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Abstract 

The AquaCrop model developed by FAO, practical tool for simulating yield 

responsein improving water management and increasing productivity. This 

study evaluates the future impact of climate change on local wheat yield and 

water productivity, using the AquaCrop model. Field trials were conducted over 

two growing seasons (2023, 2024) under three irrigation treatments: full 

irrigation (I1), moderate deficit irrigation (I2) (75% of full irrigation), and severe 

deficit irrigation (I3) (50% of full irrigation). The AquaCrop model was 

calibrated with data from the 2023 season and validated using data from the 

2024 season, using three global climate models (CNRM-CM5, GFDL-ESM2M, 

and EC-Earth) under two emission scenarios (RCP4.5, RCP8.5), considering 

both constant and elevated atmospheric CO₂ concentrations. The results showed 

in both seasons that treatment (I1) produced the highest grain yield (1.73,1.60 

ton ha-1) respectively, while moderate deficit treatment(I2) achieved the greatest 

water productivity (WPET) (0.51, 0.52 kg m-³) respectively, The AquaCrop 

model accurately simulated grain yield and biomass across irrigation treatments 

Determination coefficient (R²) indicated strong complete between measured and 

predicted values for grain yield and biomass (100, 100, and 88, 85%) 

respectively, the Climate Is expected to experience rising temperatures and 

variable rainfall in both Maximum and Minimum Temperatures in the (RCP4.5 

and RCP8.5) scenarios. Results showed a reduction in wheat yields when 

atmospheric CO₂ concentrations were assumed constant. In contrast, elevated 

CO₂ conditions increased simulated grain yield and reduced actual 

evapotranspiration. The study shows the importance of the AquaCrop model as a 

decision-support tool for irrigation planning, management, and climate 

adaptation in water-scarce regions. 
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Introduction 

Yemen's agriculture is predominantly rain-fed poses a significant challenge to agricultural 

production, particularly in regions with limited water such as Sana’a City. Rising temperatures, 

altered rainfall patterns, and more frequent droughts will exacerbate water scarcity, leading to 

reduced crop yields. Research has shown that Yemen is highly vulnerable to climate change,
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with future climatic conditions expected to negatively impact cereal production, especially wheat, 

the country's staple food (Al-Dobaee, 2016). 

    Wheat production in Yemen is constrained by declining cultivated areas, low productivity, and 

increasing pressure on groundwater resources. The total wheat-cultivated area in Yemen is 

estimated at approximately 587,323 ha, with a production of about 861,409 ton and an average yield 

of 1.5 ton ha-1 in Sana’a City, wheat cultivation covers nearly 284 ha, producing approximately 409 

tons with an average yield of 1.44 ton ha-1 (Ministry of Agriculture and Irrigation, 2024). Under 

these conditions, improving irrigation efficiency and optimizing water use have become essential 

strategies to sustain wheat production and enhance food security. 

    Deficit irrigation has been widely recognized as an effective approach for increasing water 

productivity by reducing irrigation inputs while minimizing yield losses. However, the success of 

deficit irrigation strategies depends on crop response to water stress and local climatic conditions. 

Therefore, reliable crop simulation models are increasingly used to support irrigation planning and 

climate adaptation strategies. Among these models, The AquaCrop model developed by the Food 

and Agriculture Organization (FAO) (Steduto et al., 2012), practical tool for simulating yield 

responsein improving water management and increasing productivity under water stress climate 

variability which has proven effective (Halawa, 2022; Al-Saadi, 2022), and the AquaCrop model 

has been successfully applied in various agro-climatic worldwide to simulate crop grain yield and 

water use under different irrigation systems and climate change scenarios. Previous studies have 

demonstrated its effectiveness in Ethiopia (Tirfi and Oyekale, 2022), Iran (Aghajanloo and 

Nikbakht, 2023), Turkey (Kale and Madenoğlu, 2018), Greece (Dercas et al., 2022), Egypt 

(Nematallah and Kasem, 2021), Syria (Al-Durai et al., 2025), and Iraq (Hassan et al., 2023), and in 

Yemen under local conditions (Saif et al., 2020). 

    Meanwhile, Bouras et al., (2019), in Morocco, found that rising temperatures lead to 30% a 

decrease in productivity. Asseng et al. (2015) found 6% a decrease in global wheat yield for each 

additional degree of temperature. Whereas Ainsworth and Long (2005) explained the effect of 

carbon dioxide on plant physiology. This study aims to provide scientific guidance for sustainable 

irrigation management and climate change adaptation strategies for wheat production in water-

scarce.by: Assess the effects of different irrigation treatments (full irrigation, deficit irrigation) on 

wheat yield and water productivity, projecting future (2020-2059) changes in yield and water 

productivity using an ensemble of climate models and scenarios, analyzing the interacting effects of 

CO₂, temperature, and rainfall.  

Materials and Methods 

Study Site 

Experiments were conducted at the farm of the College of Agriculture, Foods, and Environment, 

Sana’a University (15.364°N, 44.182°E; 2264 m elevation) over the 2023 and 2024 growing 

seasons.  

