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Water resources are linked to the global challenges of food 

insecurity and poverty, as well as to climate change adaptation 

and mitigation. In line with the Sustainable Development Goals 

(SDGs), FAO works towards several dimensions of sustainable 

development, including the promotion of coherent approaches 

to efficient, productive and sustainable water management, 

from farm to river basin scales. Accordingly, FAO is enhancing 

well-informed on-the-ground decision-making processes on 

water management through projects, knowledge advancement, 

information-sharing and tools development, such as AquaCrop, 

the FAO crop-water productivity model. This model assists in 

assessing the effects of environment (including atmospheric CO2 

concentration) and management on crop production through 

the simulation of yield response to water of herbaceous crops. 

It is particularly suited to address conditions where water is a 

key limiting factor in crop production.

In 2009, FAO officially launched AquaCrop, being the result of 

several years of collaborative work among scientists, water and 

crop specialists and practitioners worldwide, bringing together 

previously fragmented information on crop yields in response 

to water use and water deficit. AquaCrop has evolved over the 

different versions released since its first launch, but it always 

balances accuracy, simplicity and robustness. This has enabled it 

to remain faithful to its goal, i.e., to be a dynamic tool 

accessible to several types of users, mainly practitioner-type end 

users, in different disciplines and for a wide range of 

applications. In addition, AquaCrop may be considered a 

valuable tool by research scientists for analysis and 

conceptualization.

After ten years of development, improvement, training and 

application of AquaCrop, a review and analysis of its 

performance and impact worldwide, including trends and 

challenges, have become relevant for FAO. Aware that several 

gaps and emerging issues remain, this assessment exercise is a 

first essential step towards the delineation of the future 

roadmap for the improvement, dissemination and proper 

application of AquaCrop. With that aim in mind, this report 

presents objective and comprehensive information and analyses 

on the current state, trends and impacts that the model has had 

on users, from a range of practitioners to the research 

community.
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Foreword

Water resources are linked to the global challenges of food insecurity and poverty, 
as well as to climate change adaptation and mitigation. In line with the Sustainable 
Development Goals (SDG), FAO works towards several dimensions of sustainable 
development, including the promotion of coherent approaches to efficient, productive 
and sustainable water management, from farm to river basin scales. Accordingly, 
FAO is enhancing well-informed on-the-ground decision-making processes on water 
management through projects, knowledge advancement, information-sharing and 
tools development, such as AquaCrop, the FAO crop-water productivity model. This 
model assists in assessing the effects of environment (including atmospheric CO2 
concentration) and management on crop production through the simulation of yield 
response to water of herbaceous crops. It is particularly suited to address conditions 
where water is a key limiting factor in crop production.

In 2009, FAO officially launched AquaCrop, being the result of several years of 
collaborative work among scientists, water and crop specialists and practitioners 
worldwide, bringing together previously fragmented information on crop yields in 
response to water use and water deficit. AquaCrop has evolved over the different 
versions released since its first launch, but it always balances accuracy, simplicity and 
robustness. This has enabled it to remain faithful to its goal, i.e., to be a dynamic tool 
accessible to several types of users, mainly practitioner-type end users, in different 
disciplines and for a wide range of applications. In addition, AquaCrop may be 
considered a valuable tool by research scientists for analysis and conceptualization.

After ten years of development, improvement, training and application of AquaCrop, 
a review and analysis of its performance and impact worldwide, including trends and 
challenges, have become relevant for FAO. Aware that several gaps and emerging 
issues remain, this assessment exercise is a first essential step towards the delineation 
of the future roadmap for the improvement, dissemination and proper application of 
AquaCrop. With that aim in mind, this report presents objective and comprehensive 
information and analyses on the current state, trends and impacts that the model has 
had on users, from a range of practitioners to the research community.

Presenting AquaCrop state-of-the-art, it is our hope that this report provides valuable 
information about the relevance of the tools and a guidance for the improvement 
and the new developments of the model, as well as for improving and extending its 
applications, always focusing on the progress of the management and productivity of 
the precious water resources.
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2 The AquaCrop model: enhancing crop water productivity

1.1. THE IMPORTANCE OF ENHANCING CROP WATER PRODUCTIVITY
The most outstanding feature of the climate of any given location on the Earth is 
its variability. There are variations in all climatic features at different time scales, 
from hours to seasons. Such variations are of different magnitudes depending on the 
parameter and on the time scale, for example, hourly solar radiation varies widely 
within a day, while average radiation varies little from year to year. Likewise, daily 
air temperature, humidity and wind speed fluctuate amply but their annual average 
values in one location do not vary much among years. Of all weather features, 
rainfall is undoubtedly the most variable at all temporal scales, and that has profound 
implications for agriculture. In many world areas, lack of sufficient rainfall limits 
agricultural production to such an extent that when long periods occur where rainfall 
is absent, they can even cause complete crop failure and famine. Drought spells happen 
in all climates, some are predictable as they occur around the same time every year, 
but others are uncertain and of a long duration, impacting negatively on most human 
activities, primarily on agriculture and food security. This is because all terrestrial 
plants require a continuous supply of water to grow and produce. Ensuring sufficient 
water under rainfed conditions is thus of at most importance.

Furthermore, when water becomes scarce, efforts are made to develop more “supply” 
or to manage properly the resource to reduce the “demand”. Due to various drivers 
(e.g., population growth, urbanization, climate change, groundwater depletion, etc.) 
the divide between supply and demand is continuously escalating. Priorities in water 
allocation often privileges domestic and industrial use before agriculture, which will 
always experience a progressive reduction of their allocation for irrigation. Therefore, 
a major response to water scarcity under irrigated conditions is to increase water 
productivity (produce more with less).

1.1.1. Plants and water
The relations between plants and water have been studied since very long ago. 
Monteith (1990) credited Woodward for the first publication on transpiration as early 
as in 1699 but indicated that Lawes in 1850 was among the first to explore the same 
subject for agricultural production. Extensive experimental studies on the use of water 
by crop plants were conducted more than a century ago in the Western United States 
of America, and de Wit (1958) was the first to synthesize past information and to 
establish a clear relation between transpiration and biomass production. This extensive 
early research is probably the basis why Tanner and Sinclair (1983) chose the title of 
their classical review consolidating the view that a reduction in biomass production 
was tied to a decrease in transpiration, and that the biomass to transpiration ratio 
(currently termed transpiration efficiency, TE) was a conservative parameter (it was 
fairly constant once normalized for climatic differences). Despite Tanner and Sinclair 
(1983)’s review and subsequent contributions supporting their analysis (e.g. Steduto et 
al., 2007), it is not easy to accept the concept that regarding water use, plants are to a 
large extent at the mercy of their environment. This was clearly explained already in 
1916 by Kiesselbach who stated that transpiration was purely a physical phenomenon, 
depending on the moisture supply to the leaves and on the evaporative power of the 
atmosphere (Monteith, 1990). Given the large gradient in water vapour between a 
saturated atmosphere inside the leaves and the much drier environment surrounding 
them, the rate of transpiration is quite significant, and large amounts of water are 
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transported by plants from the soil to the atmosphere. As an example, a maize plant can 
transport an amount equivalent to its own weight in a single summer day.

1.1.2. Towards efficient use of water 
Considering the tight linkage between biomass production and transpiration and the 
large amounts of water used by crops, interest in the issue of water limiting agricultural 
production has been very high, particularly in areas of limited rainfall of the arid and 
semi-arid world zones where production is negligible in the absence of irrigation. In 
such areas, the scarcity of water dictates that it should be used wisely and that the 
goal should be to obtain the best returns for society from the water that is available 
for various uses. This is how the notion of using water efficiently emerged in water-
limited agriculture. To quantify the efficiency of water use, the most common term 
used is the water-use efficiency (WUE) which is a carbon:water ratio, defined in 
several ways depending on the scale of interest. Plant physiologists are interested in 
the exchange of water for CO2 and define WUE as the ratio of carbon gain to water 
transpired, measured at the leaf or at the individual plant level. At the agronomic level 
the focus is on crop productivity, and WUE is defined as a ratio that has normally 
crop yield as the numerator with evapo-transpiration (ET) or total water supply as the 
denominator. Efficiency is a term that is commonly used in engineering and economics 
to characterize the performance of a process by determining the ratio of the output to 
the input for that process. In irrigated agriculture, the term WUE has also been used 
for a long time to evaluate irrigation performance (Israelsen, 1950), and is defined in 
this case as the ratio of the consumptive use (ET) to the total water input, at scales 
going from a particular field to a whole irrigation district or a region. The use of the 
WUE term to express different ratios has caused some confusion and this is why, 
more recently, the term water productivity (WP) has been proposed as the ratio of 
production (in biophysical or economic terms, expressed in weight or monetary units) 
over the amount of water used (normally expressed as ET in m3) (Kijne et al., 2003). 
Analogously to WUE, the definition of WP is scale dependent as discussed below. 

