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ARTICLE INFO ABSTRACT

Handling Editor - J.E. Fernandez Pakistan is among the most vulnerable regions to climate change impacts, in particular the agricultural areas

found in the worlds’ largest contiguous irrigation system, the Indus River Basin (IRB). This study assesses the

Keywords: impacts of two climate change scenarios (Representative Concentration Pathways-RCPs 4.5 and 8.5) on soil
Wheat evaporation and transpiration rates, crop water productivity (CWP) and wheat and sugarcane yields over the 21st
Sugarcan.e century, under two irrigation schedules (less/more frequent irrigation and higher/lower volume) for six locations
Evaporation . . . . . . .

Transpiration along the Sindh and Punjab provinces. Maximum and minimum temperatures are projected to increase across the

study area over the course of the 21st century. Additionally, precipitation is projected to increase (decrease)
along the southernmost (northernmost) areas during the summer rainy season from June to September. To
evaluate the crop-water productivity of wheat and sugarcane, we used the AquaCrop model in the six selected
locations. For assessing the goodness of model validation and calibration, different statistical indicators are
considered for comparing simulated and observed inter-annual yield variability (e.g. NRMSE of 12.4% and
12.1% for wheat and sugarcane, average values of the calibration and validation process). Our results show that
wheat yields are likely to remain constant over time across the study areas, whereas sugarcane yields are ex-
pected to experience a decline in the Sindh province and an exponential increase in the Punjab province up to
2080, then yields will start to decline. In addition, our results reveal that both crops perform better, in terms of
CWP, under low frequent irrigation and higher volumes of water. Overall, the findings of this work also support
policymakers and project developers to implement adaptation strategies to cope with changing environmental
conditions in a country where pressure on water resources is expected to continue to grow.

Water use efficiency
Climate change impacts

1. Introduction

According to the Global Climate Risk Index, Pakistan is ranked 5th
among the countries experiencing highest number of extreme weather
events during the 1999-2018 period (Eckstein et al., 2019). While the
impacts of the 2018-2019 drought and cold wave are still ongoing,
August 2020 was considered the wettest year in record for Pakistan,
affecting 77,000 ha of agricultural land mostly along the Sindh province.
Concurrently, a desert locust outbreak affected 46 districts across major
agricultural provinces of the IRB (WMO, 2020). As a result, the impacts
of climate change are anticipated to have a considerable impact on the
countrys agri-food systems due to more frequent and severe heat-stress
conditions as well as from changes in water availability, which are
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expected to shift the spatial boundaries of crops besides changing its
productivity. While the country’s population is estimated to increase
from 216 to 338 million by 2050 compared to 2019, climate change is
likely to negatively affect crop productivity and ultimately increase food
insecurity nationally (Tariq et al., 2014; UN, 2019). According to the
national nutrition survey in 2018, 37% of the population faced food
insecurity, and this number is likely to rise if climate related impacts on
the agriculture sector are not properly addressed (WFP, 2018). The
agricultural sector contributes to ~25% of the Gross Domestic Product
(GDP), while irrigation accounts for up to 70% of water withdrawn as a
percentage of total renewable resources; particularly along the IRB,
where pressure on water resources and dependency ratio is highest
(FAO, 2016). The IRB is the largest contiguous irrigation system in the
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Fig. 1. Distribution of the weather stations across the Sindh and Punjab provinces.

world. However, the inter-annual variability of agricultural value added
to the GDP and its high dependency on weather suggests that the IRB is
among the most vulnerable regions to climate risks worldwide (TWB,
2016). Hence, there is a need to increase the understanding of future
climate impacts on agricultural systems and implement measures to
increase the efficiency and productivity of agricultural water use in
response to climate change, growing demographic pressure and finite
water resources (Richey et al., 2015).

Since 1960, the mean annual temperature in Pakistan has risen by
0.47 °C, with a projected increase of 3 °C by the end of the century
relative to 1961-1990 (Chaudhry et al., 2009). Total annual precipita-
tion is more erratic over large parts of Pakistan when compared to the
historical average, with increasing number of intensified climatological
and hydrological events, e.g. droughts and flooding (Houze et al., 2011;
Adnan et al., 2016; Du et al., 2019). In Pakistan, precipitation changes
are driven by the heating of the Tibetan Plateau, which forces monsoon
variability within the region (Hijioka et al., 2014; Wang et al., 2019).
The drivers (greenhouse gases) and impacts of climate change (rainfall
variability and increasing temperatures) are projected to evolve with
time, thereby determining their effect on plant’s phenology and yield
production is likely to become more complex into the future (Liancourt
et al., 2012; Poulter et al., 2013).

