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Abstract 

Water scarcity is one of the significant challenges in plant growth, especially in dry and semi-dry regions, 

since it can limit growth and crop productivity. Hydroponic systems that employ proactive water 

consumptive techniques can alleviate this issue. To this end, the study uses the AquaCrop model from the 

FAO to simulate varying levels of water yield and plant growth responses to yield outcomes and determine 

if it is helpful to predict growth in Yield under constrained water conditions. All the calibration and 

validation needed for AquaCrop were done using empirical field data, including soil moisture, 

evapotranspiration, canopy, and root development. The simulation results were measured against the field 

data, breaching strong relationships between outputs and physiological responses, such as lessened 

>biomass and canopy agglomeration, as well as increased responsiveness to stimulus in the opposite 

direction. Focusing more on sensitivity analysis, the precision of the results was significantly determined 

by irrigation interval, crop coefficient, and soil texture. Derived conclusion: AquaCrop can be 
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recommended as a reliable source for supporting analysis to resolve hydraulic restrictions in agricultural 

settings. The study demonstrates AquaCrop's ability to refine irrigation schemes, which, coupled with 

proper strategizing, can enable farmers to cope with climate change. Further work on the model should 

include real-time weather data feeding its agroecological scope. 
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Introduction 

Definition of Water Stress in Plants 

Diminished Water Availability: Water stress is a potent form of abiotic stress, as water is vital for sustaining 

life. When the water potential of tissues in a living organism falls below the optimum levels, it impedes 

metabolic activities and is termed 'water stress’. Furthermore, water stress can happen when the rate of 

transpiration exceeds the rate of water uptake because of insufficient irrigation, high atmospheric vapour 

pressure, or a low water content. Stomatal closure, decreased turgor pressure, suppression of cell expansion, 

and altered hormone signalling pathways, mostly involving abscisic acid (ABA), are among the response 

series observed in plants under water scarcity. Together, these reduce the overall photosynthetic capacity, 

carbon capture, biomass accumulation, and reproductive yield. A plant’s capacity to endure and remain 

functional under dry conditions, or withstand drought, is assessed at both cellular and whole plant levels and 

necessitates in-depth knowledge of the plant–water relations mechanistic framework. 

Importance of Understanding Plant Growth Under Water Stress 

Studying the growth of crops under limited water conditions is vital for increasing water productivity in crops, 

particularly in arid and semi-arid areas that are experiencing greater hydrology uncertainty owing to changes 

in the climate (Zhou et al., 2024). Water stress impacts the growing phenology, source–sink dynamics, and 

assimilate partitioning processes, affecting important agronomic parameters like leaf area index (LAI), 

harvest index (HI), and grain filling duration (Wei-Liang & Ramirez, 2023). Simulating these interactions 

enhances understanding of genotype-by-environment interplay and aids in formulating irrigation plans, 

managing deficit irrigation, and selecting cultivars for specific edaphoclimatic zones. Expectation 

management within water-sensitive crop production systems is critical for sustainable and resilient production 

systems that cultivate crops sensitive to drought (Amiri et al., 2021). 

Overview of the AquaCrop Model 

AquaCrop is an agricultural simulation model produced by FAO to evaluate the water adaptability of 

grassland crops (Zheng et al., 2023). As a water-driven, process-oriented model, it simulates crop 

development and productivity by incorporating the soil-water balance, crop phenology, canopy cover 

development, transpiration, and biomass partitioning (Farfoura et al., 2023). Unlike complicated crop 

simulators that rely on extensive crop peripheral datasets, AquaCrop relies on a heuristic approach with more 

limited inputs. Nonetheless, it still preserves the integrity of the biophysical response of the crop to water 

stress (Chandravanshi & Neetish, 2023). It also distinguishes transpiration from evaporation within the 

context of evapotranspiration (ET) components. This distinction is critical for accurately estimating crop 

yields in limited water availability conditions. Stress coefficients are introduced to account for partial canopy 
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formation, reduced stomatal opening, and more rapid senescence from soil moisture depletion in a progressive 

physiological drying soil (Yuvaraj, 2017). These features and the modularity and flexibility of various crops 

and agro-climatic zones enhance their usefulness for water resources management, irrigation planning, and 

climate impact studies (FAO, 2023). 