1.1.3. The water balance
The process of assessing the efficiency of water use at the scale of a cropped field and 
at higher scales up to the basin level is governed by a fundamental process, the water 
balance. Considering the crop root zone, the water balance dictates that inputs from 
rainfall (and/or irrigation) must be balanced by losses due to surface runoff (RO), 
deep percolation (DP), evaporation (E) from soil, plant transpiration (T), and changes 
in soil water content. It is the disposition of water among all components of water 
balance that determines the efficiency of water use in the system under consideration. 
To understand the significance of efficient use of water, it is thus necessary to know 
the fate of the different water balance components within and outside the system 
under consideration. For a given field, the irrigation input is used as ET, RO, and DP, 
and they all may be considered losses. However, while the ET component contributes 
to production, RO and DP leave the field under consideration thus reducing the 
efficiency of irrigation. Nevertheless, at the farm scale, it is possible that the RO from 
one field is recovered and used in another field, and also that DP recharges the water 
table from where the farmer pumps to irrigate. Clearly, at scales beyond the field, RO 
and DP may not be true losses while ET evaporates and is lost to the atmosphere. Even 
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though water quality deteriorates after its use, RO and DP losses are often recoverable 
within the basin and are reused until they reach a saline sink. It is therefore important 
to distinguish between water use, the total water input, and the water consumed as 
evaporation (ET) which has an uncertain fate and cannot be recovered within the basin. 
In the water accounting of agricultural systems, a distinction must be made to delineate 
the water depleted as ET and the actual reuse of the other components of the water 
balance. 

1.1.4. The water productivity
In areas where the renewable water supply to crops is limited, an important goal is 
to use it as efficiently as possible to achieve the maximum societal benefits. Water 
productivity provides a metric for the assessment of the efficiency of water use but it 
can be defined in different ways, starting by quantifying the process by which plants 
trade carbon for water. As one scales from the leaf level up to the farmers’ field, WP is 
defined as the ratio of production to water consumed as ET or of production over the 
total water supply. When economic or social considerations are taken into account, WP 
is defined as the ratio of crop value to water consumed or it may focus on some other 
beneficial output such as employment per unit water consumed. Getting the most out 
of the water supply should always be the focus without getting confused among the 
many definitions that have been coined for WP. Enhancing WP requires efforts in many 
different disciplines needed to examine the fate of WP from the production system all 
the way to consumers. The main avenues for improvement are explored below.

Genetic improvement, aimed broadly at drought resistance, has been the objective of 
much research over the last fifty years but so far, the results have not been encouraging. 
Much of the effort has been focused on finding traits for increased WP, seeking greater 
carbon gains per unit of water transpired (TE) at the leaf or individual plant levels. Early 
analyses (Tanner and Sinclair,1983) had pointed out that TE was highly conservative 
and was inversely related to the evaporative demand. Subsequent research on carbon 
isotope discrimination in relation to TE offered some hope of TE improvement and led 
to a commercial wheat cultivar with some yield advantage in dry conditions (Condon 
et al., 2004). Finding drought resistance traits which are controlled by a few genes has 
proven elusive, however. Contrary to the reactions to biotic stresses, crop responses to 
water deficits depend on a myriad of genes modulated by an environment which varies 
in space and time. In fact, the progress in increasing yield and yield stability under 
drought has been questioned (Turner et al., 2014). Nevertheless, research investments 
in the molecular biology of drought resistance have been very significant in the last 
25 years with very little to show until now, except for thousands of published papers 
of limited relevance (Passioura, 2020). Conventional plant breeding, on the contrary, 
has contributed substantially to the improvement of WP over the years, but mostly 
by raising yield potential (maximum), which directly relates to the numerator of the 
WP ratio. It has been shown that, while the average and potential yields of the major 
crops have increased substantially over the years, the corresponding ET values have 
hardly changed for a given environment in the same time period. Duvick (2005) has 
shown that breeding increased the yields of maize hybrids released in 2000 by more 
than 40 percent over those released in 1960, suggesting an increase in WP of about the 
same magnitude. Breeding, which was specifically targeted to yield improvement under 
drought, has been less successful even though the relevance of agronomy (Acevedo 
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and Fereres, 1993) and ecophysiology has been highlighted (Araus et al., 2003). One 
of the most important efforts in breeding for stressed environments has been reported 
by Gaffney et al. (2015) who achieved about a six percent yield increase under water-
limiting conditions in maize hybrids bred for drought resistance in a long-term 
program that integrated crop physiology and modelling to identify useful traits.

Agronomy has had a pivotal role in the improvement of WP until now. The increase 
in nutrient supply, matching planting dates and densities to the water available, weed 
control, and crop health measures all have contributed to the consistent yield increases 
over the years and therefore to the increase in WP. De Wit (1992) has shown that, 
when a production factor is limiting the most, an additional supply produces more the 
closer the other production factors are to their optimum. The upshot of that finding is 
that most production resources are used more efficiently with increasing yield levels, 
as overall growing conditions are further optimized. This is the basis for aiming at the 
sustainable intensification of production and emphasizes the role of good agricultural 
practices in increasing WP. As empirical evidence for the increase in WP, looking at 
the production trend over several decades of the three main cereals (wheat, rice, and 
maize) reported by Fischer and Connor (2018), it can be concluded that their WP must 
have increased roughly three times since 1960 as a result of cereal yield increases. It is 
important to highlight that considering WP improvement, agronomic measures not 
only achieve direct yield increases but can also increase the fraction of the water supply 
that is used effectively as transpiration. For example, high plant density and adequate 
nitrogen (N) supply enhance canopy development and changes the partitioning 
between E and T, thus reducing the E fraction of ET. 

At scales beyond an agricultural field, improving WP is still a very relevant objective 
which must be integrated in the overall water management program. More efficient 
use of water in irrigated agriculture is a critical objective heavily demanded by society 
because it perceives irrigation as an inefficient process. The large expansion since the 
middle of the 20th Century makes irrigation the primary user of diverted water among 
all sectors of society, with more than 65 percent of total. Performance assessments of 
irrigation networks have yielded apparent low efficiencies in many world areas, giving 
the impression that there are ample opportunities for saving water. In water-limited 
areas, water accounting at the basin scale often does not confirm such an impression, as 
the reuse of apparent losses is widespread. A water balance analysis at the appropriate 
scale/s is thus needed before investing in reducing the recoverable losses. To evaluate 
the potential for improving WP, it is useful to consider that water use in agricultural 
systems generally occurs in sequence, following a number of chains from sources to 
sinks. Hsiao et al., (2007) have analyzed the different chains and proposed a general 
framework for the assessment of the efficiency of water use of different agricultural 
systems. The chain of efficiencies framework allows the examination of current levels 
of efficiency and the identification of where, among the different steps along the chain, 
is most critical to improve it (Hsiao et al., 2007). It is imperative that this framework is 
applied to any areas in need of improvement before investment decisions are made in 
those areas in the name of increasing WP.

In conclusion, improving WP is essential to make best use of water resources in 
agriculture, but it is not equivalent to saving water. While significant WP improvements 
have taken place over the last fifty years, there are still ample opportunities for more 
effective use of the limited water supply available in the different agricultural systems. 
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Within the toolbox needed to identify and exploit such opportunities, models for 
predicting crop yield response to water are indispensable for the assessment of WP.

1.1.5. Crop yield response to water
The linearity of the relation between biomass and transpiration, and the conservativeness 
of the harvest index within a range of water deficits, facilitated the formulation of an 
empirical model relating yield (Y) to ET. A few assumptions are needed to relate both 
parameters which, when expressed relative to their maximum or potential values, are 
related by a single empirical parameter which represents the rate of decline in relative Y 
against that of relative ET. This simple model, termed a water production function, was 
presented in the FAO Irrigation and Drainage Paper 33 (Dorenboos and Kassam, 1979) 
and it has been widely used for yield prediction as a function of ET. This approach 
has been very popular among professionals interested in broad yield predictions for 
hydrologic, agronomic and economic studies at scales above an individual farm, such as 
irrigation districts, regions or basins. After extensive use of water production functions, 
several major limitations have been revealed, primarily related to the site specificity of 
empirical predictions which prevent extrapolation to other environments, and to the 
inability to capture the differential sensitivity of yield responses to water deficits when 
they occur at different stages of growth.

1.1.6. Dynamic crop simulation models
As knowledge of plant physiology advanced, the simulation of crop behavior attracted 
many scientists interested in understanding the functioning of agricultural systems. The 
advent of computers facilitated the calculations needed to mimic the dynamic behavior 
of a crop and the integration and feedback loops needed to characterize the different 
processes involved in the growth, development and yield of crop plants. Several 
research groups in the Netherlands and the United States of America developed the 
first computer simulation models of crops around the late 1960’s, and since that time 
there has been a continuous effort in developing more and more sophisticated crop 
models. The goals behind such efforts have been quite diverse, from identification of 
plant characteristics for breeding purposes, to test hypotheses about crop functioning, 
or to finding knowledge gaps that would guide further research. Because crops are very 
complex systems, models are still a simplification of reality, combining mechanistic 
formulations with empirical adjustments needed to match simulated to observed 
behavior (Loomis et al., 1979). Nevertheless, the progress made in model building 
has been formidable and there are now many models available to simulate each of the 
major crops, although modelling efforts have largely remained in the research domain. 
The use of models for practical applications such as to assist crop management is not 
widespread among practitioners due to the high number of parameters that most 
simulation models require, and which are difficult to assess in field situations. 

1.1.7. AquaCrop
Initially, crop models had their foundation on the simulation of canopy photosynthesis 
and were built with a high degree of complexity in order to capture the myriad of 
plant responses to the environment. Subsequently, a fundamental simplification was 
introduced by making use of the conservative relation between intercepted radiation 
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and biomass production, termed as radiation use efficiency (RUE). Most crop models 
today make use of RUE to compute the simulated biomass on the basis of intercepted 
radiation and then simulate the harvest index to predict yield. 