In 2018, Pakistan reported harvested areas for wheat and sugarcane

of 8.80 and 1.10 million hectares (ha) (equivalent to 47% of the coun-
try’s total agricultural land), respectively, and yields of 2.85 and 60.96
tons (t) ha! (FAO, 2018). Various studies have examined the effect of
high temperature thresholds for these two crops. The optimal and
maximum temperature thresholds of wheats different phenological
phases are: 22.0/32.7 °C emergence, 4.9/15.7 °C vernalization,
21.0/31.0 °C anthesis, and 20.7/35.4 °C grain-filling phase, respectively
(Porter and Gawith, 1999). Additional studies looking at the effect of
changes in temperatures (+3, +4 and +5 °C) and precipitation (+10 and
—10%) with doubling CO2 concentrations conclude that wheat yields
are likely to remain similar to current levels by 2060 (Janjua et al.,
2010). In addition, sugarcane’s (C4 crop) optimal growing temperatures
range between 33 and 38 °C, displaying a higher sensitivity to
heat-stress conditions though having a higher temperature optimum
when compared to C3 crops (Sanghera et al., 2019; Wahid and Close,
2007). Not only the difference in temperature optimum but the different
mechanisms for fixing CO2 into biomass between C3 and C4 plants is
another distinct physiological response, which can, among crops having
a rapid stomata closure, translate into a reduction of water loss.
Although increases in atmospheric CO, and air temperatures can be
beneficial for C3 crops (wheat), increasing temperatures are expected to
result in higher water requirements due to increasing evapotranspira-
tion rates (Kimball, 1983; Bowes, 1991; Poorter, 1993). Climate change
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is projected to have a negative impact on C4 crops, mainly grown along
tropical and subtropical regions (Zhao and Li, 2015). For instance, in
Pakistan, the yields of sugarcane are expected to decrease by 10% for
every 1 °C increase (Afghan and Ijaz, 2015).

Crop models are useful tools for assessing water-limited crop yields
under a wide range of environmental and management conditions. For
instance, the AquaCrop model is a crop water productivity model that
can be run with future meteorological data, together with projected CO5
levels, for assessing crop’s responses to future climatic conditions
(Vanuytrecht and Raes, 2011). In Pakistan, the AquaCrop model has
already been used to examine the impacts of water management on
salinization along cultivated areas of Faisalabad (Macaigne et al., 2018).
Simulations with AquaCrop on sugar beet production under different
irrigation schedules, mulching conditions and furrow systems have also
been run along semi-arid regions of Pakistan (Malik et al., 2017).
Additionally, the SWAP93 model has been used to simulate the soil
water balance of sugarcane in order to develop an efficient irrigation
scheduling for the Sindh province (Qureshi et al., 2002).

To date, there are not yet any studies assessing the combined effect of
changing temperatures and precipitation, and elevated CO, concentra-
tions on the performance of wheat and sugarcane using the AquaCrop
model in Pakistan. For sugarcane, Farooq and Gheewala (2020) have
assessed the second growing season of sugarcane, but not the first
growing season as done in this study. The present study calibrates and
validates the AquaCrop model and evaluates the impacts of changing
temperature and precipitation patterns on crops performance in terms of
soil evaporation, transpiration, CWP and yield. Given that the IRB is the
largest irrigation system in the world and is considered a vulnerable
region to climate risks, this study focuses on the Sindh and Punjab
provinces. Additional practical applications of this study include the
development of different irrigation schedules for maximizing crop pro-
duction across these two provinces.

2. Materials and methods
2.1. Site description

The Sindh and Punjab provinces are located within the IRB and along
the easternmost parts of Pakistan, bordering India (Fig. 1). The climate
along low-lying areas is characterized as semi-arid (100-500 mm/year)
with warm mean annual temperatures (25 °C). Towards the northern
parts of the Punjab province, the climate becomes milder, reaching dry
winter and hot summer conditions towards the foothills of the Hima-
laya’s. The IRB covers approximately half million km? of Pakistan
(65%), particularly along the Sindh and Punjab provinces, to finally flow
out into the Arabian Sea. Due to the long-term deposition of sediments,
old alluvial soils are found along the Sindh and Punjab provinces. These
types of soils, mainly loam, give the IRB one of the richest soil types and
suitable growing conditions for a myriad of crops.

2.2. AquaCrop input requirements

2.2.1. Weather data inputs

Local projections of precipitation, maximum and minimum temper-
ature were obtained from six weather stations within the network of the
Pakistan Meteorological Department (PMD). The latter information was
used in this work by means of statistical downscaling (SD), which allows
to translate the low spatial resolution of the global climate simulations
provided by Earth System Models (ESMs) to the local/regional scale
needed for climate impact assessments. SD was performed following the
Perfect Prognosis approach, under which a statistical model was cali-
brated by defining the relationship between local-scale observations (e.
g. precipitation) and a set of quasi-observed large-scale atmospheric
predictors (e.g. sea level pressure or winds) from a reanalysis over a
historical period. Subsequently, the model was applied to the coarse
ESM predictors (as given by different future emission scenarios) to
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Table 1
List of Coupled Model Intercomparison Project Phase 5 (CMIP5) Earth System
Models used in this study.

CMIP5 Atmospheric resolution (latitude Ocean resolution (latitude
Model ID and longitude) and longitude)
MPI-ESM- 0.4° x 0.4° 1.9° x 1.9°
MR
CAN-ESM2 1.4° x 0.9° 2.8° x 2.8°
CNRM-CM5 1.0° x 0.8° 1.4° x 1.4°
NOR-ESM1 1.1° x 0.6° 2.5° x 1.9°
Table 2
List of crop parameters used for the calibration of wheat and sugarcane.
Wheat Sugarcane
Description Units Observed Calibrated  Observed  Calibrated
Sowing dd/
mm
Badin (Sindh) 01/11 01/11 01/09 01/10
Multan 01/11 01/11 01/09 01/10
(Punjab)
Crop
development
Plant density plants 150-300 200 8-10 10
m2
Planting D,B,R, DS R, FS T
method ZT
Time to max. days/ 50-70 51/960 120-270 159
canopy cover GDD
Maximum % 85-90 86 85-90 98
canopy cover
Time to days/ 80-120/ 72/1368 270-300 -
flowering GDD 1300
Duration of GDD 150-280 228 60-120 -
flowering
Time to days/ 100-120/ 100/1900 - 194
senescence GDD 2000
Physiological days/ 140-170/ 155/2945 270-365 215
maturity GDD 2900
Crop production
Harvest index % 45-50 47 25-40 50