Key Contribution 

• Exemplifies the capabilities of the AquaCrop model in modelling crop yield and development in 

various water stress situations. 

• Sheds light on water productivity (WP) as an underlined and pertinent parameter of water resource 

utilization in crop production regarding efficiency. 

• This paper offers guidance for irrigation management by analyzing the full, deficit, and rain-fed 

irrigation approaches in relation to biomass, yield, and water consumption. 

• Enhances the empirical results with model simulations to improve the strategic decisions for adapting 

to limited water availability in the region, thus promoting sustainable agriculture. 

This paper uses the application to replicate crop development and yield under water stress using the 

AquaCrop model.  

As discussed in the Introduction, which describes the problems water scarcity poses for agriculture. 

Drawing from the Works Cited Chapter, it critiques other agricultural models and studies on hydrology and 

irrigation water management. The Proposed Method section describes how the AquaCrop model was applied, 

what data was fed to the system, and how the simulations were run. In Results and Discussion, the article 

examines the ability of the model to predict crop response to varying irrigation levels. In the Conclusion, the 

author highlights the importance of the findings, particularly the possibility of using the model to sustain and 

enhance water use efficiency and sustainable irrigation practices. 

Related Works 

Accompanied by technological advancements and climate change, crops' physiological and phenological 

responses to water stress have become areas of concern for agricultural research (de Roos et al., 2022). With 

this, crop simulation models such as AquaCrop have shifted focus towards predicting plant growth and Yield 

based on the availability of water resources (Zafarmand, 2016). AquaCrop integrates crop physiology and 

soil water balance to simulate canopy growth, biomass accumulation, and evapotranspiration. Tomato crops, 

in particular, have been the focus of recent validation studies, and the results have confirmed excellent 

modeling accuracy of moisture and growth parameters and strong agreement with measurement data. These 

findings exemplify the soil–plant–atmosphere subsystem interaction that AquaCrop can incorporate while 

still performing under water-limited conditions (Shan et al., 2022). 

Previously, calibration for AquCrop’s modelling, which focuses on the growth of maize with different 

methods of soil tillage and irrigation in the coastal region of China, was done extensively. The model has 

been reasonably accurate in predicting canopy cover, biomass accumulation, and grain yield of maize, 

indicating how well it managed water stress in maize and optimizing irrigation scheduling (Wang et al., 2024). 

AquaCrop has also been used for simulation studies of Cotton, which is sensitive to acute water stress in a 

semi-arid region. The model provided accurate predictions of field data on canopy growth and upper root 
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biomass, enabling evaluation of deficit irrigation-based systems. These studies evaluate and validate the 

capability of AquaCrop to simulate the effects of water stress on various crops and climatic regions (Tirmare 

et al., 2024). 

AquaCrop simulations have been beneficial for wheat farming in arid and semi-arid areas, particularly 

regarding irrigation scheduling determinations and yield forecasting (Monica Nandini, 2024; Deshmukh & 

Nair, 2024). It has been shown that AquaCrop can simulate grain yield and biomass production, thus aiding 

decision-making geared towards increasing water productivity in arid regions. For instance, in Heilongjiang 

Province of China, AquaCrop was applied to assess the water requirements of maize to ensure optimal water 

use efficiency and demonstrate the model's usefulness in regional water resource management (Ahmadi et 

al., 2024). Besides, the model has been applied to estimate the water footprint of wheat in terms of climate 

change and other forecast variables, which assisted in evaluating the impact of agricultural water use and 

environmental sustainability on the agricultural system (Robles et al., 2015). This body of research 

demonstrates the broad range of AquaCrop, combining its agronomic and ecological functionalities (Wang 

et al., 2021). 