    Daily climatic data, were obtained from the nearby meteorological station operated by the 

General Authority of Meteorology and Civil Aviation at Sana’a Airport. These data were used as 

climatic inputs for the AquaCrop model (version 7.1).                             
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Experimental design and Crop management 

The experiment was arranged in a randomized complete block design (RCBD) with three 

irrigation treatments and three replications. The irrigation treatments consisted of: 

I₁: Full irrigation (100% of crop evapotranspiration actual, Etc) 

I₂: Deficit irrigation (75% of Etc) 

I₃: Deficit irrigation (50% of Etc) 

    Each experimental plot had an area of 12 m² (4 m × 3 m). Surface basin irrigation was used, and 

a spacing of 2 m was maintained between plots and replications to minimize lateral water 

movement. 

    Local wheat (Triticum aestivum) was sown on 10 July 2023 and 10 July 2024 for the first and 

second seasons, respectively, and harvested on 7 October 2023 and 5 October 2024. Nitrogen 

fertilizer (46% N) was applied at a total rate of )250 kg ha-1), split into two equal applications: the 

first at sowing and the second 45 days after planting. Weed and pest control practices were applied 

uniformly across all treatments to avoid non-water stress effects. 

AquaCrop Model Calibration and Validation 

The AquaCrop model was calibrated using 2023 data from the first treatment (I₁) (no stress). The 

main parameters calibrated included vegetative growth, root depth, phenological stages, and stress 

coefficients Table 1. The calibration process was repeated several times (Raes et al., 2023) to 

ensure complete agreement between measured and model-simulated values. 

    Following the calibration process, the model was evaluated and validated. Data from the 2024 

growing season were used to assess the performance of the AquaCrop model in predicting wheat 

yield at the experimental site, without modifying the previously calibrated model. 

Considerations taken into account when preparing data files in the AquaCrop model 

1. Wind speed was converted from a height of 10 m to 2 m, as the climate data for Sana’a were 

obtained from the airport station 

 2. A climate file was prepared for the study area with daily data for the two seasons (2023-2024).  

3. Projects were also created for the model, and other files were prepared for each project, starting 

with the crop file. Wheat crop files were selected and stored in the program database. 

4. It was modified using the daily calendar (CD) system according to the aforementioned crop data 

and then converted to a cumulative temperature calendar (GDD).  

5. Irrigation files were created, and the irrigation date and amount of irrigation water added to each 

irrigation were determined. They were calibrated. A field file was then created, including the 

fertilization level and weed control with default values of "Moderate" for calibration. The option 

"preventing surface runoff" was set, considering that agriculture must be in closed basins. A soil file 

was created based on the aforementioned data. An initial moisture file was prepared and calibrated. 

A project file was created for each case and run to obtain the variable values after the calibration 

process.
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Table 1. Standards used to calibrate local wheat in the AquaCrop model 

Value Index 

3.38 Initial vegetation cover (CCO). vegetation growth coefficient ()%   

95 Maximum vegetation cover (CCX). Maximum vegetation cover ()%   

0.1  Specific soil water depletion factor for leaf growth, upper limit 

0.45  Specific soil water depletion factor for leaf growth, lower limit 

4.5  Specific water stress factor for leaf growth, shape factor 

0.8  Soil water depletion factor for porous control 

2.5  Soil water stress factor for porous control, shape factor 

0.7  Soil water depletion factor associated with vegetative arrest 

2.5  Soil water depletion factor associated with vegetative arrest, shape factor 

6  Seedling emergence from planting date (days) 

55 Time to reach maximum vegetative coverage (ccx) from planting date (days) 

50  Time to reach maximum rooting depth (days) 

0.6  Maximum rooting depth (Zx) m 

65  Start of senescence from planting date (days) 

90  Reaching the stage maturity from planting date (days) 

50  Time to flowering (days) 

39  Harvest index (HIO) (days)  

12  Flowering duration (days) 

2023/07/10  Planting date 

2023/10/7  Harvest date 

 

Experimental Measurements and Calculations 

Soil moisture measurements 

To estimate the gravimetric soil moisture, soil samples were taken at specific time intervals, 

including the final and initial soil water content during the calculation period (at the first time after 

irrigation and at the second time before the next irrigation). 

 

Soil Sampling and Analysis 

Before agriculture, soil samples were collected from two depth intervals (0–30 cm and 30–60 

cm) for physical, chemical, and textural analyses. Soil texture was determined using the hydrometer 

method, while bulk density, field capacity, permanent wilting point, porosity, and saturated 

hydraulic conductivity were determined using standard laboratory procedures. 