Legend: D (drill sowing), B (broadcasting), R (ridges), ZT (zero tillage), FS
(furrow sowing), DS (direct sowing), T (transplanting), DAS (days after sowing),
GDD (growing degree days). Note that the calibration of sugarcane was done on
DAS rather than GDD.

obtain the corresponding (local) downscaled climate change projections
for the future (see Manzanas et al. 2020 and references therein). For the
calibration phase, ERA-Interim reanalysis (Dee et al. 2011) were used.
For the projection phase, four ESMs from the Coupled Model Inter-
comparison Project Phase 5 (CMIP5) (Table 1) were considered, under
two Representative Concentration Pathways (RCPs) accounting for
different socio-economic and future emission scenarios, namely the
RCP4.5 and the RCP8.5, ~550 and ~1000 CO2 ppm by 2100 respec-
tively (Clarke et al. 2007; Riahi et al. 2007).

To downscale precipitation, the present study used the nearest
analog technique (Zorita et al. 1995), in which the local values for any
future atmospheric configuration (as given by ESM predictors) were
estimated from the local observations corresponding to most similar (or
analog) historic configuration (as represented by ERA-Interim). Alter-
natively, to downscale maximum and minimum temperature, a multiple
linear regression (MLR) was applied, an extension of simple linear
regression that attempts to model the relationship between predictors
and a response variable (e.g. predictand) by fitting a linear equation to
the observed data. The fit is determined here, based on ERA-Interim
predictors, by minimizing the sum of the residuals between the regres-
sion line and the observed data (Helsel and Hirsch, 2002). The analog
technique was not suitable for temperatures given its inability to
extrapolate values out of the observed range in the historical period,
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Fig. 2. Approximate crop calendars for wheat and sugarcane along the Sindh and Punjab provinces.

which may constitute an important issue in the context of a changing
climate (Gutiérrez et al. 2013). For precipitation (temperatures), the
leading 30 (15) principal components (Preisendorfer and Mobley, 1988)
of a combination of sea level pressure, geopotential height at 250 hPa,
temperature, meridional winds and relative humidity at 850 hPa - which
are the main drivers of the local climate - were used as predictors in this
work. These were defined over a 2° regular grid covering the domain
60-78°E, 23-37°N.

2.2.2. Crop and soil information inputs

Historical yield data (2006-2015) for wheat and sugarcane was
provided by the Ministry of National Food Security and Research
(MNFSR) for two locations, Badin (Sindh) and Multan (Punjab). Addi-
tional information on management practices (e.g. sowing and harvesting
date and sowing method) and crop development parameters (e.g. time
and duration of flowering, maximum canopy cover, physiological
maturity) were shared by the MNFSR for the Sindh and Punjab provinces
(Table 2). The cane fresh yield was converted into dry yield by, first,
calculating the stalk dry weight (fresh weight * 0.30), which was then
added to the proportion of trash dry weight (0.65 * stalk dry weight), as
calculated from Thompson (1978) and later modified by Irvine (1983).
The crop calendars of wheat and sugarcane along the Sindh and Punjab
provinces were shown in Fig. 2. While there was only one growing
season for wheat (Nov-Apr), sugarcane was either planted in fall
(Sep-Oct) or just before the start of the spring (Feb-Mar). However, in
the present study, only the first sowing season was analyzed (Sep-Oct).
The soil texture information for each location was retrieved from
research literature, having Badin and Multan loam and clay-loam soil
textures, respectively (ISRIC, 2020; UAF, 2020).

2.3. The AquaCrop model

The FAO AquaCrop model simulates crop yield in different steps: (i)
crop development, (ii) crop transpiration, (iii) biomass production, and
(iv) yield formation. The calculation of evapotranspiration within the
model is divided into transpiration and soil evaporation. Transpiration is
directly related to the canopy cover (CC), whereas evaporation is pro-
portional to the bare soil. For calculating the potential crop transpira-
tion, the CC is multiplied by the reference evapotranspiration (ETo),
determined by the FAO-56 Penman-Monteith equation, and by the crop
coefficient (Kc). Then, the actual transpiration (Ta) is calculated from
potential evapotranspiration. In addition, Ta is used for calculating crop
biomass (B), which is computed by multiplying actual transpiration by
the water productivity (WP) (Eq. (1)). The harvest index (HI) allows to
obtain the crop yield (Y) by the crop biomass (B) (Eq. (2)) (Raes et al.,
2018).

Crop biomass (B)as kg/ha = ZTa*WP 1)

Crop yield (Y)as kg/ha = HI*B 2)

Table 3
Irrigation schedules and total amount irrigation applied for the calibration,
validation and future simulations of wheat and sugarcane on AquaCrop.