The use of water production functions to predict water-limited yield while effective, 
had obvious limitations which the FAO decided to overcome by conducting a series of 
consultations, starting in 2002, aimed at exploring either the use of existing simulation 
models or the option of building a new one. FAO decided to build a new, simpler model 
than those already established in the scientific community. Because the focus was on 
water-limited yield, it was decided that the new model would make use of another 
conservative relation, that between biomass production and crop transpiration, the 
WP. An important step was the normalization of WP for use in different environments, 
and it was shown that using Reference ET (ETo) as a normalizing factor, the WP was 
quite similar for several different crops, as published subsequently by Steduto et al. 
(2007). Thus, the new model, AquaCrop, would have a water-driven growth engine 
instead of a radiation-driven growth engine, which was the common approach of main 
models. Another important innovation was the use of canopy cover as the parameter 
characterizing crop growth instead of the leaf area index (LAI), which was the canopy 
property most commonly used in established models. AquaCrop also simulates 
the modulation of the response of the harvest index to water deficits in detail, an 
important requisite for a model that is focused on predicting yield as a function of the 
water supply available. The overall goal was to build a new model that would have an 
adequate balance among simplicity, accuracy and robustness, and that would be aimed 
more at a diverse range of practitioners than at the research community. Two main 
requisites to achieve that goal were to offer easy access by making the model as friendly 
as possible to users, and to minimize its complexity or to hide it from the users behind 
the software. The first versions of AquaCrop were released for testing around 2005, but 
it was in 2009 when the model was published by Steduto et al. (2009), together with 
a number of journal articles that described its performance in predicting the yield of 
several crops under variable water supply grown in different environments, and which 
are described in detail in the subsequent chapters of this publication.

1.1.8. How can simulation models assist in the 
assessment and improvement of WP?
Determining WP requires knowledge of production and of water consumed (ET), 
and there are many methods to measure or estimate WP. Two indicators of WP may 
be considered: one is the potential or maximum WP (WPm), which represents the 
maximum attainable WP and which is quantified as the ratio of yield potential (Ym) 
over the ET of a crop that is never short of water (maximum ET or ETc). The other 
WP that may be of interest is the actual WP (WPa), quantified as the actual yield (Ya) 
over the actual ET (ETa). For benchmarking the WP of an agricultural system under 
consideration, it is instructive to determine both WPm and WPa. This allows to make 
an assessment of the WP gap, which is the magnitude of the difference between actual 
and potential WP. Knowledge of the WP gap paves the way to formulate hypotheses 
and recommendations aimed at improving WPa and to glean other measures needed for 
improving the efficiency of water use.



8 The AquaCrop model: enhancing crop water productivity

Simulation models such as AquaCrop can provide estimates of potential yield and of 
ETc, thus providing both components of WPm. Additionally, if the water supply is 
insufficient, AquaCrop is able to compute the actual yield corresponding to the ETa 
that results from the available water supply, thus giving an estimate of WPa. In both 
cases, the estimates are the upper limit achievable for crops that would have no yield 
reducing factors resulting from pests, diseases or weeds. AquaCrop thus provides 
both WP estimates needed to assess the WP gap and this is one important model 
application. The alternative for a WP assessment is to estimate yields and ET either 
with field measurements or with estimates derived from remote sensing observations 
(Bastiaanssen and Steduto, 2017). 

1.2. GOALS, SCOPE, STRUCTURE AND 
TARGET AUDIENCE OF THE REPORT
This publication has been produced ten years after the AquaCrop model was 
published. The model itself has been modified as different versions were released 
since it was first launched in 2009. From the onset of model development, FAO had 
the intention of building a model that could be used to assist member countries in 
implementing effective water management strategies and practices to sustainably 
intensify crop production, close yield and water productivity gaps, and quantify the 
impact of climate variability and change on cropping systems, among others. Even 
though crop models are developed in research and academic environments, given their 
complexity and integrated nature, AquaCrop attempted to simplify the complexity of 
modelling so that it could reach the major number possible of users. The focus was 
to provide an effective tool to help water managers and planners, extension services, 
consulting engineers, governmental agencies, NGOs, farmers’ associations, agricultural 
economists, as well as research scientists.

The goal of this publication is to benchmark the results that AquaCrop has achieved in 
the first ten years (2009-2019), and to assess the impact that the model has had on users, 
from a range of practitioners in the field to those belonging to the research community. 
Another objective is to document the degree of usage of AquaCrop and to highlight 
the large diversity of model applications which was hardly envisaged when the model 
was being designed.

As to the structure of the report, following Chapter 1, Chapter 2 presents first a 
description of the three fundamental approaches in crop modelling based on carbon 
assimilation and on the efficiency of resource use, either solar radiation or water. It 
also presents a description of the current version of the AquaCrop model to provide 
the reader with the background on how the model is built and how it operates. The 
following three chapters are devoted to document in detail the use of AquaCrop in 
three main areas: research (Chapter 3), training and capacity development (Chapter 4), 
and applications on the ground (Chapter 5). Given the generalized use of publication 
metrics in research environments, it was possible to quantitatively assess the usage 
of AquaCrop and to determine some impact indicators which are commonly used in 
academia, as described in Chapter 3. The extensive training programs are delineated in 
Chapter 4, while Chapter 5 provides a summary of applications and approaches where 
AquaCrop has been used on the ground in projects and to assist a wide diversity of 
stakeholders in the management of water in agriculture.
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2.1. INTRODUCTION
The United Nations estimates that by 2030, almost half of the world population will 
be living in areas where the water demand is higher than the annual renewable fresh 
water resources. In those regions with water scarcity, the challenge for agriculture is to 
increase crop production by using less water. The achievement of ‘more crop per drop’ 
can only be accomplished by increasing the water productivity (WP).

To design strategies for improved water productivity in water-scarce regions, crop 
growth models are very useful. A model assumes different degrees of complexity in 
simulating the system, depending on the objective to achieve. Generally, a crop model 
is expected to be at the same time complex enough to be comprehensive in scope, 
and simple enough to easily access data and measurements for its parameterization, 
calibration and validation. Useful guidelines can be developed to improve WP by 
analyzing the results after running crop model simulations for different crop cultivars, 
different planting dates, and various irrigation and field management scenarios. Models 
are also good tools to study the effect of climate change on crop production.

Since existing models require a large number of variables and input parameters not 
easily available for the diverse range of crops and sites around the world, FAO 
developed the AquaCrop model balancing accuracy, simplicity and robustness. To be 
widely applicable, the model uses a relatively small number of explicit parameters and 
mostly-intuitive input-variables requiring simple methods for their determination. 
On the other hand, the calculation procedures are grounded on fundamental and 
often complex biophysical processes to guarantee an accurate simulation of the crop 
response to environmental and management factors. 

The number and types of crop models present in literature is quite large and this is not 
surprising since there is no one universal crop model suitable for all the different systems 
to analyze, the objectives to achieve, the processes to simulate, the environmental 
boundary-conditions to define, etc. Listing the strengths and weaknesses of the various 
models is beyond the scope of this publication, an overview of 70 crop models is 
provided by Paola et al. (2016). 

2.2. GROWTH-ENGINES OF CROP MODELS
Most crop models have many distinctive features while having also sufficient 
similarities, especially in certain basic physiological processes. This has induced new 
approaches in crop modelling development, where a modular platform implements 
the unifying physiological principles into a “crop template”, while allowing several 
alternative processes to be employed. Among the unifying principles of crop growth 
are the processes of capture and use of solar radiation, carbon dioxide, water and 
nutrients. Moreover, at the heart of any crop growth model there is always a growth-
engine that simulates the production of structural biomass from the use of captured 
solar radiation and carbon dioxide.

A general process-oriented crop model has a structure that integrates different 
components, each of them addressing part of the system being simulated. Typically, the 
soil-crop-atmosphere system is central to many crop models (Figure 2.1).
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The crop phenological development is driven primarily by air temperature, while 
leaf area captures solar radiation and assimilates CO2. The crop growth is, thus, 
driven by the accumulation of net carbon assimilated by leaves and transformed into 
biomass. The partitioning of this biomass into the various plant organs (leaves, roots, 
stems, storage organs) evolves accounting for the respiratory losses, together with 
phenological development and with the uptake of water and nutrients by the root 
system. While leaves assimilate carbon, they also lose water by transpiration, in turn is 
driven by the energy balance established at their surface.

The demand for nutrient and water for plant growth is balanced against the supply and 
uptake at soil level. The dynamics of mass and energy balance processes may induce 
stress conditions (e.g., temperature, water, nutrient, salinity, etc.), impairing growth via 
complex and articulated feed-backs and feed-forward mechanisms. Given the initial 
conditions, models integrate the rate-variables (e.g., assimilation rate) to update the 
state-variables (e.g., accumulated biomass) on daily time-steps. The processes involved 
in biomass accumulation, making use of captured solar radiation and assimilated 
carbon dioxide, are carried out by a specific model component (or sub-model routine) 
called growth engine.