    Chemical analyses included soil pH, electrical conductivity (EC), organic matter content, total 

nitrogen, available phosphorus, and exchangeable potassium. Irrigation water quality was also 

analyzed for EC and pH to assess its suitability for irrigation. The soil at the experimental site was 

classified as sandy clay loam in the upper layer and clay loam in the lower layer. As shown in 

Tables (2, 3, 4), Physical, chemical, and mechanical analyses of soil, analysis results of the added 

water sample, the electrical conductivity value (EC=0.4 ds m-1) and the pH=8, which is good water 

for irrigation.                                                                
Table 2. Mechanical analysis of soil 

Depth (cm) Sand (%) Silt (%) Clay (%) Texture Classification 

0-30 50 24 26 Sandy Clay Loam 

30-60 33 30 37 Clay Loam 
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Table 3. Physical analysis of soil 

Depth 

(cm) 

Ρb 

(g cm-³) 

ρS 

(g cm-³) 

FC 

(%) 

PWP 

(%) 

Sat 

(%) 

n 

(%) 

TAW 

(mm) 

Ksat 

(mm hr-1) 

0-30 1.46 2.608 20.08 10.98 30.27 44.02 132.86 8.72 

30-60 1.38 2.579 25.81 13.10 33.82 46.50 175.49 3.31 

Where ρb, ρS=bulk and actual density, FC=Field capacity=wilting point permanent, Sat=saturation, 

n=porosity, TAW=Available water, and Ksat=hydraulic connection. 

 

Table 4. Chemical analysis of soil 

Depth 

(cm) PH 

EC  

(ds m-1) CaCo3 (%) 

O.M 

(%) 

N 

(%) 

C 

(%) C/N 

K 

(ppm) 

P 

(ppm) 

0-30 8.22 0.63 8.79 0.92 0.08 0.53 0.53 236.57 14.71 

30-60 8.35 0.36 7.10 1.01 0.13 0.59 0.59 196.27 13.62 

 

Irrigation scheduling and Water efficiency 

    Irrigation scheduling was performed using the FAO CropWat 8.0 model based on local climatic 

data and crop growth stages. Irrigation was applied at 10-day intervals throughout the growing 

season. as shown in (Table 5). The total amount of irrigation water applied varied according to the 

irrigation treatment. Water productivity indices were calculated following FAO methodology Water 

efficiency was calculated using Equations 1 and 2, according to the methodology of Steduto et 

al. )2012) as follows: 

WPET =
Y

ETc
… … … . . (1) 

       WPI =
Y

I
… … … … . . (2) 

Where: WPET is the yield per cubic meter (the net water consumption) (irrigation and rainfall, ETC) 

or water  use efficiency (kg m-3), WPI  is the yield per cubic meter of irrigation water (kg m-3), Y 

represents the actual grain yield of the crop (ton ha-1), Etc. is the net water consumption of the crop 

(m3 ha-1), and I is the total irrigation volume (m3 ha-1). 

    The crop response coefficient to water stress was calculated using Stewart's equation (3) which 

quantifies the relative decrease in production resulting from a decrease in water consumption. 

Ky =
(1 −

Y
Ymax

)

(1 −
ETc

ETmax
)

… … … … … . (3) 

Where: Y actual wheat crop production under deficit irrigation (ton ha-1). Ymax indicates maximum 

production under full irrigation in the absence of water stress (ton ha-1). Eta represents water 

consumption under deficit irrigation (m3 ha-1). ETmax represents water consumption under full 

irrigation (m3 ha-1).                                                                       
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Table 5. Shows the amount of irrigation water applied for different irrigation treatments 

 

 

 

 

 

 

 

 

 

 

Climate data 

Daily climate data obtained for the two growing seasons (2023, 2024) include (Tmax, Tmin) 

temperatures, relative humidity, wind speed, precipitation rainfall, and sunshine duration. 

This data was obtained from the General Authority of Meteorology and Civil Aviation at Sana'a 

Airport. This is the climate data required for the AquaCrop modeling process, and Figure 1 shows 

the average climate data under the two growing seasons. 

 

 

Figure 1. Shows climatic data for the study area in the growing seasons (2023, 2024) 

Projections, Scenarios, and the Climate Models 

Future climate scenarios were generated using three climate models: CNRM-CM5, GFDL-

ESM2M, and EC-Earth, under two representative concentration pathways (RCP4.5 and RCP8.5). 

Simulations were conducted for two future periods: near future (2020–2039) and mid-century future 

(2040–2059), using the historical period (1986–2005) as a reference. Simulations were run under 

two atmospheric CO₂ conditions: constant (350 ppm) and elevated (as per RCP trajectories). 

    Climate data were obtained from bias-corrected regional climate datasets developed under the 

RICCAR/CORDEX framework. Two atmospheric CO₂ concentration conditions were considered: 

constant CO₂ (350 ppm) and increased CO₂ corresponding to each RCP scenario. Average outputs 

from the three climate models were used as inputs for AquaCrop simulations (ESCWA, 2017; 

ESCWA, 2019).                                                      

July August September October

Rainfall (mm) 0.50 64.45 1.75 4.50

Relative humidity (%) 43.67 62.37 35.77 42.60

Min temperature (°C) 17.18 15.10 13.74 10.99

Max temperature (°C) 32.14 29.34 29.12 26.21

Wind m/s 1.99 1.91 1.88 1.76

Sunshine hr/day 7.61 7.39 9.37 9.59

0.00
10.00
20.00
30.00
40.00
50.00
60.00
70.00

Irrigation rate in (mm) 
 

