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Abstract: Impact assessments on climate change are essential for the evaluation and management of
irrigation water in farming practices in semi-arid environments. This study was conducted to evaluate
climate change impacts on water productivity of maize in farming practices in the Lower Chenab
Canal (LCC) system. Two fields of maize were selected and monitored to calibrate and validate
the model. A water productivity analysis was performed using the Soil–Water–Atmosphere–Plant
(SWAP) model. Baseline climate data (1980–2010) for the study site were acquired from the weather
observatory of the Pakistan Meteorological Department (PMD). Future climate change data were
acquired from the Hadley Climate model version 3 (HadCM3). Statistical downscaling was performed
using the Statistical Downscaling Model (SDSM) for the A2 and B2 scenarios of HadCM3. The water
productivity assessment was performed for the midcentury (2040–2069) scenario. The maximum
increase in the average maximum temperature (Tmax) and minimum temperature (Tmin) was found
in the month of July under the A2 and B2 scenarios. The scenarios show a projected increase of
2.8 ◦C for Tmax and 3.2 ◦C for Tmin under A2 as well as 2.7 ◦C for Tmax and 3.2 ◦C for Tmin under
B2 for the midcentury. Similarly, climate change scenarios showed that temperature is projected to
decrease, with the average minimum and maximum temperatures of 7.4 and 6.4 ◦C under the A2
scenario and 7.7 and 6.8 ◦C under the B2 scenario in the middle of the century, respectively. However,
the highest precipitation will decrease by 56 mm under the A2 and B2 scenarios in the middle of the
century for the month of September. The input and output data of the SWAP model were processed
in R programming for the easy working of the model. The negative impact of climate change was
found under the A2 and B2 scenarios during the midcentury. The maximum decreases in Potential
Water Productivity (WPET) and Actual Water Productivity (WPAI) from the baseline period to the
midcentury scenario of 1.1 to 0.85 kgm−3 and 0.7 to 0.56 kgm−3 were found under the B2 scenario.
Evaluation of irrigation practices directs the water managers in making suitable water management
decisions for the improvement of water productivity in the changing climate.
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1. Introduction

Climate change is a real threat to agriculture and food security, and it has caused a shortage of
water worldwide [1,2]. Variation in temperature, uneven distribution of precipitation, and untimely
floods have affected the water resources in Pakistan [3]. Different studies show that the uncertainties
in climate change decreased the per capita water availability from 5300 m3 in the 1950s to 1000 m3 in
2011, and successive decreases are expected to continue in the future, from 855 m3 in 2020 to 769 m3 in
2050 [4]. Reduced water supplies in the changing climate would, thus, pose a serious threat to food
security in the near future. As climate change is enhancing water scarcity in the arid and semi-arid
regions of the world [5,6], including Pakistan, efficient management of water resources is crucial to
meet crop water requirements [7,8].

Maize is the most important food and forage crop in the world [9]. The production area for maize
is the third largest in Pakistan after wheat and rice. Its shares in value-added agriculture (VAA) and
gross domestic product (GDP) are 2.1% and 0.4%, respectively. Still, there is a big difference between
the actual and potential yields of maize in the ideally considered environment of Pakistan due to the
improper use of water and fertilizer [10]. Improper irrigation scheduling has resulted in 30–96% and
28–32% reduction in the yield and biomass production, respectively, of maize crops [11,12]. As maize
is also sensitive to water stagnation, the increase in rainfall intensity due to changing climate is a real
threat to the ideal climatic conditions of the maize crop in Pakistan. Agricultural production will be
impacted by climate change from the regional to the global scale based on the research studies carried
out at local, regional, and global levels [13–15].