Location (s) Scenarios Frequency Amount Total
(days) (mm) (mm)
Wheat
Badin (calibration) Past 7 10 200
(2006-2015)
Multan (validation dry Past 5 9 306
years) (2006-2015)
Multan (validation wet Past 7 13 319
years) (2006-2015)
Badin and Karachi Future 7 10 200
(2010-2100)
Badin and Karachi Future 8 14 245
(2010-2100)
Multan, Faisalabad, Future 5 10 284
Dera Ismail Khan, (2010-2100)
and Bahawal-Pur
Multan, Faisalabad, Future 7 13 319
Dera Ismail Khan, (2010-2100)
and Bahawal-Pur
Sugarcane
Badin (calibration) Past 7 29 870
(2006-2015)
Multan (validation) Past 10 41 861
(2006-2015)
Badin and Karachi Future 7 29 870
(2010-2100)
Multan, Faisalabad, Future 10 41 861

Dera Ismail Khan,
and Bahawal-Pur

(2010-2100)

2.3.1. Simulation outputs

The yearly evapotranspiration (ET) was determined by the AquaCrop
model using the FAO-56 Penman-Monteith method (Allen et al., 1998)
for RCPs 4.5 and 8.5 and two irrigation schedules (Table 3) for the six
PMD stations (Fig. 1) over the 21st century. The analysis of vegetation
transpiration (T) and soil evaporation (SE) was conducted separately, as
each of these variables could play a key role on determining the crop
water productivity (CWP). The CWP (Eq. (3)) was used to describe the
trade-offs between water loss and carbon sequestration in the plant
photosynthesis and carbon assimilation process. Climatic factors
affecting crop’s potential evapotranspiration were assessed to describe
the way specific temperature thresholds reduced the CWP due to
increased rates of evapotranspiration. Then, sugarcane and wheat yields
were examined to better understand if elevated atmospheric CO5 con-
centrations had a positive or negative impact on C3 and C4 plants by
reducing photorespiration besides enhancing photosynthetic CO,
exchange.
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B
Crop Water Productivity(CWP)as kg / m3 =——

2Tr)

Where B is the estimated above-ground biomass (in kg) and )" Tr the
cumulative amount of water transpired (in m%), respectively.

3)

2.3.2. Calibration and validation of AquaCrop

The FAO AquaCrop model was calibrated and validated using 10-
year yield data (2006-2015) of wheat and sugarcane for Badin
(Sindh) and Multan (Punjab). Afterwards, annual-simulations were run

Sindh province (Karachi) and three extra locations across the Punjab
province (Faisalabad, Dera Ismail Khan, and Bahawal-Pur).

The AquaCrop’s performance to simulate observed yield for the
period 2006-2015 was evaluated using the standard and normalized
root mean square errors (RMSE and NRMSE, respectively), mean abso-
lute percentage error (MAPE) and Wilmott’s Index of Agreement (d).
The RMSE, NRMSE, MAPE and Wilmott’s Index of Agreement were
calculated as in Egs. (4-7):

n

1 . N2
until the end of the century using the downscaled meteorological inputs RMSE = n Z (0i = Pi) “)
. P . i=1
obtained from the ESMs under the two RCPs (4.5 and 8.5), two irrigation '
schedules (Table 3) and four additional locations (Fig. 1): one along the
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RMSE
NRMSE = “MSE 100 ®)
v (0i - Py
MAPE =Y " o9 x 100 O
S (0i — Pi)?
d=1- =L : @)
> (P +0)

Where O; and p; corresponded to the observed and simulated values,
respectively, O’; = [O; — 0] and P’ = [pj - P] showed the differences
between an observed and/or simulated value with the observed and
simulated means, and n is the number of treatments. RMSE had the same
units as that of the variable being simulated (ton/ha'l), whereas NRMSE
was expressed as a percentage. The closer the values were to zero the

higher the model’s performance. We considered that the AquaCrop
model was well calibrated if the NRMSE was lower than 15% and highly
performant if lower than 5% (Raes et al., 2018).

2.4. Irrigation schedules

The generation of irrigation schedules was necessary to plan a po-
tential irrigation strategy in the IRB, aiming at optimizing yields with
lower applications of water. Although crop parameters and initial soil
conditions remained similar for the validation of wheat, two irrigation
schedules for the 2006-2015 period were proposed in order to best fit
the observed inter-annual precipitation variability and its impacts on
observed yields in Multan (Table 3). This was necessary under rainfed
conditions, as sporadic heavy rains reported along the Punjab province
disturbed the planned irrigation treatments. For that reason, the present
study followed the approach of Sandhu et al. (2015) for rice along the
Punjab region of India and that of Andarzian et al. (2011) for wheat in
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Fig. 7. Projected soil evaporation (SE) rates (mm) for wheat under RCP 4.5 and 8.5 for six locations considered in Sindh and Punjab provinces under different

irrigation schedules.

Iran, with different irrigation scenarios according to the observed pre-
cipitation. While Sandhu et al. (2015) tested four different irrigation
schedules for the validation of rice with AquaCrop, this work embraced
two irrigation schedules for the validation of wheat in Multan. As a
result, the present study defined different irrigation schedules based on
the average precipitation observed (77.8 mm) during wheat’s growing
season in Multan during the 2006-2015 period. Therefore, 77.8 mm was
considered the threshold between a drier or wetter than usual

dry-season; consequently, triggering different types of irrigation
schedules during the calibration process. In order to enhance the CWP
and the economic yield per unit of water used by the crop, an additional
irrigation schedule was proposed for Karachi (Sindh province). The
irrigation method used both for the calibration and validation of wheat
was surface irrigation on furrows and the time criteria was fixed in-
tervals with a fixed net application.

For the calibration of sugarcane in Badin, the irrigation schedule was
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Fig. 8. Projected transpiration (T) rates (mm) for wheat under RCP 4.5 and 8.5 for six locations considered in Sindh and Punjab provinces under different irri-

gation schedules.

set every 7 days with 29 mm (870 mm in total); whereas for the vali-
dation, Multan, every 10 days with 41 mm (861 mm in total). Since
these irrigation schedules had a similar amount of water application,
they were both tested in future simulations to assess the CWP of sug-
arcane under changing climate conditions. For sugarcane, sprinkler
irrigation was the method selected where 100% of the soil surface was
watered at each irrigation event. The selected time criteria was fixed
intervals with a fixed net application.