FIGURE 2.1 
Schematic representation of a general process-oriented crop model. T=air temperature; 
Rs=solar radiation; LA=leaf area 

   Source: Redrawn and modified from Steduto, 1997.
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The growth engine of all crop models has the solar energy (Rs) as primary driving 
force. However, the same solar radiation is also the primary driving force for 
water transpiration. Moreover, both the processes of carbon assimilation and water 
transpiration are occurring in gaseous phase through the same pathway (stomata). 
Because of the indissoluble link between carbon assimilation and water transpiration, 
this link is maintained while presenting the growth engines. Thus, for a given crop, the 
flows of linkages between Rs, biomass and water transpiration of its canopy can be 
represented as shown in Figure 2.2.

Solar radiation is the primary driving force for both biomass production (through the 
path a) and canopy transpiration (through the path b). These paths are one-way. A two-
way link is, then, established between biomass production and canopy transpiration 
(through the path c). Over path (a), the underlining photosynthetic process runs the 
carbon assimilation by the single leaves, subsequently integrated to the whole canopy. 
The plant determinants of carbon assimilation are leaf conductance (the sink-intensity 
for CO2) and leaf area (the sink-size for CO2). Further, this carbon assimilation needs 
to account for the (leaf/canopy) respiratory losses to obtain the structural biomass. 
Over path (b), the underlying transpiration processes consists of leaf conductance (the 
source-intensity for H2O) and leaf area (the source-size for H2O). The path (c) shares 
the common features of paths (a) and (b).

Almost all growth-engines of the different crop models can be grouped into three 
main categories, depending on the hierarchy of processes and scales involved: (i) 
carbon-driven growth-engine, (ii) solar-driven growth-engine, and (iii) water-driven 
growth-engine. Some crop models have an internal switch that allows using more than 
one engine. For example, CropSyst, a cropping system simulation model developed by 
Washington State University, can switch between the solar-driven and the water-driven 
growth-engines, according to the most limiting resource.

FIGURE 2.2
Flows of linkages between solar radiation, biomass and canopy transpiration
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2.2.1 The carbon-driven growth-engine
In the carbon-driven growth-engine, growth is based on the carbon assimilation by 
the leaves photosynthetic process. Maintenance and growth respiration of the various 
organs is accounted for to obtain biomass. Thus, the carbon-driven growth-engine 
follows path (a) as highlighted in Figure 2.2. 

The advantage of this type of growth-engine is the excellent subdivision in hierarchical 
levels of system organization (e.g., organs, plant, crop), where the higher-level 
responses result from the integration of the lower-level processes. In other words, its 
structure is heuristic, mechanistic and explanatory, in which the processes have sound 
physical and physiological basis. For instance, the effects of leaf angles, of location 
latitudes and crop-row orientation, of diffuse and direct light, of elevated CO2, of leaf 
carboxylation capacity, and other low-hierarchy processes are best investigated with 
this type of growth-engine.

The disadvantages of this type of growth-engine are ascribed to the variability of 
response observed at lower hierarchical level. For instance, the photosynthetic 
response function to photosynthetic active radiation is described by hyperbolas 
parameterized by the initial slope (or apparent quantum yield) and the maximum value 
of photosynthesis obtained at full light saturation. These two parameters are sensitive 
to temperature, nitrogen content, CO2 partial pressure, leaf age, light history on the 
leaf, etc. Some of these variable changes along the different layers of the canopy profile 
following a much more complex structure than what is implemented in these models. 
Furthermore, if a new cultivar needs to be simulated, its experimental parameterization 
is quite demanding, timewise and resource-wise.

Most significant, however, are the uncertainties introduced by the maintenance and 
growth respiration processes. A first uncertainty is due to the derivation of gross 
photosynthesis, which is estimated in the presence of light (an intrinsic limitation). 
Furthermore, there is quite inconclusive evidence of the appropriateness of the 
respiration coefficients used. These uncertainties could lead to large errors in growth 
rates, especially in the presence of large biomass.

The models that use the carbon-driven engine include all the growth-engines of the 
Wageningen crop models (Bouman et al. 1996; van Ittersum et al., 2003), among which 
are BACROS (BAsic CROP Simulator); SUCROS (Simple and Universal CROp 
Simulator); ARID CROP (BACROS with water-limited conditions); WOFOST 
(WOrld FOod STudies); MACROS (Modules of an Annual CROp Simulator); 
PAPRAN (Production of Arid Pasture limited by RAinfal and Nitrogen); SWACROP 
(Soil WAter and CROp Production); SWAP (Soil Water Atmosphere Plant); and 
many others. Some of these models are oriented more toward “understanding and 
explaining” (e.g., BACROS, SUCROS, ARID CROP) while others focus more toward 
“applications” (e.g., WOFOST, MACROS, PAPRAN). To this same group belong also 
the growth-engines of the American CROPGRO (CROP GROwth) crop-template 
model-series for soybean (SOYGRO), peanut (PNUTGRO), fava bean (BEANGRO), 
tomato (TOMGRO), and other crops (Boote et al., 1998, 2002).
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2.2.2 The solar-driven growth-engine
Although the solar radiation remains the primary driving force for all growth-engines, 
the term solar-driven is reserved here for the specific case when the crop model derives 
the biomass directly from the intercepted solar radiation through a single synthetic 
coefficient. In this type of growth-engine, there are no lower hierarchical processes 
expressing the intermediary steps necessary to simulate the biomass accumulation. 
This does not mean that the underlying processes are ignored (but rather that they are 
synthetically incorporated into a coefficient called radiation use efficiency (RUE or e). 
The solar-driven growth-engine still follows the path (a) highlighted in Figure 2.2 as 
in the carbon-driven growth engine, but bypassing the intermediary steps (i.e. leaf & 
canopy CO2 assimilation, and leaf & canopy dark respiration).

This approach was based on the pioneering work of Monteith (1977), who demonstrated 
that cumulative seasonal light interception for several crops grown with adequate soil 
water supply was closely related to biomass production. He formalized and fully 
established the experimental and theoretical grounds for the relationship (e) between 
accumulated crop dry-matter and intercepted radiation, pointing to this approach as 
robust and theoretically appropriate to describe crop growth. Sinclair and Muchow 
(1999) reviewed the theoretical analysis, the experimental determination and measure 
of RUE, as well as summarized (with critical analysis) all literature values for a large 
number of crops.

The advantages of this type of growth-engine are in the robustness of the RUE 
relationship, remaining substantially constant under non-stressed conditions and for 
a large portion of the crop season, and in the relatively easy-to-derive values. One 
disadvantage of this type of growth-engine is ascribed to the inconsistent variability of 
e observed among crops, locations and years. 

The main models that use the solar-driven growth-engines include those in the CERES 
(Crop Environment REsources Synthesis; Ritchie et al., 1985) family, now DSSAT. 
Additionally, EPIC (Erosion Productivity Impact Calculator; Jones et al., 1991), 
STICS (Simulator mulTIdisciplinary for Crop Standard; Brisson et al., 2003), CropSyst 
(Cropping System simulation model; Stöckle et al., 2003) and APSIM (Agricultural 
Production Systems sIMulator; Keating et al., 2003).

2.2.3. The water-driven growth-engine
Referring to the initial structure of the linkages between solar radiation, biomass and 
transpiration, and the underlying processes depicted in Figure 2.2, it is possible to 
show that the water-driven growth-engine avoids the path (a) of the previous two 
engines (the carbon-driven and the solar-driven) adopting a completely new approach, 
corresponding to the path (c), as highlighted in Figure 2.2.

This approach has been initially highlighted by de Wit (1958), who showed the tight 
relationship between cumulative seasonal transpiration of crops, grown with adequate 
soil water supply, and biomass production. Furthermore, he was able to normalize for 
the different climatic conditions, from year to year and from location to location, by 
dividing crop transpiration for the evaporative demand of the atmosphere. 
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To the water-driven group belongs only one of the two growth-engines of CropSyst 
and of APSIM. This type of engine has been little explored in modelling due to the 
difficulties encountered in determining actual canopy transpiration. Nevertheless, 
advances in instrumentation technology allow nowadays more reliable determinations 
of evapo-transpiration (ET) and of the separation between E and T. The water-driven 
growth engine is at the core of the AquaCrop model, as it was concluded that the 
growth-engines best suited for the FAO Crop Water Productivity program is the 
water-driven. It appeared the most robust and most promising of the three growth-
engines illustrated for the purposes of building a new model.

2.3. THE AQUACROP MODEL
AquaCrop is a crop water productivity model which describes the interactions 
between the plant and the soil as the primary system (Figure 2.3). From the root zone, 
the plant extracts water and nutrients, which allows the canopy to grow, the root zone 
to expand and the crop to produce biomass and yield. Field and irrigation management 
are considered in the model since they affect the soil-plant interaction. The model can 
be downloaded from FAO website at: http://www.fao.org/aquacrop/en/

The described system is linked to the atmosphere through the upper boundary which 
determines the evaporative demand (ETo) and supplies rainfall, CO2 and heat units 
for crop development. Water that cannot be retained in the root zone, drains from the 
system to the subsoil and the ground water table through the lower boundary. If the 
groundwater table is shallow, water can move upward to the system by capillary rise.