Studies on maize production show variations in the yield under different treatments and levels of
fertigation and irrigation scheduling. Huang et al. [16] described a reduction in maize yield in a semi-arid
environment due to changes in temperature and variations in the rainfall intensity. Bergamaschi et al. [17]
found a significant decrease in maize yield due to rainfall uncertainty. Lobell et al. [18] revealed a
reduction in yield from 1.7% to 1% as the temperature exceeded 30 ◦C under water-stressed conditions.
Ahmad et al. [19] revealed a 43% reduction in maize yield resulting from a minimum temperature
increase of 2.2 ◦C and maximum of 4.4 ◦C. Abbas et al. [20] found a potential decrease in yield due to
changes in maize phenology under changing climate.

Soil–Water–Atmosphere–Plant (SWAP) is an ecohydrological model that is used to estimate crop
yield, transpiration, evapotranspiration, and percolation [21]. The SWAP model can evaluate the
system at different spatio-temporal scales based on field measurements [21]. The projected global
warming is likely to disturb hydrological systems and eventually change the occurrence of extreme
events and disturb the dynamics of water availability [22]. However, the trend of climate change impact
on hydrological systems varies from region to region. Due to the complexity in hydrological systems,
most climate change studies have fixated on temperature, precipitation, and evapotranspiration [23].
In the last two decades, hydrological and General Circulation Models (GCMs) were coupled to project
the climate change impact on the water resources of a watershed. GCMs are important and recent tools
for regional- to global-scale analyses of climatic parameters like minimum and maximum temperature
and rainfall. These models are numerically coupled and represent the global system, i.e., atmosphere,
ocean, and sea ice [24]. Due to the coarse spatial resolution, downscaling techniques, i.e., statistical and
dynamical, have been developed for use in GCMs at the regional scale [25–27]. Statistical downscaling
techniques aid in developing the relation between GCM and observed variables [22]. The climate
scientific community has widely adopted statistical downscaling due to its faster and inexpensive
computation [27].

The agricultural perspective of food security requires more crops per drop of water applied in
the field in the changing climate. Assessment of water productivity is the evaluative indicator for
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irrigation system performance in farmers’ practices. Water productivity is considered as a water-saving
indicator at different stages of utilization in the agricultural sector [28]. Molden and Rust [29] defined
water productivity at different stages of water utilization. The purpose of this study was to quantify
the impact of climate change on water productivity of the maize crop under irrigated conditions and
evaluate the irrigation system performance under the changing climate.

2. Methodology

2.1. Research Sites

The study was performed in the Lower Chenab Canal (LCC) system in the Punjab province
of Pakistan, as shown in Figure 1. Two farmers’ fields were selected and extensively monitored in
the LCC, represented as MZ1 and MZ2. The LCC command is the oldest and largest canal water
distribution system in Punjab, Pakistan, and it is a true representative of the irrigation system of
Pakistan. The mean historical maximum and minimum temperatures during the autumn season are 35
and 21 ◦C, respectively. The maximum sunshine duration during this season is almost twelve hours.
Maize is the third major crop of the study area, following wheat and rice [30]. In the autumn season,
maize is sown from mid-July to mid-August and harvested from the end of October to the middle
of December.

Sustainability 2020, 12, x FOR PEER REVIEW 3 of 14 

2. Methodology 

2.1. Research Sites 

The study was performed in the Lower Chenab Canal (LCC) system in the Punjab province of 

Pakistan, as shown in Figure 1. Two farmers’ fields were selected and extensively monitored in the 

LCC, represented as MZ1 and MZ2. The LCC command is the oldest and largest canal water 

distribution system in Punjab, Pakistan, and it is a true representative of the irrigation system of 

Pakistan. The mean historical maximum and minimum temperatures during the autumn season are 

35 and 21 °C, respectively. The maximum sunshine duration during this season is almost twelve 

hours. Maize is the third major crop of the study area, following wheat and rice [30]. In the autumn 

season, maize is sown from mid-July to mid-August and harvested from the end of October to the 

middle of December. 

 

Figure 1. Research sites in the Lower Chenab Canal system. 