3. Results
3.1. Climatic trends

3.1.1. Precipitation impacts on wheat and sugarcane

The downscaled projections show a slight increase (+2.7 mm/
month) in average rainfall during Oct-Dec for the period 2080-2099 (as
compared to 2020-2039) for both RCPs over the six locations (Fig. 3).
Hence, rainfall changes are likely to have no impacts on early growing
stages of wheat. A similar behavior is projected for flowering and
maturity of wheat (Jan-Mar), with a small decrease (—0.5 mm/month)
in average rainfall during Jan-Mar for 2080-2099 (as compared to
2020-2039) for both RCPs over the six locations. Conversely, sugarcane
will be affected at senescence by a notable decrease (—10.2 mm/month)
in average rainfall during Jul-Sep for 2080-2099 (as compared to
2020-2039) for both RCPs particularly along Bahawal-Pur, Dera Ismail
Khan and Multan. On the contrary, Badin will experience an increase in
precipitation (+13.1 mm/month) over Jul-Sep.

3.1.2. Temperature impacts on wheat and sugarcane
Regarding critical temperature thresholds for crop development, all

sites will experience a considerable increase in the number of days per
month with maximum temperatures (Tmax) above 32 °C. It is likely that
early vegetative stages of wheat (Oct-Dec) will be affected by heat-stress
conditions if sowing is carried out early in October (32.7 °C is consid-
ered the maximum temperature threshold for wheat at emergence). For
instance, in Karachi and Badin the number of days with Tmax above
32°C will rise from 25 to 30 days per month by 2080-2099 (as
compared to 2020-2039) under RCP 8.5 (Fig. 3). More importantly,
wheat will be affected by heat-stress conditions if flowering occurs in
March (31.0 °C is considered the maximum threshold for wheat at
anthesis). However, the current growing calendar shows that flowering
of wheat currently occurs in January, when temperatures across all
study areas are at its lowest. The highest temperature increase during
mid-growing stages of wheat (Jan-Mar) is projected to occur over the
Punjab province, where the average Tmax (mean of four locations) will
likely increase from 25.6 to 29.8 °C for 2080-2099 (as compared to
2020-2039) under RCP 8.5. Even though the average Tmax will remain
below 30 °C during Jan-Mar, it is projected that the number of days per
month with Tmax above 32°C will exceed 15 and 25 days/month
respectively under RCP 4.5 and 8.5 by the end of the century. Further-
more, if the sowing date of wheat remains the same, it is likely that
increasing temperatures will shorten the crop’s growing cycle, hence
reducing the probability of being affected by heat-stress conditions at
flowering. In AquaCrop, the heat units were expressed as growing de-
gree days (GDD) and increasing temperatures have demonstrated a key
role on crop development. The previous is reflected in the emerging
findings, where wheat is likely to reach maturity 20-30 days earlier at
the end of the century when comparing the observed values for the
2006-2015 period (150 days) against the projected ones (Fig. 5).
Additionally, sugarcane does not display any changes over time because
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Fig. 9. Projected wheat yields (ton/ha) under RCP 4.5 and 8.5 for six locations considered in Sindh and Punjab provinces under different irrigation schedules.

of the type of calibration used for the crop parameters, in days after
sowing (DAS) rather than in GDD (as done for wheat). Therefore, the
length and duration of sugarcane’s development stages were not
adjusted to the temperature regimes of distinctive years and as a cons-
quence do not display any changes over time.

For sugarcane, the highest temperature increase is expected to occur
between Apr-Jun, when the average Tmax will likely rise from 40.9 to
43.5 °C when comparing the 2020-2039 and 2080-2099 periods under
both RCPs across the six locations. Hence, exceeding sugarcane’s
optimal growing temperatures established at 33-38 °C. The average
Tmax during Oct-Dec will also experience a notable increase along the
Sindh province, from 33.0 to 35.2 °C when 2020-2039 and 2090-2099
periods are compared.

3.2. Calibration and validation of AquaCrop

The AquaCrop model was calibrated and validated for wheat and
sugarcane based on the available yield information for Badin and Multan
over the period 2006-2015. The calibration and validation results in
AquaCrop for wheat yields were as follows: NRMSE 10.9% and 13.9%,
RMSE 0.30 and 0.42 t/ha, MAPE 9.3% and 12.44%, and Wilmott’s index
of agreement (d) 0.96 both for the calibration and validation. Although
AquaCrop slightly overestimated the observed wheat yields during the
first half (2006-2010) of the calibration period (—4.8% average differ-
ence between simulated and observed yields), the model was capable of
simulating well the inter-annual variability of yields (Fig. 6) throughout
the entire calibration period (2006-2015). Because of the high rainfall
variability in Multan and its impacts on wheat yields, it was challenging
for the model to simulate inter-annual yield fluctuations during the
validation process in Badin. Furthermore, the calibration and validation

results in AquaCrop for sugarcane were as follows: NRMSE 12.5% and
11.6%, RMSE 3.57 and 2.59 t/ha, MAPE 11.2% and 10.2%, and Wil-
mott’s index of agreement (d) 0.89 and 0.90, respectively. Hence, for
both crops, the statistics showed NRMSE values below 15%, indicating a
good calibration and validation of the AquaCrop model.