FIGURE 2.3
The part of the reality between the upper and lower boundary described by AquaCrop
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2.3.1. Soil water balance
To keep track of the soil water content in the root zone (Wr) and the corresponding 
soil water stress, AquaCrop updates the soil water balance at each daily time step. In 
a simplified way, the root zone can be depicted as a reservoir (Figure 2.4). AquaCrop 
considers three thresholds for the water content in the root zone. When the water 
content (Wr) drops below a threshold, crop water stress starts to develop, which 
respectively (1) slows down canopy expansion growth, (2) reduces transpiration 
and (3) triggers early canopy senescence. The lower the soil water content below the 
threshold, the stronger the water stress.

To describe accurately the retention, movement and uptake of water in the soil profile, 
AquaCrop divides the soil profile into small compartments with their own soil physical 
characteristics. As such the one-dimensional vertical water flow and root water uptake 
can be solved at each time step by means of a finite difference technique.

2.3.2. Simulation of crop development and production
The simulation of crop development and production is based on fundamental and 
often complex biophysical processes to guarantee an accurate simulation of the crop 
response in the plant-soil system. AquaCrop simulates crop production in four steps 
that are easy to understand, and which makes the modelling approach transparent. The 
four steps, which run in series at each daily time step, shown in Figure 2.5, consist in 
the simulation of:

FIGURE 2.4
The root zone depicted as a reservoir, with indication of the 3 thresholds below which (1) 
leaf expansion growth starts to affect canopy development, (2) stomata closure starts to 
affect crop transpiration, and (3) early canopy decline is triggered
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1. Development of the green Canopy Cover (CC)

2. Crop transpiration (Tr)

3. Above-ground biomass (B)

4. Crop yield (Y)

CC is green canopy cover; Zr, rooting depth; ETo, reference evapo-transpiration; wp*, 
normalized biomass water productivity; HI, harvest index; and GDD, growing degree 
day. Water stress: (a) slows down canopy expansion, (b) accelerates canopy senescence, 
(c) decreases root deepening but only if severe, (d) reduces stomatal opening and as 
such affects transpiration, and (e) affects the harvest index. Cold temperature stress (f) 
reduces crop transpiration. Hot or cold temperature stress (g) inhibits pollination and 
reduces HI.

FIGURE 2.5
Calculation scheme of AquaCrop
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2.3.3. Crop development

Development of green canopy cover (CC)

In AquaCrop, foliage development is expressed through green canopy cover (CC) and 
not via Leaf Area Index (LAI) as many other models. The green canopy cover (CC) is 
the fraction of the soil surface covered by the canopy. It ranges from zero at sowing (0 
percent of the soil surface covered by the canopy) to a maximum value (CCx) at mid-
season which can be 100 percent when a full canopy cover is reached (the soil surface 
is completely covered by the canopy). 

Under non-limiting conditions, canopy development is simulated for the first half of 
the growth curve by an exponential growth equation. For the second half of the growth 
curve, CC follows an exponential decay. At mid-season, once the maximum canopy 
cover (CCx) is reached, CC remains constant. In the late season, the green canopy 
cover declines due to natural senescence. (CCpot in Figure 2.6).

When running a simulation, the actual canopy development might be quite different 
from the development under non-limiting conditions (CCact in Figure 2.6). By 
adjusting daily, the soil water content in the soil profile, AquaCrop keeps track of the 
stresses which might develop in the root zone. When the water content in the root zone 
drops below the canopy expansion threshold, the growth of the canopy will slow down 
and finally stops completely when the water stress becomes too strong. If water stress 
becomes severe also early canopy senescence will be triggered. In this way, water stress 
may prevent CCx to be reached and might result in a smaller canopy size.

Expansion of the root zone

At sowing or planting, the effective rooting depth is minimal. In a well-watered soil, 
the root zone will expand till the maximum effective rooting depth is reached. When 
water stress affects stomatal closure, not only crop transpiration but also the expansion 

FIGURE 2.6
Canopy development under non-limiting (CCpot) and limited (CCact) conditions
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of the root zone will slow down. Root deepening is also limited in soil layers with low 
penetrability and when the sub-soil at the front of root zone expansion is very dry.

Crop development adjustment to the temperature regime

The development of the green canopy cover and the deepening of the root system are 
simulated as a function of time in AquaCrop. When running AquaCrop in growing 
degree days (GDD), heat units (°C) accumulated during the day are used to adjust the 
expansion of the canopy cover and the deepening of the root system. If the average 
air temperature is below the crop base temperature, no heat units can be accumulated 
during that day and crop growth is halted.

2.3.4. Crop transpiration
For well-watered conditions, crop transpiration (Tr) is basically proportional to CC, 
but with an adjustment for inter-row micro-advection and sheltering effect by partial 
canopy cover. The adjusted green canopy cover (denoted as CC*) is used to calculate 
transpiration. The proportional factor is a basal crop coefficient (KcTrx) for full canopy 
cover (CC = 1). When there is no stress-induced stomata closure, crop transpiration 
(Trpot) is calculated by multiplying the reference evapo-transpiration (ETo) with the 
term [KcTrx CC*]. ETo is a measure of the evaporative demand of the atmosphere, and 
determines the rate of crop transpiration and soil evaporation. The term [KcTrx CC*] is 
proportional to the simulated canopy cover and hence varies throughout the life cycle 
of the crop in correspondence with the natural canopy development and encountered 
stresses.

Water stress does not only affect CC but might also affect directly crop transpiration. 
Water shortage in the root zone will trigger stomata closure, resulting in a reduction 
of crop transpiration. Deficient aeration conditions in a waterlogged root zone affects 
transpiration as well. Finally, crop transpiration is also reduced by cold stress, when 
there are insufficient heat units. The effects of those stresses on transpiration are 
simulated by multiplying Trpot with various stress coefficients (Ks). In the absence of 
stress, each Ks is equal to one. When a stress starts to build up, the corresponding Ks 
becomes smaller than one and might even finally reach zero when the stress is complete 
and transpiration is halted.

2.3.5. Above-ground biomass (B)
By separating evapo-transpiration (ET) into crop transpiration (Tr) and soil evaporation 
(E), AquaCrop avoids the confounding effect of the non-productive consumption of 
water (E). 

When plant stomata are open, green plants take up carbon dioxide (CO2) from 
the atmosphere and transport it through the stomata to the interior of the leaves. 
Simultaneously water vapour (H2O) is removed from the leaves by transpiration to the 
atmosphere through the stomata. In the plant cells, CO2 is converted to carbohydrates 
by a photosynthesis process in the presence of sunlight (Figure 2.7). The carbohydrates 
are the building stones for the total plant biomass (roots, leaves, stems, flowers, fruits, 
etc.). 
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Since CO2 uptake and water vapour removal uses the same pathway (stomata), there 
exists hence a direct link between biomass production and crop transpiration. The 
conceptual equation at the core of the AquaCrop, states that biomass production (B) 
is proportional to the cumulative amount of water transpired (ΣTr). The proportional 
factor is the biomass water productivity (wp). In AquaCrop, wp is normalized for 
variations in evaporative demand (represented by ETo) which makes the normalized 
biomass water productivity (wp*) valid for diverse locations and seasons (Figure 2.8). 
The wp* is also normalized for the CO2 concentration of 369.41 ppm in the reference 
year (2000). As atmospheric CO2 concentrations increases, wp* increases (Figure 2.8).

2.3.6. Crop yield (Y)
AquaCrop simulates the above ground biomass (B) which integrates all photosynthetic 
products assimilated by the crop during the season. By using a reference Harvest 
Index (HI), which is the fraction of B that is the harvestable product, crop yield (Y) 
is obtained as the product of B times HI. Water and temperature stresses during the 
growing cycle might alter HI from its reference value (HIo). The adjustment of HI to 
water deficits depends on the timing and extent of water stress during the crop cycle. 
Severe water stress, cold or high temperature during pollination might also trigger an 
adjustment of HI.

FIGURE 2.7
Simplified presentation of the photosynthesis process whereby CO2 and available water are 
converted to carbohydrates which are the building stones for the total plant biomass
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2.3.7. Salt balance
To keep track of soil salinity and the corresponding soil salinity stress, a salt balance has 
been incorporated in AquaCrop which is updated daily. Salts enter the soil profile as 
solutes with the irrigation water or through capillary rise from a shallow groundwater 
table. The extent to which salts accumulate in the soil depends on the quality and 
quantity of the irrigation water, the frequency of wetting, the adequacy of leaching, the 
magnitude of soil evaporation and crop transpiration, the soil physical characteristics of 
the various layers of the soil profile, and the salt content and depth of the groundwater 
table. Salts are transported out of the soil profile (leached) by drainage.

The indicator for soil salinity in a well-watered soil is the average electrical conductivity 
of the soil paste-extract (ECe) in the root zone during the growing cycle. When ECe 
drops below its threshold, soil salinity stress slows down the canopy expansion, 
reduces the maximum canopy cover (CCx) that can be reached, and induces some 
canopy decline during the crop cycle, resulting in a reduced canopy cover (CC) and 
reduced crop transpiration. Crop transpiration is also affected directly by salinity stress 
as a result of a partial closure of the stomata.

Canopy development and crop transpiration might be further affected if next to 
salinity stress, also water stress starts to affect crop development and production. 
In the presence of water stress, the electrical conductivity of the soil water (ECsw) is 
considered in AquaCrop, since soil salinity stress increases when the soil dries out. The 
high salt concentration in the limited amount of the remaining soil water, results in a 
stronger effect of soil salinity on crop development and production.