2.2. Climate Change Scenarios 

In this research, the most widely used GCM, the Hadley Center Coupled Model version 3 

(HadCM3) (Hadley Centre, Exeter, UK), was used. HadCM3 is considered as the major important 

GCM in the development of the Third and the Fourth Assessment reports of the Inter-Governmental 

Panel on Climate Change (IPCC) [31]. HadCM3 is successfully applied for the attribution, prediction, 

climate detection, and sensitivity analyses in climatic research. HadCM3 is still considered as a highly 

ranked GCM compared to others because it does not use flux adjustment and it decently simulates 

of the present climate. It can also capture the time-reliant patterns of past climate change in reaction 

to anthropogenic and natural forcing [32]. The global frame of HadCM3 has been divided into a grid 

for the ease of data acquisition by portioning it into seven subframes. The portions are based on the 

significant representation of land area and land–sea boundaries as defined according to its land–sea 

cover. Data of the HadCM3 predictors were acquired from the site-representative X and Y grid from 

the Canadian website http://climate-scenarios.canada.ca/index.php?page=pred-

hadcm3&wbdisable=true. A total of 26 predictors of the National Centers for Environmental 

Prediction (NCEP) and HadCM3 (H3A2 and H3B2) from 1961–2001 and 1961–2099 were 

downloaded, respectively. 

Figure 1. Research sites in the Lower Chenab Canal system.

2.2. Climate Change Scenarios

In this research, the most widely used GCM, the Hadley Center Coupled Model version 3
(HadCM3) (Hadley Centre, Exeter, UK), was used. HadCM3 is considered as the major important
GCM in the development of the Third and the Fourth Assessment reports of the Inter-Governmental
Panel on Climate Change (IPCC) [31]. HadCM3 is successfully applied for the attribution, prediction,
climate detection, and sensitivity analyses in climatic research. HadCM3 is still considered as a highly
ranked GCM compared to others because it does not use flux adjustment and it decently simulates of
the present climate. It can also capture the time-reliant patterns of past climate change in reaction to
anthropogenic and natural forcing [32]. The global frame of HadCM3 has been divided into a grid
for the ease of data acquisition by portioning it into seven subframes. The portions are based on the
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significant representation of land area and land–sea boundaries as defined according to its land–sea
cover. Data of the HadCM3 predictors were acquired from the site-representative X and Y grid from the
Canadian website http://climate-scenarios.canada.ca/index.php?page=pred-hadcm3&wbdisable=true.
A total of 26 predictors of the National Centers for Environmental Prediction (NCEP) and HadCM3
(H3A2 and H3B2) from 1961–2001 and 1961–2099 were downloaded, respectively.

2.2.1. Statistical Downscaling of GCM Data

In statistical downscaling, large-scale climatic conditions describe the regional climate based on
local physical environmental features. The Statistical Downscaling Model (SDSM) (Department of
Geography, Loughborough Unuiversity, Loughborough, UK), developed by Wilby et al. [33], is based
on Multiple Linear Regression and Stochastic Weather Generator. SDSM has been used extensively
all over the globe [34] for downscaling precipitation, temperature and evaporation. In the current
study, SDSM was used to downscale HadCM3 A2 and B2 scenarios for the maximum and minimum
temperature and precipitation for the duration of 2011–2099 in the LCC command area. SDSM
approaches are quicker and have lower computational costs; therefore, SDSM methods have been
extensively approved by the technical community working on climate [35]. The A2 scenario models a
diverse world with very relaxed regulations throughout regions, an unceasing growth in worldwide
population, locally driven economic development, extra uneven fiscal development per person, and a
rapid change and increase in technology as compared to the other scenarios. Conversely, the B2 scenario
highlights the global importance on socio-environmental sustainability and models an indigenous way
to carry out economic growth. In the B2 scenario, the world population will be lower, as compared
to A2, with intermediate development in economic growth. B2 also models more diverse changes in
technology at a slower rate compared to other scenarios, i.e., A1 and B1 [36].