AquaCrop has been implemented on tuber crops like potatoes, optimizing drip irrigation scheduling 

for dryland regions. The model's growth stage biomass and water use efficiency irrigation level simulations 

have maintained water-savings strategies, exceeding providing appropriate pumps without yield reduction 

(Unger, 2024). Also, the research concerning winter wheat has facilitated the understanding of AquaCrop’s 

capabilities concerning crop growth simulation and water and nitrogen management (Zor & Rahman, 2025). 

This advanced productivity of crops and effectiveness of resource use are critical for agriculture's sustainable 

intensification. This evidence demonstrates the versatility of AquaCrop concerning the simulation of different 

crops, management plans, and multiple crops and strategies for their management (Zhang et al., 2022). While 

AquaCrop has achieved milestones, further work relies on estimating plant physiological responses to 

extreme and prolonged water limitations (Far, 2017). More recent work emphasizes AquaCrop’s integration 

with remote sensing data and GIS frameworks for increased spatial granularity and regional relevance as a 

primary gap in work. Other gaps include model constructs of nutrient availability with specific genotype 

interactions of nutrients for more accurate simulations of model parameters. Stronger AquaCrop simulations 

integrating dependent planning systems for climate-resilient agriculture under precision tools will require 

ongoing refinement calibrated with high-accuracy field data. 

Proposed method 

AquaCrop Model Overview 

The AquaCrop model is an established process-based simulation model developed by the Food and 

Agriculture Organization (FAO) to estimate crop growth and yield based on available water resources. 

AquaCrop is simpler than other models but more complex than basic ones because it balances water's role in 

crop production and accuracy. Simulations in this model are based on crop biomass accumulation as a result 

of crop transpiration. Water productivity (WP) is a parameter used in these simulations, measuring the water 

use efficiency value of the crop under prevailing atmospheric conditions. This emphasis enables AquaCrop 

to model the impacts of different levels of water stress on crop development and Yield, which is especially 

useful in environments with scarce water supply. 

𝐸𝑇0 =
(0.408 𝛥 (𝑅𝑛− 𝐺)+ 𝛾 (

900

𝑇+273
)∗ 𝑢2∗ (𝑒𝑠− 𝑒𝑎))

𝛥 + 𝛾 (1 + 0.34 ∗ 𝑢2)
     (1) 
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In Equation (1), 

• 𝐸𝑇0 Evapotranspiration reference (mm/day) 

• Δ Saturation vapour pressure curve slope (kPa/°C) 

• 𝑅𝑛 Agricultural surface net radiation (MJ/m²/day) 

• The soil heat flow density (MJ/m²/day) is frequently insignificant for everyday timescales. 

• Δ Psychrometric constant (kPa/°C), dependent on atmospheric pressure 

• T Mean daily air temperature at 2 meters height (°C) 

• 𝑢2 Wind speed at 2 meters height (m/s) 

• 𝑒𝑠 Saturation vapor pressure (kPa) 

• 𝑒𝑎 Actual vapor pressure (kPa) 

Evapotranspiration reference value (ET₀) can be determined with equation 1, which is the Penman-

Monteith equation. It combines energy balance with aerodynamic approaches to estimate reference 

evapotranspiration. Along with solar radiation, ET₀ also considers temperature, wind speed, humidity, and 

other factors that contribute to the crop water requirement. 

This model operates on a daily cycle, where daily temperature, solar radiation, relative humidity, and 

wind speed data are utilized to compute reference evapotranspiration (ET₀) using the Penman-Monteith 

equation. This value is a base reference for measuring crop water requirements throughout the various growth 

stages. Besides this, AquaCrop also incorporates soil water dynamics like infiltration, runoff, drainage, and 

root water uptake, allowing simulation of soil moisture changes, which are critical for evaluating plant water 

stress. The accurate modeling of some physiological processes, such as canopy development and biomass 

accumulation, is responsive to moisture, which is an advantage of the model. Stress coefficients that reduce 

growth rates during water deficit periods are applied to incorporate the impacts of drought stress on crop 

production, making the model closer to reality. 