3.3. Wheat

3.3.1. Soil evaporation and transpiration

The present findings reveal a strong relationship between high soil
evaporation (SE) and different irrigation schedules along the Punjab
province. Although sites along the Punjab province (5 days-10 mm; total
270-297 mm) received 50% additional irrigation than those found in
the Sindh province (7 days-10 mm; total 190-210 mm), the SE values of
Punjab province (Dera Ismail Khan; total SE 264 mm) tripled those of
Sindh province (Karachi; total SE 90 mm), average of both RCPs (Fig. 7).
Overall, soil evaporation rates behaved similarly under RCP 4.5 and 8.5,
with a decreasing trend over time along Faisalabad, Bahawal-Pur, Kar-
achi and Badin. For transpiration (T), T rates were lower under frequent
and low irrigation volumes, with a moderate decrease in T rates over-
time, being higher under RCP 8.5 when compared to RCP 4.5 (Fig. 8).
The greatest T decline was reported in Dera Ismail Khan, from 236 mm
in 2010-2019-161 mm in 2090-2099 under RCP 8.5. Large T differ-
ences were reported when averaging the long-time series of Karachi
(287 mm) and Badin (99 mm) for different irrigation schedules under
both RCPs. Finally, the effect of heat-stress was simulated in AquaCrop
using the temperature stress coefficient for crop transpiration (Ksry). For
wheat, the average temperature stress affecting crop transpiration was
close to 0 (0.07% of the growing period) for both RCPs, across all study
areas and under different irrigation schemes.
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Fig. 10. Projected crop water productivity (CWP) of wheat (kg yield/m® water evapotranspired) under RCP 4.5 and 8.5 for six locations considered in Sindh and

Punjab provinces under different irrigation schedules.

3.3.2. Yields and crop water productivity

Wheat yields are expected to remain constant over the 21st century
along Dera Ismail Khan (avg. 2.36 ton/ha), Faisalabad (avg. 1.67 ton/
ha) and Bahawal-Pur (avg. 1.65 ton/ha) under frequent and low irri-
gation schemes (5days-10 mm; total 270-292 mm) for both RCPs
(Fig. 9). However, a notable yield increase is depicted when comparing
the previous irrigation scheme with less frequent applications but higher
amounts (7 days-13 mm; total: 312-325 mm), with yields improving as
follows: Dera Ismail Khan (avg. 3.97 ton/ha), Faisalabad (avg. 2.80 ton/
ha), and Bahawal-Pur (avg. 2.87 ton/ha). In fact, with similar high at-
mospheric evaporative demand and 10% increase between the two
irrigation schemes, the percentage of water stress reducing leaf expan-
sion is 76.4% under 5days-10 mm and 65.3% under 7days-13 mm,
average of both RCPs. As a result, the cumulative amount of water
transpired increased (Fig. 8), translating into a higher water produc-
tivity (Fig. 10). Along the Sindh province, e.g. Karachi, yields are also
expected to rise from 4.40 ton/ha to 5.17 (+17.5%) and 6.50 ton/ha
(+47.7%) under RCP 4.5 and 8.5, respectively, when the 2010-2019
and 2080-2099 periods are compared.

Regarding the crop water productivity (CWP), all of the targeted
locations are expected to experience an increase in CWP; except Multan
under the irrigation schedule 5 days-10 mm. The station reporting the
highest CWP is Karachi under RCP 8.5 and irrigation schedule 8 days-
14 mm, with a CWP increase from 1.11 kg/m?> to 1.79 kg/m> respec-
tively from 2010-2019 to 2090-2099 (Fig. 10).

10

3.4. Sugarcane

3.4.1. Soil evaporation and transpiration

The soil evaporation (SE) values are higher (396 mm on avg. for the
complete time-series) in the Punjab province, under RCP 8.5 and irri-
gation schedule 7 days-29 mm when compared to the Sindh province
(281 mm on avg. for the complete time-series) for RCP 4.5 and irrigation
schedule 10 days-41 mm (Fig. 11). There is an increase in SE particularly
towards the northern parts of the country (Dera Ismail Khan and Fai-
salabad), with the highest rate of SE increase under RCP 8.5 when
compared to RCP 4.5.

For transpiration (T), higher T values are projected in the Sindh
province (674 mm on avg. for the complete time series) when compared
to the Punjab province (573 mm on avg. for the complete time series) for
both irrigation schedules and RCPs (Fig. 12). However, spatial differ-
ences on T trends were observed, particularly among southernmost
(Sindh province) and northernmost areas (Punjab province). While
Karachi and Badin will experience a decrease in T overtime from the
start of the simulations, all Punjab sites, except Bahawal-Pur, report an
exponential increase in T up until 2080. Increasing T trends is tightly
related to temperature increase during Jan-Mar. The thermal increase
along the Punjab province coincides with the mid-growing stages of
sugarcane (if sown in November as done herein) when Kc are highest
(1.25), consequently enhancing T rates. On the other hand, tempera-
tures along Karachi and Badin remain similar over time (Fig. 4) and,
therefore, T rates slightly decrease rather than increase (Fig. 12).
AquaCrop simulations have shown that sugarcane will be susceptible to
increasing temperatures particularly along the Punjab province, where