2.2.2. Bias Correction

In this study, to remove biases from the daily temperature and rainfall downscaled data, Bias
Correction (BC) was performed by following the methods of Salzmann et al. [37] and Mahmood and
Babel [38]. In this technique, first, biases are estimated by subtracting the mean monthly observed data
from the mean monthly simulated data. Then, future daily simulated data are corrected based on their
respective monthly de-biased factors.

A mathematical representation for the estimation of biases is given below (Equations (1) and (2))
to de-bias the daily temperature and rainfall data, respectively:

Tdb = Tsd f −
(
Tsdp − TObs

)
(1)

Rdb = Rsd f ×

Robs

Rsdp

 (2)

where Tdb and Rdb are the future de-biased daily data of temperature and precipitation, respectively.
Tsdf and Rsdf represent SDSM-based downscaled data for the duration of 2011–2099, and Tsdp and Rsdp

represent SDSM-based downscaled data for the baseline period 1980–2010. Tsdp and Rsdp are the mean
monthly values of temperature and rainfall, respectively, for the 31-year SDSM base period. TObs and
PObs represent the mean monthly observed values for temperature and rainfall for the 31 years.

Precipitation variability is affected by its frequency and intensity [39]. In the application of SDSM,
precipitation quantity, and not in the frequency, is highlighted, and any methodological errors due
to SDSM-based downscaling must be eliminated. In the case of frequency, it is assumed that SDSM
is precise.

http://climate-scenarios.canada.ca/index.php?page=pred-hadcm3&wbdisable=true
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2.3. Soil-Water-Atmosphere-Plant (SWAP) Model

SWAP version 3.0 (Wageningen University and Research, Wageningen, The Netherlands) was
coupled with GCM output using R to assess climate change impact. SWAP is an ecohydrological model
based on deterministic and physical laws vital to biochemical and hydrological processes occurring in
the continuum of soil, water, plant, and atmosphere [40]. SWAP simulates vertical soil water flow and
salt transport in close interaction with crop growth. Richards’ equation [41] is used to compute the
transient soil water flow in Equation (3) below:

Cw(h)
δh
δt

=
∂
∂z

[K(h)
(
∂h
∂z

+ 1
)
− Sa(z) (3)

where Cw is the differential soil water capacity (L1), h is the soil water pressure head (L), K is the
hydraulic conductivity (L T1), Sa is the rate of root water extraction (T1), and z is the vertical coordinate
(L) (positive upward). The numerical solution of Equation (3) is based on defined initial and boundary
conditions, and relationships between soil hydraulic variables such as soil moisture (θ), pressure head
(h), and hydraulic conductivity (K) are needed. The following relations between these variables have
been used [42,43]:

θ(h) = θres +
θsat − θres

[1 + |∝ h|n]
n

n−1
(4)

(θ) = KsatSλe

1− (
S

n
n−1
e

) n−1
n

2

(5)

where θres is the residual water content (L3 L−3), θsat the saturated water content (L3 L−3), Se =
θres

θsat−θres

is the relative saturation (–), an empirical shape factor (L−1), n is an empirical shape factor (–), Ksat is
the saturated hydraulic conductivity (L T−1), and l is an empirical coefficient (–).

Salt transport in the soil profile mainly is due to convention, diffusion, and dispersion. The diffusion
process under irrigated conditions is too slow, and in this study it was neglected. A convection–
dispersion equation, Equation (6), was applied for salt transport [44,45]:

∂θC
∂t

=
∂
∂z

[
qLdis

∂C
∂z

]
−
∂qC
∂z

(6)

Equation (6) is valid for dynamic, one-dimensional, and convective–dispersive salt transport,
and it simulates the reduction of root water uptake caused by salt stress in unsaturated/saturated soils.
SWAP numerically solves Equation (6) using a defined initial salt concentration and concentration of
salts via irrigation.