FIGURE 2.8
Linear relationship between the cumulative amount of water transpired, normalized for the 
effect of the climatic conditions ∑(Tr/ETo), and the biomass production (B), with indication 
of the proportional factor wp*
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2.3.8. Management
Temperature, water and salinity stresses affect crop development and production. 
AquaCrop simulates also the effect of irrigation and field management on the canopy 
development, crop transpiration, biomass production and yield.

Irrigation management

The water application amount, salt content and irrigation interval alter the water and 
salt balances of the root zone, thus affecting crop development and production. By 
running different simulations with variable irrigation schedules, the simulated crop 
yield and yield water productivity (WPY) might provide valuable information about 
the performance of the irrigation schedule, and indicate the way forward to optimize 
crop yield and/or the yield water productivity.

Field management

Various types of field management are considered in AquaCrop: soil fertility, field 
surfaces practices, mulches, and weed management.

Soil fertility

To keep the model relatively simple, AquaCrop does not simulate nutrient balances to 
predict soil fertility limitations. Instead, AquaCrop employs an indirect approach by 
offering semi-quantitative options to assess the effect of the fertility regime on canopy 
development and biomass water productivity.

The effect of soil fertility stress on canopy development is simulated in AquaCrop 
by mimicking its effects as observed in the field (Figure 2.9a): (i) slower canopy 
development, i.e. requiring more time to reach maximum canopy cover (CCx); (ii) less 
dense canopy cover (lower CCx); and (iii) a faster the canopy cover decline once CCx 
is reached at mid-season.

Mineral nutrient stress, particularly lack of N, can also reduce the biomass water 
productivity (wp*). Because the reservoir of nutrients gradually depletes when the crop 
develops, the effect of soil fertility on the adjustment of wp* is not linear throughout 
the season (Figure 2.9b). As long as the canopy is small, the daily biomass production 
will be rather similar to the daily production for non-limited soil fertility. This is the 
case early in the season when sufficient nutrients are still available in the root zone and 
the uptake of N is limited. If the crop does not experience water stress, the canopy 
will further develop during the season but this will result in a progressive depletion of 
nutrients from the soil pool, and this reduces wp* with time (Figure 2.9b). 

Soil fertility ranges from non-limiting to poor, with increasing reductions in wp*, leaf 
expansion rate, CC and green canopy senescence as the fertility level decreases.
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Field surface practices

The part of rainfall lost by surface runoff is simulated by considering the amount of 
daily rainfall, the soil type and field surface practices. By specifying the crop type, and 
cultivating practices such as sowing in straight rows or along contour lines, AquaCrop 
increases or decreases accordingly the surface runoff at run time. AquaCrop blocks 
surface runoff in the presence of tied ridges. Soil bunds around paddy rice fields, does 
not only block surface runoff, but allows also storing excess of water on top of the 
field.

FIGURE 2.9
The effect of soil fertility stress on: (a) canopy development (CC), and (b) biomass water 
productivity (wp *)
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Mulches

Mulches can be composed of organic plant materials, synthetic materials consisting of 
plastic sheets, or any other material that reduces soil evaporation. Depending on the 
type of mulches and the fraction of the soil surface covered by mulches, a reduction in 
soil evaporation is simulated. 

Weed management:

Weeds affect crop development and production through competition for the available 
resources: light, water, and nutrients. AquaCrop simulates in a simple way the effects 
of weed competition by affecting crop canopy cover and transpiration.

2.3.9. Biomass water productivity (wp) versus 
yield water productivity (WPY)
In AquaCrop, a distinction is made between biomass water productivity (wp) and 
yield water productivity (WPY). The wp refers to the amount of biomass that can be 
obtained with a certain quantity of water transpired. The WPY is the ratio of crop yield 
to evapo-transpiration. It is expressed as kg yield per m3 of water evapo-transpired. 
Yield (instead of B) is used since it is often the output in which one is most interested 
in. Evapo-transpiration (ET) instead of crop transpiration is used since soil evaporation 
is unavoidable and needs to be considered as well at field level (Figure 2.10). 

WPY, which is an output of AquaCrop when running simulations, is typically used as 
an indicator to assess the performance of a system. AquaCrop uses WPY to identify 
the environments in which (or management strategies by which) the yield per unit 
water consumed (ET) can be maximized. This type of performance indicator is useful 
under conditions of scarcity of water resources. 

One way to increase WPY, and as such the production of more marketable yield per 
unit of water evapo-transpired in the field, consist in reducing soil evaporation (which 
is in the denominator of the equation). Reducing soil evaporation, which is a non-
productive consumption of water, can be achieved by mulches or by switching from 
traditional irrigation methods to drip irrigation, which only partially wets the soil 
surface. By running AquaCrop with and without the interventions, the increase in 
WPY can be quantified. 

FIGURE 2.10
The biomass water productivity (wp) versus yield water productivity (WPY)

Biomass
produced

Water
transpired

Yield
produced

Water evaporated
+ water transpired

wp=
kg (biomass)

m3 (Tr)
WPy=

kg (yield)

m3 (E+Tr)



252. Modelling crop yield response to water for enhancing water productivity 

AquaCrop can also be used to quantify the effect of other irrigation, field and crop 
management strategies on WPY (more crop per drop) in water-scarce regions. Examples 
of strategies that can be analyzed by AquaCrop are the effect of selecting a more suitable 
crop and/or cultivar for the region, altering the time for seeding/planting, adjusting the 
planting density to the rainfall and soil fertility, introducing deficit irrigation, limiting 
surface run-off of valuable rainwater from the field, improving weed management, etc.

2.3.10. Simulation of the effects of climate change
Climatic change projections include elevated atmospheric CO2 concentrations ([CO2]), 
warming temperatures and changes in precipitation pattern and amount. The elevated 
[CO2] increases the biomass water productivity (wp*), and results in a higher biomass 
production per unit of water transpired (Figure 2.8). Crops, differentiated between C3 
and C4 types, will benefit from this CO2 fertilization in future years if soil fertility is 
not a constraint. On the other hand, the altered weather conditions in future climate 
are likely to induce more heat and water stress, which both affect mainly canopy 
development and reduce crop transpiration. The structure of the AquaCrop model 
allows to assess the combined effected of increased temperature and ETo, altered 
rainfall patterns and elevated atmospheric CO2 concentrations.

2.3.11. Model inputs
To be widely applicable, AquaCrop uses only a relatively small number of explicit 
parameters and mostly intuitive input-variables that can be determined by simple 
methods. Inputs consist of weather data, crop and soil characteristics, and a description 
of field and irrigation management practices that define the environment in which the 
crop will develop. Soil characteristics are divided into soil profile and groundwater 
characteristics. 

A calculator, which derives the reference evapo-transpiration (ETo) from imported 
weather station data by means of the FAO Penman-Monteith equation, is incorporated 
into AquaCrop. For automatic adjustment of the wp* to the year of simulation, 
AquaCrop’s data base contains historical time series of mean annual atmospheric CO2 
concentrations, as well as the expected concentrations for future years according to 
several scenarios. 

FAO has calibrated crop parameters for the major crops and provides them as default 
values in the model. After selecting a crop, only the cultivar specific crop parameters 
need to be adjusted when selecting a cultivar different from the one considered for crop 
calibration. 

The user can make use of indicative values of the hydraulic characteristics of the various 
soil layers provided by AquaCrop for various soil texture classes, or import locally 
determined or derived data from soil texture with the help of pedo-transfer functions.
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3.1. ANALYSING AQUACROP IMPACT ON 
RESEARCH – METHODOLOGY

3.1.1. The importance of assessing the 
impact of AquaCrop on research

Why is it needed to assess the AquaCrop impact on research? Is there any precedent 
of assessment for AquaCrop or any other model? 

Crop models are increasingly being applied in research, teaching, crop systems and 
natural resources management and policy advisory at present. The relevant role of 
crop modelling in research is well-known (Seligman, 1990), evolving from a marginal 
activity to a tool now used routinely for research, encouraged as it greatly enhances the 
efficiency of field research through extrapolation beyond the limits of the site, season 
and management (Robertson and Canberry, 2010). From model development up to 
its application (Figure 3.1), these tools ensure the integration of basic research from 
different disciplines and allow the identification of the major system drivers and the 
knowledge gaps. In this way, crop models provide relevant information for defining 
research priorities and policies. Thus, these tools are contributing to more targeted 
and efficient research. Although crop models remain the best quantitative repository 
of knowledge on crop functioning, the readiness of models to support this task can 
be debated (Stöckle and Kemanian, 2020). Reviewing the performance of crop models 
should bear in mind that there is always room for improvement of models, which 
appears as a necessary condition for progress.

Despite the importance of assessing the impact of crop models on research to point out 
future efforts and actions, only a few studies have attempted to review and analyze it. 
The most comprehensive work has been performed by Robertson and Carberry (2010). 