Irrigation date 

 

Month 

Irrigation 

No. 
Irrigation treatments 

I3 I2 I1 

9 13 17 2023/7/10  July 1 

9 13 17 2023/7/20  July 2 

14 21 28 2023/7/30  July 3 

18 29 36 2023/8/9  August 4 

23 37 46 2023/8/19  August 5 

32 47 64 2023/8/29  August 6 

33 50 67 2023/9/8  September 7 

34 51 69 2023/9/18  September 8 

19 29 38 2023/9/28  September 9 

191 292 382 Total during one season 
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Statistical analysis 

Data analysis was grain yield and biomass performed using Statistix 8.1 for grain yield and 

biomass. Mean comparisons were performed using the least significant difference test at the 0.05 

probability level. Model accuracy was evaluated using the coefficient of determination (R²), Mean 

Bias Error (MBE), Mean Absolute Error (MAE), Root Mean Square Error (RMSE), and the 

Willmott index of agreement (d).  

    Following established evaluation criteria, as indicated by (Akol et al., 2024; Willmott et al., 

2013), according to the following equations: 

𝑅2 = 1 −  
∑  (𝑂𝑖 − 𝑆𝑖 )2𝑛

𝑖=1

∑  (𝑂𝑖 − 𝑂𝑎𝑣𝑔I )2𝑛
𝑖=1

… … . . . (4) 

Oi = field values, Si = simulated values, n = number of values used in the comparison, and Oavg = 

average of the observed values. 

MBE =  
∑  (Si − Oi )n

i=1

n
… … … … … (5) 

MAE =  
∑  |(Oi − Si )|n

i=1

n
 

RMSE = √ 
∑(Si − Oi)2

n
… … . (6) 

d = 1 −  
∑  (Oi − Si )2n

i=1

∑  [(|Si − Oi | + |Oi − Oavg| )2]n
i=1

… … . . (7) 

Results and Discussion 

 Yield, and Water consumption  

 Yield, above-ground biomass, and water consumption of local wheat differed significantly among 

irrigation treatments during both growing seasons (2023,2024), as Tables (6, 7). Full irrigation (I₁) 

resulted in the highest seasonal water consumption, averaging 392.37 mm in 2023 and 366.21 mm 

in 2024. Correspondingly, this treatment produced the highest grain yield, with mean values of 

(1.73- and 1.60- ton ha-1) in the seasons respectively, as well as the highest biomass production 

(5.27- and 5.05- ton ha-1). 

    Moderate deficit irrigation (I₂) reduced seasonal water consumption to 292.93 mm in 2023 and 

268.59 mm in 2024. This reduction in applied water resulted in lower grain yield compared with 

full irrigation, with yields of 1.49-and 1.38-ton/ha for the two seasons, respectively. biomass 

production under (I₂) followed a similar trend, with values of (4.51- and 4.39- ton ha-1). 

    Severe deficit irrigation (I₃) recorded the lowest water consumption (196.17 mm in 2023 and 

180.77 mm in 2024) and the lowest grain yield and biomass in both seasons. Grain yield under (I₃) 

averaged (0.68- and 0.65- ton ha-1), while biomass production was (2.10- and 2.00-ton ha-1) in 2023 

and 2024, respectively. Differences in grain yield and biomass between irrigation treatments in both 

seasons were statistically significant at p ≤ 0.05. 

    The findings of this study confirm that irrigation level is a key determinant of wheat grain yield 

and water productivity under the agro-conditions of Sana’a city. Full irrigation consistently resulted 

in the highest grain yield and biomass, as it effectively minimized water stress throughout the 

growing season, particularly during critical phenological stages such as flowering and grain filling. 
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Adequate soil moisture during these stages sustains photosynthetic activity, supports efficient 
assimilate translocation, and promotes optimal grain development. 

    Conversely, yield reductions observed under deficit irrigation treatments reflect the cumulative 
physiological effects of water stress on crop growth. Limited water availability constrains leaf 
expansion, accelerates senescence, and reduces canopy cover, thereby lowering radiation 
interception and biomass accumulation. These processes ultimately result in fewer grains per spike 
and reduced yield. Similar responses have been widely reported for crop grown under water-limited 
conditions (Al-Saadi, 2022; Al-Durai et al., 2025; Hassan et al., 2023). 
 
Water efficiency and Crop response to water stress 

Tables (6, 7) show that the different irrigation treatments led to different results for both water 
productivity based on evapotranspiration (WPET) and irrigation water productivity (WPI) 
measurements. The highest (WPET) values for both growing seasons resulted from moderate deficit 
irrigation (I₂), which produced (0.51and 0.52 kg m-³) results in 2023 and 2024, respectively. The 
(WPI) values   between 0.51 and 0.48 kg m-³. 