2.3.1. Data Collection for the Calibration and Validation of the SWAP Model

In this study, soil sampling was performed up to a depth of 120 cm. Sampling intervals of 0–15,
15–30, 30–60, 60–90, and 90–120 cm were selected for the comprehensive analysis of the required
parameters. Soil salinity was measured by a 1:2 soil–water suspension using a conductivity meter.
Similarly, the physical properties of soil were analyzed using standard methods, i.e., soil texture using
the international pipette method [46], United States Department of Agriculture (USDA) classification,
bulk density using the core method, saturated and residual soil moisture using the gravimetric method,
and hydraulic conductivity using the constant water head method [47].

2.3.2. Input Parameters of the SWAP Model

Most of the SWAP input parameters were directly measured in the laboratory and field.
Two farmers’ fields, represented as MZ1 and MZ2, were monitored in the LCC area for measurements
of the soil-water and crop data. In the LCC, maize sowing is practiced twice a year. SWAP input
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parameters could be grouped to define the initial conditions, upper and lower boundary conditions,
and also the detailed characteristics of crop and soil.

The rainfall, potential evapotranspiration (ETp), and irrigation define the upper boundary of the
soil profile. The Penman–Monteith equation was used to estimate ETp using daily meteorological data.
For the lower boundary condition, free drainage conditions were applied due to the deep groundwater
level greater than 3 m depth from the soil surface [28]. Initial conditions of the salinity and soil moisture
were directly measured from the fields.

The crop parameters were estimated based on multiple field observations, i.e., stages of crop
development (emergence, anthesis, maturity, and harvest), number of tillers, plant density and height,
dry matter, and yield. Leaf area index was measured using the leaf area meter. The crop height and
rooting depth were prescribed as a function of crop development stage, which was assumed to be linear
in time from emergence to harvest [28]. Considering the less optimal farming practices of the farmers,
crop parameters such as light use efficiency ε (kg ha−1 hr−1/ J m2 s−1) and maximum CO2-assimilation
rate A (kg ha−1 hr−1) were considered as decreasing based on the crop measurements [21]. The various
input parameters used are summarized in Table 1.

Table 1. Main crop parameters specified for the SWAP model.

Parameter Maize

Length of Crop Cycle (Days) 112
Maximum rooting Depth (cm) 120
Critical pressure heads, h (cm)

h1 −15
h2 −30

h3h −325
h31 −700
h4 −10,000

h1: no water extraction at higher pressure heads, h2: height below which optimum water uptake starts for top
layer, h3h: height below which water uptake reduction starts at high Tpot, h31: height below which water uptake
reduction starts at low Tpot, and h4: wilting point, no water uptake at lower pressure heads.

2.3.3. Soil Hydraulic Parameters: Inverse Modeling

In this study, only the upper 300 cm of the soil column was considered for simulation, as most
of the desired hydrological processes occur in the upper soil column. The soil column was divided
into three soil layers based on the measured soil profile up to 120 cm, and the last observed soil
characteristics were given to the depth of 120–300 cm soil layer. The soil column was further divided
into 40 parts, with a width of 1 cm for the top 10 parts, then 5 cm for the succeeding 10 parts, and 10 cm
for the remaining soil column. For salt transport in the irrigated field, the dispersion length Ldis was
set to 5 cm [48]. Furthermore, a coefficient of 0.35 cm d−1, according to [49], was used to reduce the rate
of evaporation from the soil. In this study, the methods of Singh et al. [28] were followed by linking
the parameter estimation technique (PEST) with the SWAP model.

