lead to late harvest of Kharif crops and therefore late planting of Rabi crops,
which constitutes one of the major risks for wheat production in the region. Coinciding with
an observed decrease in precipitation, we have also detected increases in both maximum
and minimum temperature in October, resulting in increased evapotranspiration, decreased
water availability and higher heat stress conditions for crops, mostly at the end of the Kharif
and beginning of the Rabi season. Moreover, the findings emerging from the seasonal and
monthly trend analysis undertaken emphasize that shifts in the seasonality of climatic
variables might be critical drivers of the timing and stress on cropping systems into the
future. This effect should be considered when developing future cropping calendars, crop-
tailored irrigation schedules, national adaptation plans and advisory services to farmers.
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Analysis of future climate projections highlights that the climatic trends (and their
related impacts) observed over the last two decades will likely be exacerbated in the future.
In particular, while temperatures (especially minimum temperature) will continue to rise,
precipitation is expected to become more variable, both spatially and temporally. These
conditions combined will result in challenges for farmers, as critical temperature thresholds
are increasingly exceeded and plant water requirements rise. Crop-specific analysis of
empirically derived heat thresholds highlight that future warming will result in heat stress
for the four major crops of the region (wheat, cotton, rice and sugarcane) in the mid and
long-term future, suggesting the need for adapted crop varieties or other measures to
address heat stress and increased water demand. The results presented highlight that all
crops will experience temperatures exceeding their optimal heat threshold into the future,
increasing until the end of the century. Cotton, with the lowest optimal heat threshold, will
experience approximately a 10 days increase in days exceeding the threshold throughout
the century. The other crops, namely rice and sugarcane, have higher heat stress thresholds
(36 and 34 ◦C, respectively), and therefore experience fewer days with heat thresholds
exceeded at the beginning of the century, increasing to the end of the century. Winter wheat
will experience fewer days above the critical heat threshold, however this number will
increase toward the end of the century.

This study provides an evidence-base of climate-driven impacts on crops in the IRB
which should be referenced for future adaptation and resilience measures for agriculture
in the basin. Relevant adaptation measures supported by the current findings include
updated cropping calendars based on climatic conditions, developing irrigation schedules
by crop and location, promoting crops which better tolerate heat conditions and local plan-
ning/policy making based on impact assessments, while the results of this study elucidate
some key impacts in this important basin, future work should further parameterize the
system to look more in depth at hydrological changes in the basin and diverse crops. This
analysis, coupled with previous and future impact assessments, will support the identifica-
tion of resilience measures to reduce the negative impacts that climate change can have on
the IRB’s agriculture.
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