FIGURE 3.1
Different research ways to implement crop models to achieve different types of knowledge 

   Source: based on Oquist, 1978.
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Through a review of published literature in Australia, New Zealand, Europe and North 
America, they documented the evolving role of crop modelling in agronomy research, 
analyzing trends, motivations and regional differences. Reynolds et al. (2018) also 
reviewed the use and impact of crop modelling on the international research centers of 
the CGIAR (Consultative Group on International Agricultural Research). Focusing on a 
specific crop model, Timsina and Humphreys (2006) carried out a comprehensive literature 
review to show and evaluate the applications of CERES-Rice (Alocilja & Ritchie, 1988) 
and CERES-Wheat (Ritchie and Otter-Nacke, 1985) in Asia, aiming at applying lessons 
learned to make research more effective. The overall performance of the CERES-Wheat, 
-Maize and -Rice models was also reviewed in depth by Basso et al. (2016). Similarly, the 
performance of the APSIM model (McCown et al., 1995) in the Semi-Arid Tropics was 
assessed by Wolday and Hruy (2015) through a comprehensive review. Also, McCown 
et al. (2002) summarized the use of APSIM in Australian dryland cropping research and 
farm management intervention and its change over time. Notwithstanding these efforts, 
the impact of a specific model on research has not been exhaustively analysed to date in 
its different applications and with full geographical coverage.

AquaCrop model, since its launch in 2009, has been increasingly used by the 
research community for different purposes, including its own improvement and new 
developments. As in the case of other crop models, its impact on research and trends 
and challenges have not been assessed so far. Assessing impact is about identifying and 
evaluating change. The awareness of these impacts opens a discussion with a common 
understanding of issues, challenges and interventions needed. This information 
is crucial to set a clear roadmap for the improvement and new developments of 
AquaCrop, as well as for improving its implementation and extending its applications. 
Impact analysis is one step in a process that will allow a better model implementation 
for achieving its original objective, i.e., simulating the effects of environment and 
management on crop production.

In this Chapter, the challenge of assessing the impact of the AquaCrop model on 
research during the first ten years since its launch (2009-2019) is addressed by 
answering the following set of questions: 

On the scope of research activities and institutions involved

How many research works on AquaCrop have been published? How fruitful are the 
research activities on AquaCrop in comparison with other crop models? How has 
the number of publications evolved geographically? Is there any trend? What are the 
institutions with higher research activity?

On the relevance of research publications

In which journals have AquaCrop research works been published? What is their impact 
factor? How many citations do they have? What are the most relevant research works?

On the topic trends in focus

What are the main topics of the research publications on AquaCrop? Is there any trend 
over time or geographically? What have been the main applications of the model? 
What are the main issues in the implementation of AquaCrop? For which crops has 
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the model been implemented? To what extent has AquaCrop been globally validated 
for those crops?

3.1.2. Methodology for the analysis

How was the impact of AquaCrop on research analyzed?

The guiding questions proposed were answered by performing a comprehensive 
and systematic review of the available scientific literature on AquaCrop. The review 
involves a rigorous approach comprising the collection, analysis and synthesis of all 
studies on AquaCrop from 2009 to 2019, as described below. 

Collection

The bibliographic search procedure used to select the individual studies to be included 
in this analysis was based on targeting the search to scientific articles published in 
journals, books or conference proceedings indexed in the Web of Science. It should 
be noted that most of the publications in the Web of Science are articles in academic 
journals. The literature search included publications from 2009 to 2019, i.e., the first ten 
years since the AquaCrop launch. It was broad and inclusive, identifying the original 
studies through a search by theme using the keyword ‘AquaCrop’. The abstracts of 
the studies identified through the keyword search (386 publications) were screened 
to exclude those works that were not really concerned with AquaCrop (Figure 3.2). 
Furthermore, the full texts of the pre-selected studies were assessed for eligibility. After 
this process, the number of articles included in this study was finally 334, and their 
references were listed in the AquaCrop Zotero public library, which can be accessed 
online (https://www.zotero.org/groups/368553/aquacrop_publications).

Studies identified through AquaCrop 
keyword in the Web of Knowledge 

(n=386) 

Id
en

ti
fi

ca
ti

o
n

 
Sc

re
en

in
g

 

Studies abstracts screened 
(n=386) 

El
ig

ib
ili

ty
 

Full-text studies assessed for eligibility 
(n=334) 

In
cl

u
d

ed
 

Studies included in the analysis 
(n=334) 

Studies excluded 
(n=52) 

FIGURE 3.2
Selection procedure of studies for inclusion in the review
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Analysis and synthesis

The selected studies were analyzed and some general information, including some 
data about the scope and relevance of the publications, were recorded in an Excel 
database created for the systematic review of the impact of AquaCrop on research. This 
information includes publication year and journal, number of citations, the affiliation 
of the lead author(s), geographical coverage and crops simulated. Due to the large 
number of topics covered by these publications, 52 different keywords were assigned 
to describe the focus of the studies in the database. Based on all this information, the 
articles were classified as having a main focus on model development, evaluation, or 
application. Further classification was performed for each category, as presented in 
Figure 3.3. In particular, development papers were classified as model development/
improvements, new applications and new programming languages. In turn, the 
sub-categories for the evaluation studies were calibration/validation/test, models 
intercomparison and sensitivity analysis. Finally, other three sub-categories were 
considered for the applied articles, specifically, agronomic management, assessment of 
environmental change, and policy.

In addition to the keywords of the studies’ topics and the classification of their main 
focus, the approach to other relevant cross topics was recorded in the database for 
subsequent analysis. These topics were the performance of crop calibration and 
sensitivity analysis, the use of the fertility, salinity, and groundwater features, the 
combination of AquaCrop with other tools and the application of the model in 
economic analysis. In the case of the studies that performed crop calibration, the values 
of the main crop parameters were extracted and compiled in the Excel database. This 

FIGURE 3.3
Categories and sub-categories of classification for the studies selected based on the main 
topic
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allowed the analysis of their variability, consistency, reliability and quality, and led to 
proposed recommendations for future actions.

3.2. SCOPE OF RESEARCH ACTIVITIES AND INSTITUTIONS INVOLVED

How many research works on AquaCrop have been published? and how fruitful 
are the research activities on AquaCrop in comparison with other crop models? 

The number of research publications found which were devoted to AquaCrop or 
involved its use was large, specifically 334 publications in the first ten years from 
its launch. This figure indicates that the model was well received by the scientific 
community who devoted considerable effort to its use. When the annual publication 
rate is used as an indicator, the magnitude of AquaCrop research activities becomes 
more evident. The purpose of this ratio is to help visualize the scientific activity about 
the model considering the launch year, relative to other models. The indicator value for 
AquaCrop is 33 publications per year, which is a high value compared to that achieved 
by other crop models widely recognized by the international scientific community 
(Figure 3.4). AquaCrop was second only to the APSIM model (McCown et al., 1995) 
with an indicator value of 35 publications per year. Other models with a high number 
of publications, such as CERES (Ritchie and Otter, 1985), DSSAT (Jones, 1993) and 
EPIC (Williams et al., 1983) models with 1055, 655 and 594 publications from their 
launch to 2019, respectively, have a lower average annual rate of publications than 
AquaCrop (Figure 3.4). The number of publications for each model was determined 
through a search in Web of Science by theme using the name of each model as keyword. 
In this case, screening was not performed, so the reported values of the other models 
might have been overestimated, suggesting even greater relevance of the AquaCrop 
model in the scientific literature field. It can be concluded that AquaCrop caught the 
attention early of the scientific community and is currently one of the most commonly 
used models in agricultural research. 

In 2009, the core papers on AquaCrop (Steduto et al., 2009; Raes et al., 2009; Hsiao 
et al., 2009; Farahani et al., 2009; Garcia-Vila et al., 2009; Heng et al., 2009; Geerst et 
al., 2009; Todorovic et al., 2009) were published in the special issue of the Agronomy 

FIGURE 3.4
Main crop models and their launch year, the number of scientific publications from their launch to 2009 
(inside the boxes) and some ratios of the number of publications over the number of years since its 
launch (in yellow)
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Journal devoted to the symposium entitled: “Yield Response to Water: Examination of 
the Role of Crop Models in Predicting Water Use Efficiency” at the 2007 International 
Annual ASA–CSSA–SSSA meeting. From these eight articles, the first papers 
specifically devoted to AquaCrop, onwards, the number of publications increased 
exponentially until 2018 (Figure 3.5). In that year, 62 scientific studies were published, 
the highest number since 2009, being 50 publications per year the average value of the 
last 5 years. 

How has the number of publications evolved geographically? Is there any trend?

Analysing the geographical coverage, the highest percentage of studies were conducted 
in Asia (42 percent), followed by Europe, with 23 percent of the publications (Figure 
3.6). The second position of Europe is in line with findings by Robertson and Carberry 
(2010), who observed that 22 percent of the agronomic research was devoted to crop 
modelling in Europe from 2002 to 2009, a significantly higher percentage compared 
with North America or Oceania. It is noteworthy that Africa ranks third (19 percent 
of the publications), ahead of America (15 percent of the publications), despite of the 
standstill of agricultural research intensity ratios in Africa (Roseboom and Flaherty, 
2016). This may be linked to the fact that FAO has made a significant effort in 
AquaCrop dissemination and training in this continent, as discussed below in Chapter 
4. 

Additionally, Figure 3.7 visualizes how the publication record has evolved over time 
in each geographical region. As this figure illustrates, the exponential increase in the 
number of publications, observed in Figure 3.5, was led by Asian countries from 2014. 
Stagnation in the number of publications per year can be appreciated in the other 
regions from then on. The growing leadership of Asian countries, China in particular, 
is in line with the fact that China agricultural R&D efforts remains high on the policy 
agenda, with continuing investments to rise (Chen et al., 2012). 