2.4. Water Productivity Assessment

In the system of crop production, water productivity (WP) is defined as the crop yield per unit
amount of water used [50]. Additionally, WP is defined in different ways by different stockholders,
referring to different types of yield from crop production system (dry matter or grain yield) and amount
of water consumed (transpiration, evapotranspiration, and irrigation) [29]. Actual evapotranspiration
(ETa) represents the actual amount of water required for crop production, and the consumed water via
ETa is not reusable for the crop production system. It must be used as productively as possible, and it
is logical to express potential water productivity as (WPET = Yield

ET ). The inevitable loss of water due
to evaporation decreases water productivity from the ideal water productivity (WPT = Yield

Transpiration )
to WPET. However, in reality, percolation losses increase the denominator in the expression of WP,
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hence decreasing the WP from WPET to actual water productivity (WPAI = Yield
Water Applied ). Climate

change impact assessments were performed on each level of the defined water productivity hierarchy.
This assessment was performed for the baseline (1980–2010) and midcentury periods (2040–2069)
under the A2 and B2 scenarios for both maize fields, as shown in Figure 2.
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3. Results and Discussion

3.1. Optimized Soil Hydraulic Parameters of SWAP

The measured soil moisture and soil salinity from the farmers’ fields were used to optimize the
soil hydraulic parameters with automatic calibration using the parameter estimation technique (PEST).
PEST inverse solution optimizes the α and n for the different soil layers. Uniqueness of the solution was
obtained when iterations in the inverse solution with different initial constraints of α and n resulted in
the same values [28]. Table 2 shows the optimized values of α and n along with Ks, θs, and θr that
were used in the SWAP.

Table 2. Optimized soil hydraulic parameters for the maize fields.

MZ1 MZ2

Soil type SL SL SL SL SL SL

Depth 0–30 30–60 60–120 0–30 30–60 60–120

θr 0.001 0.01 0.01 0.001 0.01 0.01

θs 0.34 0.34 0.33 0.34 0.34 0.33

Ks 44.82 42.81 49.58 21.8 42.81 49.58

α 0.050 0.049 0.046 0.050 0.049 0.046

λ −1.00 −1.35 −1.58 −1.00 −1.35 −1.58

n 1.34 1.38 1.61 1.35 1.38 1.61

SL: sandy loam soil.
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3.2. Calibration and Validation of SWAP

The measured soil-water and crop data from the monitored maize fields MZ1 and MZ2 were used
in the calibration and the validation of the SWAP. Calibration was performed from mid-July to the end
of August, and validation was performed from the start of September to crop harvest. A graphical
representation of the MZ1 field is given in Figure 3.
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Figure 3 shows the measured and simulated soil moisture and soil salinity during the calibration
and validation periods, respectively. The results showed good agreement between the simulated and
observed moisture content and the electrical conductivity (EC) during the calibration and validation
periods. The maximum Root Mean Squre Error (RMSE) of the moisture content was 0.022 during the
validation period. The maximum RMSE for the EC was 0.010 during the calibration period of MZ2.
Details of the statistical analyses for all samples are presented in Table 3.

Table 3. Statistical analysis of the SWAP model during calibration and validation.

Research
Site

Calibration Validation Calibration Validation

θ (cm3 cm−3) EC1:2 (dS m−1)

N RMSE N RMSE N RMSE N RMSE

MZ1 20 0.018 15 0.022 20 0.009 15 0.006

MZ2 20 0.017 15 0.021 20 0.010 15 0.01

N represents the number of observations used for calibration and validation.

3.3. Future Climatic Data under A2 and B2 Scenarios

The highest increase in the average minimum and maximum temperatures, 2.8 ◦C and 3.3 ◦C
respectively, was found for the month of July under the A2 scenario. While under the B2 scenario,
the highest increase in temperature was also found in the month of July, with a maximum increase
of 3.2 ◦C and minimum 2.7 ◦C. A decrease in temperature was also found during the study period,
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and maximum decrease in the average maximum and minimum temperatures, 7.7 ◦C and 6.8 ◦C
respectively, was found under the B2 scenario. The rainfall trend showed a significant decrease during
the study period, as the average annual rainfall of the study area was about 400 mm [51]. The highest
decrease in rainfall was 56 mm under both A2 and B2 scenarios during the month of September.
Detailed changes in the climatic parameters are presented in Table 4.