    The water productivity results showed their lowest values under severe deficit irrigation (I₃), 
which produced (WPET) measurements between (0.35 and 0.36 kg m-³) and (WPI) measurements 
between (0.36 and 0.34 kg m-³) throughout both growing seasons. The water productivity results for 
full irrigation (I₁) showed intermediate values, which produced the highest grain yield. 

    The crop response coefficient to water stress (Ky) was lowest under moderate deficit irrigation 
(0.55 in 2023 and 0.51 in 2024), indicating that yield reductions were proportionally smaller than 
reductions in water application under this treatment. 

The moderate deficit irrigation treatment (I2) produced the highest water productivity, although its 
grain yield was lower than full irrigation treatment(I1).  

    The data show that controlled deficit irrigation improves water-use efficiency because the yield 
reduction was less than the water reduction. Deficit irrigation emerges as an effective water 
conservation method for arid and semi-arid regions because wheat plants can endure moderate 
water stress without experiencing major yield losses. 

    The deficit irrigation treatments showed lower water productivity (WPET) and irrigation 
efficiency (WPI) results compared to the full irrigation treatment (I1) results obtained during both 
growing seasons. 

    The treatment values recorded for (I1), (I2), and (I3) during the second season (2024) showed a 
decline when compared to the first season (2023) because climatic changes created conditions 
which decreased grain productivity. 

    These results are in line with previous studies findings (Tirfi and Oyekale, 2022; Aghajanloo and 
Nikbakht, 2023; Kale and Madenoğlu, 2018; Dercas et al., 2022). 

Table 6. Shows values of grain yield, biomass, (WPET), and (WPI) for the local wheat in the 

2023 season 

*Different letters indicate a significant difference at 0.05 difference between treatments, with mean 

comparisons using the least significant difference (LSD) test.                                  

Irrigation 

treatment 

Water  

consumption 

)C(ET 

Total 

irrigation 

(I) 

yield 

measured 

Biomass 

measured 
ETWP IpW 

Ky 

 (mm )  (mm )  (1-ton ha )  (1-ton ha )  (3-m kg )  (3-m kg ) 

1I  392.37 382 *
a1.73  *

a5.27  0.44 0.45  

2I  292.93 290 *
b1.49  *

b4.51  0.51 0.51 0.55 

3I  196.17 191 *
c0.68  *

c2.10  0.35 0.36 1.21 

LS D 0.05   0.066 0.012    

CV   2.23 0.13    
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Table 7. Shows values of grain yield, biomass, (WPET), and (WPI) for the local wheat in the 

2024 season 

*Different letters indicate a significant difference at 0.05 difference between treatments, with mean 

comparisons using the least significant difference (LSD) test. 

Model Calibration and Validation and Compatibility quality analysis 

Calibration data (2023 Season) 

To assess the performance of the AquaCrop model, simulated outputs were compared with field-

measured data for grain yield and biomass using observations from the first agricultural season of 

2023, as presented in Table 8. Following model calibration, AquaCrop model demonstrated high 

accuracy in simulating both grain yield and biomass, with coefficients of determination (R²) 

approaching (100%) for both variables. Mean bias error (MBE) and mean absolute error (MAE) 

values were minimal, ranging from (0.01 to -0.01 and 0.02 to 0.05), respectively.  

Table 8. Shows the grain yield and biomass values measured, and values simulated by the 

AquaCrop model, Compatibility analysis in the 2023 season 

 

 

 

 

 

 

 

 

 

 

 

Validation data (2024 Season) 

Model validation using data from the second agricultural season of 2024.Table 9 indicated that 

AquaCrop model maintained a high level of accuracy in simulating grain yield and biomass. 

    The coefficient of determination (R²) ranged from (0.88 to 0.85%) for both variables. Low values 

of MBE and MAE were recorded, ranging from (−0.04 to−0.16and from 0.05 to 0.16), respectively. 

The RMSE values were approximately (10%) for grain yield and (35%) for biomass.             

Irrigation 

treatment 

Water  

consumption 

)C(ET 

Total 

irrigation 

(I) 

yield 

measured 

Biomass 

measured 
ETWP IpW 

Ky 

 (mm )  (mm )  (1-ton ha )  (1-ton ha )  (3-m kg )  (3-m kg ) 

1I  366.21 382 *
a1.60  *

a5.05  0.44 0.42  

2I  268.59 290 *
b1.38  *

b4.39  0.52 0.48 0.51 

3I  180.77 191 *
c5 60. *

c0 02. 0.36 0.34 1.17 

LS D 0.05   0.048 0.070    

CV   1.98 0.92    

Irrigation 
treatment 

Yield 
measured 

 (1-ton ha ) 

Yield 
simulation 

 (1-ton ha ) 

Biomass 
measured 

 (1-ton ha ) 

Biomass 
simulation 

 (1-ton ha ) 

1I  1.73 1.71 5.27  5.09 

2I  1.49 1.47 4.51  4.43 

3I  0.68 0.66 2.10 2.86 
Compatibility quality analysis 

2R 1.00 1.00 

MBE 0.01 -0.01 

MAE 0.02 0.05 

RMSE 0.02 0.06 

d 1.00 1.00 

    The root mean square error (RMSE) was approximately (2%) for grain yield and (6%) for 

biomass. In addition, a strong agreement between observed and simulated values was confirmed 

by the Willmott index (d), which reached (100%) for both variables, indicating excellent model 

reliability. These results are in line with previous research findings (Nematallh and Kasem, 2021; 

Halawa, 2022). 
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    A high level of agreement between measured and simulated values was also observed, as 

reflected by Willmott’s index (d), which reached (93%) for grain yield and (92%) for biomass. 