J. Alvar-Beltran et al.

Agricultural Water Management 253 (2021) 106909

I RCP 8.5 Dera Ismail Khan | | Dera Ismail Khan Faisalabad Faisalabad
I RCP 4.5 — 10 days 41 mm 7 days 29 mm g 10 days 41 mm 7 days 29 mm
£ 500+ £ 500+ <
£ o E |
§ 4001 [ | ¥ 54007 el
@' - i nAtES | E —_ﬁ.
oaoo-.--—--v"-M~ g g | 0300- )
o | e — [o%
£ 2004 ~ N 22001
w S 0 S OO O O S © N ey S D DD O O O ©
NS P 0}5,\‘9‘1' S P ® P, . ho"' q@‘ S F O F S
Year — f‘\\fg\'i’ Year
= = > ¢
Karachi Karachi Multan Multan
= Dera Ismal han F
o 10 days 41 mm days 29 mm & - alsalabad . 10 days 41 mm 7 days 29 mm
£ 5004 1 500
E 9!
E E
£ 400+ — __,»-
e € 400-
% AR § 400
= 3004 . 5 e ——— . © 4
o -~ s 2 3 . e s AL - = » &
Q e—— L 8300
(g 2004 ey N g 1 } g g s S
(m — T 7 T -~ > 20015
PR L SP PSS ‘hi w Q'QQQQQQQQQ
S FRE Y  L—r——Kirachig3gin PO RN R
Year Year
Badin Badin Bahawal-Pur Bahawal-Pur
— 10 days 41 mm 7 days 29 mm e 10 days 41 mm 7 days 29 mm
£ 500+ o | £ 500+
£ = E i
§ 4001 3 § 4001 --v'r"“"‘:""
g300"’- s ggoo.M
Q o -
@ ©
o200 —————J o 200i—— d o
D © D D > $° S & ® S DO © S ®
P & O & (RN 0y S & P PSS
B F T P S S S
Year Year

Fig. 11. Projected soil evaporation (SE) rates (mm) for sugarcane under RCP 4.5 and 8.5 for six locations considered in Sindh and Punjab provinces under different

irrigation schedules.

the average temperature stress affecting crop transpiration (Ksty) is ex-
pected to be of 13.1% (avg. values for the 2010-2099 period)
throughout the growing season.

3.4.2. Yields and water use efficiency

Sugarcane yields display a similar behavior to that of transpiration
(T) over time across the different locations, RCPs, and irrigation
schedules (Fig. 13). This is due to the direct relationship between yields
and biomass production which depend on T. While sugarcane yields
experience a notable decrease (—14.7%) over time along the Sindh
province, from 28.6 ton/ha (MNFSR avg. observed values in Karachi
between 2006 and 2015) to 24.4ton/ha (simulated values for the period
2090-2099 for the two locations, RCPs and irrigation schedules), yields
are projected to increase over the Punjab province. For the latter, sug-
arcane yields are expected to increase by 13.0%, from 22.2 ton/ha
(MNFSR avg. observed values in Multan between 2006 and 2015) to
25.1 ton/ha in 2070-2080 (avg. simulated yield values in the four lo-
cations, RCPs and irrigation schedules), afterwards yields are projected
to decline. Even though yield trends have a similar behavior in all lo-
cations over time and for both RCPs, yields are estimated to be higher
(+8.3%) under the irrigation schedule 10 days-41 mm (861 mm in total)
when compared to 7 days-29 mm (870 mm) (Fig. 13).

For the complete time series (2010-2099), the average crop water
productivity (CWP) in Sindh province is of 2.38 and of 2.66 kg/m3
(+11.8%) when 7 days-29 mm with 10 days-41 mm are respectively
compared (Fig. 14). A similar pattern is observed over the Punjab
province, where the CWP is of 2.47 and 2.86 kg/m3 (+17%) when 7
days-29 mm with 10 days-41 mm are respectively compared. Overall,
the CWP is projected to decrease over time across the Sindh and Punjab
provinces, with a greater rate of decrease under RCP 8.5. For instance,
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the CWP is likely to decline from 2.65 kg/m> to 2.48 kg /m? (—6.4%)
under RCP 8.5 when the 2010-2019 and 2080-2099 periods are
compared for both irrigation schemes.

4. Discussion

While the simulations present in this study show that wheat will not
be adversely impacted by increasing temperatures and CO, concentra-
tions if sowing continues to take place on the 1st of November, negative
impacts are expected for sugarcane depending on the time horizon and
location. For wheat, as reported in Sections 3.1.2 and 3.3.2, the growing
cycle will be shortened by 20-30 days because of an increase in the
accumulated heat units during a day (GDD). As a result, heat-stress
conditions (31.0 and 35.4 °C are considered the critical temperature
thresholds at anthesis and grain filling phase) occurring in March and
April will be avoided (Porter and Gawith, 1999). Hence, the pollination
of wheat and the grain filling phase will not be hindered by the exposure
to heat-stress conditions. While 51% of the Indo-Gangetic Plains will be
reclassified as heat-stress zones by 2050 (Ortiz et al., 2008), several
studies, including this one, suggest a reduction on the duration of the
growing season of wheat under changing climatic conditions (Valizadeh
et al., 2014). Despite the fact that the grain filling phase will be short-
ened (Rezaei et al., 2015), the present study reveals that an acceleration
of wheat’s phenological phases (under irrigated conditions) due to rising
temperatures will not result in a reduction of wheat yields in Pakistan.
The simulations of the present study show a stabilization of yields over
time (Fig. 8) and, therefore, our results contrast other studies
acknowledging a 20-31% decline in yields when sowing occurs in
November (Sultana et al., 2009; Ahmad et al., 2015; Khan et al., 2020).
This can be explained by the fact that the previous studies do not
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Fig. 12. Projected transpiration (T) rates (mm) for sugarcane under RCP 4.5 and 8.5 for six locations considered in Sindh and Punjab provinces under different

irrigation schedules.

thoroughly examine indicators such as GDD in crop development.
Nevertheless, the present study is in harmony to that of Janjua et al.
(2010) also conducted in Pakistan. The findings of the latter show that in
all CO,, temperature and precipitation scenarios, wheat will be posi-
tively affected and the production will double by 2060 as compared to
the present yield levels.