Table 4. Maximum and minimum temperature and precipitation changes under A2 and B2
midcentury scenarios.
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July 2.8 7 3.3 11 2.7 7 3.2 11 −10 −10 −13 −13
August 0.85 2 −0.6 −2 0.2 1 −1.2 −4 −13 −15 14 14

September −3.1 −9 −5.9 −24 −3.5 −10 6.4 21 −56 −95 −56 −95
October −6.4 −19 −7.4 −42 −6.8 −21 −7.7 −44 −1.2 −29 0.8 16

Mean −1.5 −2.7 −1.9 0.8 −20 14.5

∆PA2 and ∆PA2 respresents the Changes in Rainfall under A2 and B2 Scenario, respectively.

3.4. Climate-Induced Salt and Water Balances

In this study, significant groundwater recharge variations were found, as shown in Table 5.
This possibly was due to heavy irrigation during the maize cropping season. Heavy rainfall left the
soil wet; thus, less water was required for application.

Table 5. Simulation of groundwater recharge and soil salinity built up.

Baseline Period A2 B2

Field MZ1 MZ2 MZ1 MZ2 MZ1 MZ2
GWF (mm) −15 −18 −18 −19 −19 −20

dC (mg cm−2) 12 14 11 13 12 14

GWF is groundwater fluctuation; a negative value indicates depletion of the aquifer. dC is the change in root
zone salts.

Groundwater recharge variations for the baseline period were found to be significant. Negative
values indicate depletion of the aquifer. Depletion of the aquifer was high due to higher crop water
demand in the maize season (July to October). This showed a higher rate of groundwater extraction for
the months of July to October. In this period, irrigation water availability from the irrigation network
was at its peak, and the occurrence of rainfall was also at maximum due to the monsoon period.

Salt accumulation was found to increase as the groundwater recharge rate decreased. For the
midcentury A2 scenario, the groundwater recharge rate was also found higher. The average mean
recharge was increased midcentury as compared to the baseline period. Similarly, this increase in
rainfall reduced the mean average salt accumulation during the A2 midcentury scenario. While the
groundwater recharge in the midcentury was reduced, as compared to the baseline period, due to the
significant decrease in rainfall during the monsoon season.

Similarly, under the B2 scenario for the midcentury, variations in the groundwater recharge and
salt accumulation were found. Groundwater recharge was found to increase as compared to the
baseline period. It further reduced aquifer depletion due to the higher rate of groundwater pumping,
as rainfall intensity increased the groundwater recharge rate and also leached down the salts from
the root zone. Under the B2 scenario, groundwater recharge was less like the A2 scenario due to the
decrease in rainfall during the monsoon season (Table 5).
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3.5. Climate-Induced Water Productivity

In this study, flood irrigation was the main method, and no effects of other improved irrigation
methods were considered. Higher evaporative demand during the summer season reduces water
productivity. Table 6 represents a detailed description of water productivity analyses for the baseline
period under different farming practices. Maize crops showed a high water productivity of 1.1 kgm−3

under the MZ1 field in the baseline period and the lowest water productivity of 0.85 kgm−3 in the
MZ2 field during the midcentury B2 scenario. Similarly, water losses were high during the B2 scenario
in the MZ2 field and showed the lowest water productivity of 0.56 kgm−3. Improved irrigation
practices showed the potential of water productivity under current and changing climatic conditions.
The impact of climate change and improved irrigation practices show potential improvement of
0.54 kgm−3 (1.1 kgm−3 WPET at MZ1 under baseline period (BLP) and 0.56 kgm−3 WPAI at MZ2 under
B2 scenario), which is almost double the predicted water productivity under the B2 scenario.

Table 6. Water productivity.