Input Data and Parameters 

The model's precision and dependability are considerably influenced by achieved objectives such as the data's 

quality, completeness, and resolution, and the input data of the AquaCrop model. As the model attempts to 

simulate the intricate interactions between crop growth and water availability, it needs a dataset that includes 

the weather, soil, and crop conditions that determine developmental climatologic factors on the plant. The 

correct description of these factors enables AquaCrop to simulate realistically the water balance processes of 

water uptake, stress response, and biomass accumulation during varied irrigation and rainfall conditions. 

Input data for AquaCrop is normally organized into three broad groups: climate, soil, and crop 

parameters. Each group significantly defines the physical and biological factors attributed to the growth cycle 

of the crop. 
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Climate Data:  

The daily weather elements of maximum and minimum temperatures, solar radiation, relative humidity, and 

wind speed are used in estimating ET₀, reference evapotranspiration, using the Penman-Monteith equation. 

These climatic parameters drive crop transpiration and phenology, subsequently affecting biomass yields and 

the intensity of water stress. Quality climate data is important to assess daily changes in the supply and 

demand of water. 

Soil Data:  

Soil physical properties such as texture (sand, silt, clay), bulk density, field capacity, wilting point, saturation, 

hydraulic conductivity, and profile depth influence retention and movement of water within the soil. 

AquaCrop models the soil in layers to simulate infiltration, redistribution, and root water uptake as defined 

processes. Soils with coarser textures drive drought onset and severity due to their low moisture retention 

capacity. 

Crop Parameters:  

Phenological stages such as emergence, flowering, maturity, maximum canopy cover, rooting depth, base 

temperature, and harvest index along with water productivity (WP) are included as specific inputs for the 

crop. WP indicates the relationship between biomass production and water used in the process, thus indicating 

the crop’s water efficiency. The depth of roots determines the amount of soil available for water retrieval. 

The selected parameters need to be adjusted with field data to represent crop behavior accurately. 

Together, these inputs allow AquaCrop to model the interaction of the climate, soil, and crops relative 

to the water resources, growth, and Yield of the plant under water limitations. Trustworthy information is 

extremely important for producing accurate forecast results that will direct irrigation and drought mitigation 

efforts. 

 

Figure 1. AquaCrop Simulation Workflow 

Biomass Yield 

Simulation period Initial conditions 

Climate file: Rain, ET₀, maximum and minimum temperature, 

atmospheric carbon content. 

Crop Irrigation Field management 

Soil profile Groundwater 
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SIMULATION 
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Figure 1 highlights the AquaCrop model in its implementation phase, indicating how the model 

simulates plant growth under water stress. The AquaCrop model follows a specific procedure in which it 

accepts root information files containing essential elements like weather data (precipitation, ET₀, temperature, 

carbon content), crop parameters, irrigation policy, management practices on the field, soil profile details, 

and groundwater information. All this data is fed into a simulation module running according to 

predetermined time intervals and sets of conditions. The model also computes the data to achieve specific 

outputs, in om this case, biomass production and yield estimations. Such a methodical sequence of activities 

guarantees that crop-water interaction simulations will be complete for assessing the plant's response to the 

changing water supply. 

Simulation Algorithms 

The AquaCrop model executes simulations of crop growth, Yield, and the response to the water availability 

using multiple integrated algorithms. One sub-model, the canopy growth algorithm, simulates the expansion 

of the leaf area index (LAI) via logistic growth which in turn regulates transpiration and photosynthesis. 

Canopy growth is furthermore modified rationally through a moisture-stress coefficient which limits leaf area 

expansion due to soil moisture depletion below crop-specific values. The model also simulates leaf 

senescence during drought resulting in reduced photosynthesis as stressed leaves age and are lost. The soil 

water balance algorithm controls the daily changes in soil moisture due to weather and anthropogenic 

activities through precipitation and irrigation as input and loss through runoff, deep drainage, soil evaporation, 

crop transpiration, and soil water loss. AquaCrop allows calculation of vertical water movement and root 

water uptake at different soil depths by subdividing the soil profile into several layers. This approach enables 

better estimation of water for the crop during the growing season which is important for drought periods when 

water is limited and growth is impacted. 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 =  𝑊𝑃 ×  ∑ (𝑇𝑟 ×  𝐾𝑠)          (2) 

In Equation (2), 

• Biomass is the total dry matter accumulated by the crop (g/m²) 

• WP is the water productivity parameter (g/m²/mm) 

• Tr is the actual daily transpiration (mm/day) 

• 𝐾𝑠 is the water stress coefficient (0 ≤ 𝐾𝑠 ≤ 1), which reduces transpiration under soil moisture 

deficit. 