Despite this strong performance, relative declines in R² values and increases in MBE, MAE, and 

RMSE were observed in the 2024 season compared with 2023, and a slight decline in model 

performance during the validation season highlights its sensitivity to interannual climatic variability 

and changing soil conditions. 

    Variations in temperature and rainfall between seasons can influence crop phenology and stress 

responses.to the reduction in grain yield and biomass during 2024 relative to their higher values in 

2023.  This observation is consistent with previous studies (Nematallh and Kasem, 2021; Halawa, 

2022). 

Table 9. Shows the grain yield and biomass values measured, and values simulated by the 

AquaCrop model, Compatibility analysis in the 2024 season 

 

 

 

 

 

 

 

Expected climate change in the study area 

Climate expected from climate models (CNRM-CM5, GFDL-ESM2M, and EC-Earth) indicated 

a consistent increase in both (Tmax) and (Tmin) temperatures in the RCP4.5 and RCP8.5 scenarios 

as Tables (10, 11). The largest increase in max temperature (2.47°C) was projected for the period 

(2040–2059) under RCP8.5 using the EC-Earth model. 

Table 10. Shows expected changes in max and min temperatures and Rainfall under RCP 4.5 

and the models (CNRM-CM5, GFDL-ESM2M, EC-Earth) for Sana’a* 

Climatic factors The model  

Average rate 

for historical 

years 

  Expected changes 

Near 

future  

Medium 

future 

1986-2005 2020-2039 2040-2059 

Rainfall (mm) 

CNRM-CM5 

148.38 16.91 -12.97 

Max Temperatures (°C) 23.95 0.97 1.67 

Min Temperatures (°C) 12.68 0.53 0.76 

Rainfall (mm) 

GFDL-ESM2M 

135.1 -15.56 -5.95 

Max Temperatures (°C) 24.02 1.17 1.65 

(°C) emperaturesMin T 12.68 0.63 0.91 

Rainfall (mm) 

EC-Earth 

148.46 -9.68 -10.1 

Max Temperatures (°C) 24 1.01 1.82 

Min Temperatures (°C) 12.69 0.5 0.85 

*Note: Expected changes for the near (2020-2039) and middle (2040-2059) periods compared to the 

historical period (1986-2005).                                                           

Irrigation 
treatment 

Yield 
measured 

 (1-ton ha ) 

Yield 
simulation 

 (1-ton ha ) 

Biomass 
measured 

 (1-ton ha ) 

Biomass 
simulation 

 (1-ton ha ) 

1I  1.60 1.58 5.05  5.09 

2I  1.38 1.38 4.39  4.43 

3I  0.65 0.90 2.00 2.86 

Compatibility quality analysis 
2R 0.88 0.85 

MBE -0.04 -0.16 

MAE 0.05 0.16 

RMSE 0.10 0.35 

d 0.93 0.92 
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    Expected changes in rainfall varied among models and scenarios. In general, a decline in mean 

annual rainfall was projected for the mid-century period (2040–2059), particularly under the 

RCP8.5 scenario. The greatest reduction in rainfall (16.18 mm) was expected by the GFDL-

ESM2M model for the same period. 

Table 11. Shows expected changes in max and min temperatures and Rainfall under 

RCP 8.5 and the models (CNRM-CM5, GFDL-ESM2M, EC-Earth) for Sana’a* 

Climatic factors The model  

Average rate 
for historical 

years 

  Expected changes 

Near 
future  

Medium 
future 

1986-2005 2020-2039 2040-2059 

Rainfall (mm) 

CNRM-CM5 

151.28 19.79 - 11.04 

Max Temperatures (°C) 23.98 1.17 2.10 

Min Temperatures (°C) 12.67 0.59 1.01 

Rainfall (mm) 

GFDL-ESM2M 

122.54 - 6.94 - 16.18 

Max Temperatures (°C) 24.07 1.30 2.36 

(°C) emperaturesMin T 12.70 0.66 1.22 

Rainfall (mm) 

EC-Earth 

145.65 1.12 - 1.79 

Max Temperatures (°C) 24.0 1.39 2.47 

Min Temperatures (°C) 12.69 0.65 1.34 

*Note: Expected changes for the near (2020-2039) and middle (2040-2059) periods compared to  

the historical period (1986-2005). 