While sugarcane yields are expected to increase along the Punjab
province up until 2080, a 2.3 °C increase in mean Tmax between 2020
and 2039 and 2080-2099 periods in central and southernmost parts of
the country (Karachi, Badin and Bahawal-Pur) will have a negative
impact on sugarcane yields. The findings of this work for the latter lo-
cations are in line with those of Afghan and Ijaz (2015), acknowledging
a 10% decrease in sugarcane yields for every 1 °C increase. Even though
AquaCrop simulations show a decline in yields along the Punjab prov-
ince from mid/end century onwards, the present study shows that the
rate of decrease will be lower to that reported by Akbar and Gheewala
(2020) in the Punjab province (16%). A recent publication (Farooq and
Gheewala, 2020) on CROPWAT and AquaCrop in Faisalabad and Rahim
Yar Khan has shown a similar yield trend to that of this study, where
production is expected to increase up until 2080 then decrease by 0.6%
under RCP 8.5 when comparing to the baseline period (1981-2005). In
both studies, results revealed a growth in the crop water requirements
due to rising soil evaporation and transpiration, with a subsequent in-
crease in irrigation demand. However, the latter study reports much
higher irrigation requirements (1740-2145 mm) when sowing between

15/02 and 12/03 in Faisalabad to that of this study when sowing occurs
on the 01/09 (861 mm). An increase in temperature under changing
climatic conditions will alter soil evaporation and might cause water
stress and as consequence the need to apply higher amounts of water to
meet sugarcane’s evapotranspiration demand (Hussain et al., 2018).
Even though our findings are in line with the latter study, more frequent
irrigation (7 days-29 mm rather than 10 days-41 mm) will substantially
increase the losses derived from direct soil evaporation. Consequently,
in order to optimize the use of water resources and increase the yields of
sugarcane, less frequent but higher water applications is recommended
(10 days-41 mm). This is particularly important across certain regions in
Pakistan where agricultural water is used with low efficiency among
high-water consuming crops (sugarcane). If promoted, the dual chal-
lenge of increasing sugarcane production and farm income while saving
water will be achieved.

5. Conclusion

Agricultural production is affected by a number of climate factors,
including rainfall patterns, temperature rise, change in sowing and
harvesting dates, water availability, and evapotranspiration and land
suitability. The future crop water requirements (CWP) of wheat and
sugarcane in Pakistan are likely to increase with time; nevertheless,
water resources can be optimized if appropriate irrigation and planting
scheduling under changing climate and environmental conditions are

12
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Fig. 13. Projected sugarcane yields (ton/ha) under RCP 4.5 and 8.5 for six locations considered in Sindh and Punjab provinces under different irrigation schedules.

applied. The results of this work can inform medium to long-term na-
tional adaptation priority actions for planning in the agriculture sector
in Pakistan by enhancing water resource management throughout the
country. The results provide decision-makers and project developers
with a robust scientific evidence-based for actions related to water
allocation and related water policies. This study presents the following
conclusions:

m A slight increase in projected precipitation (+2.7 mm/month
for Oct-Dec) at early growing stages of wheat will have minimal
impact on the performance of the crop. The slight increase in
precipitation will be offset by increasing soil evaporation and
transpiration rates due to rising temperatures (2.3 and 4.0 °C
under RCP 4.5 and 8.5 by 2080-2099).

m An increase in the accumulated heat units during a day (GDD)

will shorten the growing cycle of wheat by 20-30 days. As a

result, the exposure of wheat to heat-stress conditions at

anthesis and ripening phase will be reduced. Consequently, we
recommend maintaining the current calendars for wheat in the
region.

Wheat yields are expected to remain constant along all study

areas, except for Karachi, where yields will likely notably in-

crease by 17.5% and 47.7% under RCPs 4.5 and 8.5,

respectively.

13

m Wheat has higher CWP under less frequent but higher water
applications (8 days-14 mm and 7days-13 mm along Sindh and
Punjab province, respectively).

m Sugarcane is projected to be adversely affected by increasing
temperatures (mean Tmax during Apr-Jun is expected to in-
crease from 40.9 to 43.5 °C when compared to the 2020-2039
and 2080-2099 periods across the six the locations under both
RCPs). As a result, the exposure of sugarcane to heat-stress
conditions will be of 13.1% along the entire growing period.
In order to select the optimal growing period for sugarcane,
further research needs to be conducted testing different sowing
dates and irrigation schedules.

m While transpiration of sugarcane will exponentially increase
along the northernmost parts of the country, it will remain
constant and/or slightly decrease in central and southernmost
areas over time.

= Our results reveal that sugarcane yields will decline from the
present onwards in central and southernmost parts of the
country; however, northernmost parts will experience a notable
increase up until 2080, after which yields will start to decline.

= Compared to wheat, sugarcane will perform better, in terms of
CWP, under less frequent but higher volumes of irrigation (10
days-41 mm).

m Overall, AquaCrop was particularly useful to better understand
crop’s responses to environmental change, identify constraints
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Fig. 14. Projected crop water productivity (CWP) of sugarcane (kg yield/m® water evapotranspired) under RGP 4.5 and 8.5 for six locations considered in Sindh and

Punjab provinces under different irrigation schedules.

to crop production and water productivity, develop irrigation
schedules for maximum production, and to study the effect of
climate change in a country expected to face increasing food
insecurity challenges.
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