In Equation 2, the overall biomass (dry matter) produced by the crop is estimated by WP multiplied 

by the summation of daily actual transpiration (Tr) for every day, except it’s modified by a stress factor (Kₛ) 

pertaining to water supply. It shows the productivity of crops in transitioning transpired water into biomass 

depending on the available water relative to the evaporative demand. 

Data Collection, Calibration, and Validation 

Effective simulations utilizing the AquaCrop model hinge on the accuracy of the data collected. Weather data 

which included daily values of maximum and minimum temperatures, solar radiation, relative humidity, and 

wind speed, was obtained from automated local meteorological weather stations. Soil data comprising texture, 

bulk density, field capacity, permanent wilting point, hydraulic conductivity, and depth of the soil profile 
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were collected during field sampling and analyzed in the lab. Parameters specific to crops, which include 

phenological stages, canopy cover, rooting depth, and biomass accumulation, were obtained from controlled 

field experiments performed over several growing seasons under different irrigation strategies. Yield data 

was also collected for the purpose of model validation. An extensive set of predefined defined quality control 

checks such as gap filling and anomaly checking performed on the input datasets ensured their completeness 

and accuracy. 

In the calibration of models, specific crop parameters including water productivity (WP), canopy 

growth rates, and phenological periods were adjusted to ensure that simulated results matched observed field 

data. The iterative simulations aimed to reduce the difference between predicted and measured canopy cover, 

biomass, and Yield. After calibration, validation was performed on a separate dataset to estimate predictive 

accuracy. Measurements of RMSE, R², and MBE provided indices of the model's accuracy. Such thorough 

data collection along with precise calibration and robust validation in estimating the dryland scenarios ensures 

that AquaCrop can simulate growth and yield responses under various levels of water stress, thus aiding in 

irrigation planning and drought mitigation efforts. 

 

Figure 2. Remote Sensing-Based Architecture for AquaCrop Yield Simulation 

In the figure, an integrated architecture combining remote sensing paired with field observations is 

presented, alongside simulation-based estimation of crop yield under water stress with AquaCrop. The 

workflow commences with the acquisition of Sentinel-2 time series imagery, streaming data collection, and 

preprocessing in order to set the supplied data in the required format. In Stage 3, retrieval of biophysical 

variables such as fractional canopy cover (fCover), standard deviation (SD), and coefficient of variation 

(CV%), are conducted with the GPR-PSO (Gaussian Process Regression enhanced with Particle Swarm 

Optimization) method. Step 4 employs the Morris-EFAST technique performing sensitivity analysis for 

identifying the most critical parameters influencing model behavior. These parameters are assimilated with 

AquaCrop using the WCA (Water Content Assimilation) module which improves state variable adjustments 

for enhanced simulation accuracy. A yield map was produced showing productivity zones of the crop yield 

which provides an accurate assessment of the crop growth performance under different water availability 

conditions. This architecture is useful for effective irrigation scheduling and stress alleviation. 
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Results and discussion 

Employing the AquaCrop model to simulate the response of crops with different irrigation levels has helped 

understand better the relationship between Yield and water use. The model was run under three irrigation 

regimes which include Full Irrigation (FI), Deficit Irrigation (DI), as well as Rain-fed (RF) or high, medium 

and low water availability respectively. This research focused on determining the water-yield relationship in 

the irrigated regions and estimating the trade-off between water consumption and Yield. With daily weather 

data, soil type, and crop rotation parameters, the model encapsulated the fundamental interacted reflexes of 

evapotranspiration and crop yield. The findings demonstrated distinct variation of the three treatments with 

respect to treatment biomass accumulation, final Yield, and water productivity. From those findings, it is 

observed that even with less irrigation, crops still maintained reasonable yield potential which indicates 

possible adoption of these techniques in regions with limited water resources. The focus of this paper consists 

of major highlighted metrics, evaluation of water productivity as well as graphical and tabular presentation 

of yield results which collectively affirm the benefits of simulation analysis for sustainable agriculture 

planning. 