Projected Impact of climate change on yield 

Simulations indicated that expected changes in grain yield were strongly influenced by both 

irrigation regime and atmospheric CO₂ concentration Table 12, and Figure 2. Under increased CO₂ 

concentrations, grain yield was projected to increase across all irrigation treatments under both RCP 

scenarios. The highest expected yield (2.82 ton ha-1) was obtained under full irrigation (I₁), relative 

Change (63.06%) during the 2040–2059 period under RCP8.5. compared to the base period (1.73 

ton ha-1) (2023,  2024). 

    In contrast, simulations assuming constant CO₂ concentrations generally resulted in reduced grain 

yield relative to the baseline period, particularly under deficit irrigation treatments (I2, I3). Deficit 

irrigation (I₃) consistently produced the lowest projected yields across (0.59 ton ha-1) relative 

change (-13.23.06%) during the 2020–2039 period under RCP4.5 compared to the base period (0.68 

ton ha-1).  

    Climate change expected indicate that rising temperatures and altered rainfall patterns will 

substantially influence future wheat yield in the study area. Under scenarios with elevated 

atmospheric CO₂ concentrations, grain yield increases in both near- and medium-term future 

periods. This response reflects the partial compensation of temperature- and water-related stresses 

by CO₂ effects, which enhance photosynthetic rates and improve water-use efficiency. 

    The positive impact of elevated CO₂ is primarily associated with physiological mechanisms such 

as increased carbon assimilation and partial stomatal closure. Reduced stomatal conductance lowers 

transpiration losses Ainsworth and Long (2005), conserving and mitigating water stress, particularly 

under irrigated conditions. As a result, crop productivity can be maintained. 

    However, the magnitude of the CO₂ effect observed in this study is smaller than that reported in 

some global assessments. For example, (Asseng et al. 2015; Bouras et al., 2019). Expected wheat 

yield declines driven largely by temperature increases. This apparent discrepancy can be explained 

by differences in spatial scale, irrigation management, and modeling assumptions.                            
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    While global studies often emphasize rainfed systems and average climatic conditions, the 

present study incorporates irrigation and explicitly simulates CO₂ effects, which can partially offset 

thermal stress at the local scale. These findings highlight climate change impacts on crop 

productivity. When CO₂ is assumed remain constant, yield reductions are consistently expected 

under future climate scenarios. 

    This underscores the dominant negative influence of rising temperatures and rainfall variability 

on wheat productivity in the absence of CO₂. Therefore, expected yield increases under future 

climates should be interpreted as conditional outcomes that depend strongly on CO₂ trajectories and 

effective water management. ،(ESCWA, 2019; Saif et al., 2020). 

Table 12. Shows the grain yield under RCP4.5 and RCP8.5, for irrigation treatments and 

Expected periods compared to the base period for Sana’a 

Ir
ri

g
at

io
n
 

tr
ea

tm
en

t
 

Baseline period 
Expected changes 

Near future medium  future Near future medium  future 
2023-2024 2020-2039 2040-2059 2020-2039 2040-2059 

Climate scenario RCP4.5 RCP8.5 
State CO2 F Inc F Inc F Inc F Inc 

)1-ha ton(Y) ( The average grain yield 

I1 
  

1.73 1.55 1.8 1.91 2.36 2 2.36 1.59 2.82 
Rel ( (% * 

-
10.69 3.76 10.23 36.59 15.72 36.18 -8.15 63.06 

)*1-ha ton( Abs -0.19 0.06 0.18 0.63 0.27 0.63 -0.14 1.09 

I2 
   

1.45 1.04 1.21 1.41 1.75 1.73 2.04 1.04 1.33 
Rel ( ( %  

-
28.03 -16.26 -2.42 21.11 19.72 41.18 -28.03 -7.96 

)1-ha ton( Abs -0.41 -0.24 -0.04 0.31 0.29 0.6 -0.41 -0.12 

I3 
  

0.68 0.59 0.69 0.82 1.01 1.1 1.27 0.62 0.79 
Rel ( ( %  

-
13.24 1.47 20.59 48.53 61.76 86.76 -8.82 16.18 

)1-ha ton( Abs -0.09 0.01 0.14 0.33 0.42 0.59 -0.06 0.11 
* Rel= Relative Change, Abs= Absolute Change, F=fixed CO2, and In=Increase CO2 

 

 

1.73 1.731.55
2.001.91 1.591.80

2.362.36
2.82

0.00

2.00

4.00

RCP4.5 RCP8.5

G
ra

in
 y

ie
ld

 (
to

n
 h

a
-1

) 

Scenarios

Full irrigation treatment (I1)  

(2023-2024) fixity (2020-2039) fixity (2040-2059) increase (2020-2039) increase (2040-2059)

1.45 1.451.04
1.731.41 1.041.21

2.041.75 1.33

0.00

5.00

RCP4.5 RCP8.5

G
ra

in
 y

ie
ld

 (
to

n
 h

a
-1

) 

Scenarios

Deficit irrigation treatment (I2)  

(2023-2024) fixity (2020-2039) fixity (2040-2059) increase (2020-2039) increase (2040-2059)



Diyala Agricultural Sciences Journal, 2026, Vol. (18) No. 1: 52-67 

 

64 
 

 

 

Figure 2. illustrates the grain yield under RCP4.5 and RCP8.5, during the expected periods, 

compared to the baseline period for irrigation treatments, fixed and increased CO2 for Sana’a 

Projected Impact of Climate Change on Evapotranspiration   

The expected changes in evapotranspiration actual (ETc) varied depending on the irrigation 

treatment, climatic scenario, and carbon dioxide concentration Table 13, and Figure 3. Under 

constant carbon dioxide concentration, (ETc) was generally lower than in the reference period, 

particularly under full irrigation (I₁). The lowest expected (ETc) (341.0mm) was observed under the 

RCP8.5 scenario, with a relative change of (-13.09%) during the period (2040–2059), compared to 

the baseline period (392.37mm) (2023, 2024). 