Baseline Period A2 B2

Water
Productivity MZ1 MZ2 MZ1 MZ2 MZ1 MZ2

WPT 1.4 1.3 1.1 0.94 0.96 0.93
WPET 1.1 1.0 0.92 0.86 0.90 0.85
WPAI 0.7 0.67 0.62 0.58 0.61 0.56

Table 6 reveals the water productivity analyses of farmers’ fields for the midcentury A2 scenario.
Reduction in water productivity was observed due to climate change. This reduction was due to
an increase in temperature that increased the evapotranspiration from the fields. A larger reduction
in water productivity was observed under the B2 scenario as compared to the A2 scenario from the
baseline period analysis.

4. Discussion

Global-scale climatic variable predictions under changing climate are derived from Global Climate
Models (GCMs) under different emission scenarios [24]. However, these GCMs have a very low
resolution for regional-scale studies. Studies at the regional scale require a finer resolution to capture
the variations occurring at this scale. A high resolution captures intricate geographical features when
the hydrological and ecological impacts of the changing climate are under investigation. In this study,
fine-resolution data were required to cover the regional-scale study parameters. To address this issue
of course resolution of the GCMs, numerous dynamical and statistical models have been developed
to downscale GCM output at a finer regional-scale resolution [38]. Xu [52] defined 5050 km as the
global scale and 0–50 km as the regional scale. In the presence of downscaling models, the Statistical
Downscaling Model (SDSM) has been acknowledged and widely used all over the world to downscale
climatic variables for extreme and average event studies [15,33,38]. In this study, Waqas et al.’s [15]
guidelines were followed to downscale the data at the canal command level in the Indus Basin
Irrigation System.

In this study, temperature variations were assessed based on the monthly mean. An increase in
mean temperature was found in the month of July, and a decrease in temperature was found in October.
Mahmood and Babel [38] reported a projected increase in temperature for the midcentury scenario using
HadCM3. IPCC [53] showed the projected increase in temperature for all early-, mid-, and late-century
scenarios. Abbas et al. [20] found an increase in temperature in the maize-dominated area of Punjab.
Similarly, a decrease in rainfall was found for the month of September. Egeru et al. [54] found a
decrease in rainfall in district-level studies under Representative Concentration Pathways (RCP 4.5).
Production in semi-arid areas will be affected more due to these extreme events, especially Punjab,
Pakistan [14,55]. The current study shows a reduction in water productivity due to the anomalies in
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rainfall, as water application efficiency is reduced during catastrophic rainfall events. An increase
in temperature in the early stage causes water stress and eventually reduces yield. Abbas et al. [20]
further reported a potential reduction in maize yield due to increased temperature, which decreases
the length of the growing season. In this study, due to the impact of climate change, water productivity
of the maize crop decreased under A2 and B2 scenarios. Schlenker and Roberts [56] reported yield
reduction under B1 and A1FI scenarios by using the Hadley III model.

5. Conclusions

The agriculture-based economy of Pakistan is highly dependent upon improved water productivity
under the changing climate. This study assessed the impact of climate change on maize water productivity
under A2 and B2 scenarios of the HadCM3 in the Lower Chenab Canal System. SDSM was used for the
statistical downscaling of HadCM3 data. Further, bias correction was applied to the downscaled data
to enhance accuracy of the results. SWAP was used to assess water productivity based on the climate
change data from the HadCM3. SWAP was automatically calibrated using the PEST. Statistical analyses
of the calibration and validation showed 0.022 maximum RMSE moisture content during the validation
period and 0.010 for the electrical conductivity during the calibration period. In this study, a climate
change impact assessment was performed for the baseline period (1980–2010) and the midcentury
scenario (2040–2069). Climate change scenarios showed a decrease in water productivity due to an
increase in temperature and increase in extreme rainfall events. The WPET decreased from 1.1 kgm−3

to 0.85 kgm−3 from the baseline period to the B2 scenario. The WPAI decreased from 0.7 kgm−3 to
0.56 kgm−3 from the baseline period to the B2 scenario. In total, this research shows the negative
impacts of climate change and the huge potential for improved irrigation practices to enhance water
productivity under the current and changing climate in a semi-arid environment.
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