Water Productivity Formula 

𝑊𝑃 =
𝑌

𝐸𝑇
                                  (3) 

In Equation (3), 

• Y = Yield (dry biomass adjusted by the harvest index) 

• ET = Evapotranspiration (total water lost through transpiration and soil evaporation during the 

growing season) 

The Equation (3) calculates the effectiveness of water usage in achieving crop yield. An increase in 

WP indicates the crop produces more harvestable biomass per unit of water consumed, which is vital in water-

limited or rain-fed agriculture systems. Improving WP strengthens food security while minimizing water 

resource exploitation. 

Table 1. Irrigation Levels and Water Productivity 

Irrigation Level Biomass (kg/ha) Yield (kg/ha) ET (mm) Water Productivity (kg/m³) 

Full Irrigation (FI) 14,500 7,200 515 1.40 

Deficit Irrigation (DI) 11,200 5,400 432 1.25 

Rain-fed (RF) 8,000 3,000 305 0.98 

In Table 1, the impact of varying irrigation levels on biomass, Yield, evapotranspiration (ET), and 

water productivity (WP) is presented. Total irrigation offers the greatest biomass and Yield accompanied by 

the highest water consumption, whereas deficit irrigation reduces both parameters but still sustains a relatively 

high WP. Rain-fed conditions exhibit the least Yield and biomass alongside the lowest water consumption and 

WP. This emphasizes the balance between the availability of water and the efficiency of crops, which the 

AquaCrop simulations try to model. 
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Figure 3. Observed vs. Simulated Yield under Irrigation Treatments 

Figure 3 illustrates the comparison between yields from field data and those simulated with the 

AquaCrop model for three irrigation treatments: Full Irrigation, Deficit Irrigation , and Rain Fed. The yields 

obtained from simulation seemed to follow the general trends of the yields obtained from the field, where 

irrigation resulted in increased Yield and rain-fed conditions resulted in reduced Yield. This understanding 

exemplifies the ability of the model to consider water-related constraints and their impact on crop yield and 

development. The small deviations between the observed and simulation values might be the result of 

environmental influences, measurement inaccuracies, or some assumptions made in the model. 

Notwithstanding these factors, the close agreement overall leads to the conclusion that the model is dependable 

for predicting the consequences of water stress on crop yields. This capability is vital for the construction of 

efficient irrigation strategies and for the optimal utilization of water resources in the region in semi-arid and 

arid zones. The insights validate AquaCrop’s usefulness as a strategic planner relating to water and agriculture 

for various climates and soils. 

Conclusion 

The study findings revealed that the AquaCrop model accurately simulates crop yield in relation to different 

irrigation practices, as the field data corroborated the simulated values. Such a close agreement demonstrates 

the model's fidelity in simulating agricultural climatic impacts on crops as water availability and water stress 

levels fluctuate. Furthermore, AquaCrop’s estimations add value in decision support from the Advanced 

Irrigation Schedule and Enhanced Water-utilization Efficiency systems. This enhancement is critical in 

hyper-arid and semi-arid water scarce zones where water resources are limited and agricultural potential is 

highly sensitive. AquaCrop improves water-efficiency without undermining crop yield, thus advancing the 

sustainability of agricultural practices. Its user-friendly nature stems from its low data input requirements, 

wide adaptability to different crops, regions, and climates, which expand its applicability in agricultural 

endeavors. However, precision of the model will improve with continued refinements using real-time weather 

data, granular crop-specific adjustments, and including nutrient interactions. In conclusion, AquaCrop 

demonstrates adequate capabilities toward promoting water-scarce situation for climate-sensitive agriculture 

and heightened demand for food security in a world with limited water resources. 
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