    This reflects the reduced transpiration resulting from partial stomatal closure. This response is 

well supported by plant physiological theory and experimental evidence and has led to improved 

water use efficiency, in particular. In contrast, simulations that also assumed a constant CO2 

concentration showed an overall increase in actual evapotranspiration compared to the baseline 

period, particularly under the deficit irrigation treatments (I2, I3). Extreme deficit irrigation (I₃) 

achieved the highest predicted evapotranspiration (293.60 mm), with a relative change of (49.67%) 

over the period (2020–2039) under the RCP8.5 scenario, compared to the base period (196.17 mm). 

Table 13. Shows the evapotranspiration actual under RCP4.5 and RCP8.5, for irrigation 

treatments and Expected periods compared to the base period for Sana’a 

Ir
ri

g
at

io
n
 t

re
at

m
en

t
 

Baseline 

period 

Expected changes 

Near future medium  future Near future medium  future 

2023-2024 2020-2039 2040-2059 2020-2039 2040-2059 

Climate 

scenario 
RCP4.5 RCP8.5 

State CO2 F* Inc F Inc F Inc F Inc* 

) (mm)Cevapotranspiration actual (ETThe  

I1 

  

392.37 351.00 349.50 363.00 358.30 366.30 363.60 341.00 351.70 

Rel (%(* -10.54 -10.93 -7.49 -8.68 -6.64 -7.33 -13.09 -10.37 

Abs(mm) * -41.37 -42.87 -29.37 -34.07 -26.07 -28.77 -51.37 -40.67 

I2 

   

292.93 312.80 311.80 323.70 320.90 344.30 342.10 306.20 304.10 

Rel ( %( 6.78 6.44 10.50 9.55 17.54 16.79 4.53 3.81 

Abs(mm) 19.87 18.87 30.77 27.97 51.37 49.17 13.27 11.17 

I3 

  

196.17 270.30 269.70 270.20 269.30 293.60 292.50 262.80 260.70 

Rel ( %( 37.79 37.48 37.74 37.28 49.67 49.11 33.97 32.89 

Abs(mm) 74.13 73.53 74.03 73.13 97.43 96.33 66.63 64.53 
* Rel= Relative Change, Abs= Absolute Change, F=fixed CO2, and In=Increase CO2.                        

0.68 0.680.59
1.1

0.82 0.620.69
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    This increase can be attributed to the increased sensitivity of crops to water stress. These results 

indicate that the dynamics of actual evapotranspiration are influenced by the interaction between 

irrigation systems and atmospheric CO2 concentrations, and not solely by climatic factors. This 

reflects the increased sensitivity and responsiveness of crops to water stress under these treatments; 

findings harmonize with studies by Hassan et al. (2023); Halawa (2022). 

 

 

 

Figure 3. illustrates the evapotranspiration actual under RCP4.5 and RCP8.5, during the 

expected periods, compared to the baseline period for irrigation treatments, fixed and 

increased CO2for Sana’a 

Conclusions 

     The results showed that full irrigation (I1) achieved maximum grain and biomass yields during 

the 2023-2024 growing seasons, while deficit irrigation (I2, I3) led to adecrease. However, moderate 

deficit irrigation (I2) achieved the highest water productivity (51 and 52 kg m-³), respectively, 

indicating wheat's ability to withstand controlled water stress with relatively limited yield loss. This 

makes this strategy effective for improving irrigation efficiency under water scarcity conditions. 

The AquaCrop model demonstrated strong agreement between measured and simulated grain and 

biomass yields during the calibration and the validation periods (100, 100 and 88, 85%), 

respectively, confirming its reliability in assessing crop responses to irrigation and climate 

variability at the local level. While climate is expected indicate rising temperatures and altered 

rainfall patterns in the study area, which are likely to increase water stress and reduce wheat 

productivity if atmospheric CO2 concentrations remain constant. Conversely, scenarios with higher 

CO2 concentrations will partially mitigate these negative impacts by improving water use efficiency 

and reducing actual evaporation, leading to increased simulated crops. Overall, the findings 

highlight the importance of adaptive irrigation management for the sustainability of wheat 

production under future climatic conditions in the study area, and future researches should expand 

this approach to multiple sites, incorporate longer climate records, and employ multi-model 

analyses to reduce uncertainty and improve the accuracy of climate impact assessments.
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