FIGURE 3.5
Accumulated number of scientific publications devoted to AquaCrop model since its launch 
(2009)
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Despite the leadership of Asian countries, the use of AquaCrop in agricultural research 
has achieved good geographic coverage, as presented in Figure 3.8. This map shows 
the number of publications per country, from 2009 to 2019. AquaCrop model has 
been implemented in 64 different countries across the world’s five continents, in 
very different agro-ecological zones. It emphasizes the broad geographical coverage 
in Asia and Africa, where at least one scientific study based on AquaCrop has been 

FIGURE 3.6
Percentage of research studies on the AquaCrop model conducted in each continent

FIGURE 3.7
Area graph showing the evolution of the number of research studies on AquaCrop model 
conducted in each continent from 2009 to 2019
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carried out in 44 percent and 33 percent of the countries, respectively. These figures 
indicate the scope of the research activities on the model, not focusing only on specific 
environmental conditions or being used by a small research community.

The analysis of the records shows increasing use of AquaCrop in Chinese agricultural 
research, the country with the highest number of publications on it, specifically 14 
percent of total (Figure 3.9). The second one is another Asian country, Iran (8 percent 
of publications), followed by Italy, United States of America, Ethiopia and Spain, with 
around 5 percent of publications each of them. The proliferation of AquaCrop articles 
in Iran and Ethiopia may be attributed in part to the training efforts that have been 
made in these countries by FAO, as will be shown in Chapter 4. 

Analysing the evolution of the publications number in these counties over time, it 
is noticed that China and Iran are the only ones which have an increasing trend in 
publications number (Figure 3.10). No clear time trend is seen in the number of 
publications per year in other countries.

FIGURE 3.8
Number of research publications on AquaCrop model in each country around the world (The size of the 
circle represents the number of publications in these countries)
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What are the institutions with higher research activity?

On the basis of the analysis of the affiliation of the lead author(s), a total of different 
188 institutions appear leading the studies on AquaCrop. Once again, this figure gives 
a clear idea of the magnitude of model scope, being the lead institutions around three 

FIGURE 3.9
Percentage of research publications on AquaCrop model for the countries with the greatest 
number of publications

FIGURE 3.10
Evolution of the number of publications per year on AquaCrop model for the countries 
with the greatest number of publications
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times the number of countries where a research study on AquaCrop was conducted, i.e. 
64 countries. Universities represent 69 percent of all institutions, and research institutes 
are 26 percent of those (Figure 3.11). On the other hand, international organizations, 
such as FAO or CGIAR, lead 3 percent of the publications. Table 3.1 presents the top 
institutions leading at least four publications (19 institutions in total), with the KU 
Leuven (Belgium) being clearly more active (14 publications). This is not particularly 
surprising, as one of the AquaCrop developers is affiliated to this university. In the top 
eight institutions with at least five publications, four European, two Asian and two 
African institutions are found.

TABLE 3.1 
List of institutions leading the higher number of publications on AquaCrop model (affiliation of 
the lead author).

Institution Number of publications

KU Leuven (Belgium) 14

Asian Institute of Technology (Thailand) 7

Mekelle University (Ethiopia) 7

China Agricultural University (China) 6

University of KwaZulu-Natal (South Africa) 6

University of Twente (Netherlands) 6

University of Belgrade (Serbia) 5

University of Cordoba (Spain) 5

FIGURE 3.11
Percentage of different typologies of institutions to which the lead authors of the 
publications are affiliated 
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Institution Number of publications

Chinese Academy of Sciences (China) 4

CSIRO (Australia) 4

IFAPA (Spain) 4

Islamic Azad University (Iran) 4

Northwest A&F University (China) 4

Shiraz University (Iran) 4

Tsinghua University (China) 4

University of Florida (United States of America) 4

University of Liège (Belgium) 4

University of Lisbon (Portugal) 4

Wageningen University (Netherlands) 4

To compare the institutional use of AquaCrop against that by two of the crop models 
with the highest number of publications, APSIM and DSSAT, the ‘Analyze results’ 
feature of the Web of Science has been used. This has generated a list of institutions 
ranked by record count based on a search query, i.e. the model name. For AquaCrop, 
the top-three institutions are present only in 15 percent of the publications, while 
for APSIM and DSSAT they are in 67 percent and 45 percent of the publications, 
respectively. Looking at the geographical distribution of the institutions involved in 
their publications, it is found that the top-three countries bring together 44 percent, 
96 percent, and 71 percent of the publications on AquaCrop, APSIM and DSSAT, 
respectively. These figures provide further evidence of the scope of the research 
activities on the model, not being led by a small number of institutions linked to a 
geographic area.

3.3. RELEVANCE OF RESEARCH PUBLICATIONS

In which journals have AquaCrop research works been published? and what is 
their impact factor? 

One critical issue of the relevance assessment of the research studies on AquaCrop 
model is the analysis of publication sources. This review revealed that these studies 
have been published in a wide variety of sources of publication, specifically, in 134 
different peer-reviewed international journals, conference proceedings or books. 
About 98 percent of them are specialized journals, instead of general scientific ones. 
Figure 3.12 shows the percentage of research studies published in each journal 
category based on their aim and scope. Most of the publications (35 percent) can be 
found in journals ranked in the ‘Water Resources’ category (InCites Journal Citation 
Reports). This category covers resources concerning a number of water-related topics, 
including irrigation and drainage science and technology. AquaCrop was designed to 
simulate the yield response of herbaceous crops to water. It is therefore not surprising 
that a slightly larger number of publications can be found in the ‘Water Resources’ 
category than in the ‘Agronomy’ or ‘Agriculture’ categories (33 percent), the most 
common ones for research studies on crop modelling. It is also noteworthy the high 
percentage of publications in ‘Environmental Sciences’ (16 percent) and ‘Meteorology 
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and Atmospheric Sciences’ (7 percent) journals. These figures indicate the scope and 
relevance of the model in different scientific communities, AquaCrop being not limited 
to the agronomy/agriculture area.

Figure 3.13 presents the ten journals where nearly 40 percent of the papers have been 
published. The top journal in terms of number of publications is Agricultural Water 
Management, a renowned publication source in the agronomy and water resources 
fields, with 52 articles representing 16 percent of the full record. Seven out of the top 
ten journals are ranked among the top 25 percent of journals in the list of its subject 
category (Q1; InCites Journal Citation Reports), a measure of the scientific influence 
of scholarly journals. On the other hand, the impact factor of these journals is high 
(Figure 3.13), another measure of the importance or rank of a journal. In this regard, 
Nature Climate Change, which covers the most significant research on the causes 
and impacts of global climate change (5-year Impact Factor= 25.170; first journal in 
the ‘Meteorology and Atmospheric Sciences’ category), has published two studies 
that have implemented AquaCrop. These works are part of the joint effort made by 
the modellers community involved in the ‘Agricultural Model Intercomparison and 
Improvement Program’ (AgMIP), whose ultimate goal is to significantly improve crop 
models for assessing the sustainability of agricultural systems at local and global scales. 
Another relevant study of the AgMIP that involved AquaCrop use was published by 
Nature Plants (5-year Impact Factor= 13.338), the third journal in the ‘Plant Science’ 
rank. 

FIGURE 3.12
Percentage of research studies on AquaCrop model published in each journal category 
based on their aim and scope
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How many citations do the AquaCrop research publications have? and what are 
the most relevant ones?

Regarding the number of citations, another indicator of the impact and quality of the 
research, the 334 publications on AquaCrop model accumulate 6021 citations over 
the indicated period. This citation level (20 citations per publication on average) is 
comparable to that other crop models with a longer haul, such as DSSAT, with 22 
citations per publication on average (Citation report of the Web of Sciences). Table 
3.2 presents the twenty most cited journal articles, including their main topic that 
later are analyzed in bulk for the full record (Chapter 3.4). As might be expected, the 
core articles of AquaCrop where their concepts, principles and main algorithms are 
described (Steduto et al., 2009 and Raes et al., 2009) are the most cited ones (541 and 
361 citations, respectively). However, alongside these articles is an applied research 
study on the impacts of the expected temperature increase on wheat production at the 
global scale (Asseng et al., 2015, with 457 citations). This multi-model exercise carried 
out under the framework of the AgMIP was published in the renowned journal of 
Nature Climate Change. A similar study can also be found in eighth place with 98 
citations (Liu et al., 2016). Nevertheless, the majority (70 percent) of the top-20 most 
cited articles are devoted to crop calibration (maize, cotton, sunflower, wheat, barley, 
quinoa and sugar beet). Thus, in addition to the two climate change impacts articles, 
only one applied research study (García-Vila and Fereres, 2012) is among the 20 highest 
cited papers (89 citations), which combines AquaCrop with an economic model to 
optimize the irrigation management at farm level. On the other hand, in the fifteenth 

FIGURE 3.13
Percentage of articles on AquaCrop model published in the top ten journals in terms of number of 
publications. IF: Journal Impact Factor (InCites Journal Citation Reports). Q1: First quartile, the top 25 
percent of the IF distribution. Q2: Second quartile, between top 50 percent and top 25 percent of the IF 
distribution. Q3: Third quartile, between top 75 percent to top 50 percent of the IF distribution.
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and seventeenth places, there are a global sensitivity analysis of the model (Vanuytrecht 
et al., 2014a) and a review of the model version 4.0 (Vanuytrecht et al., 2014b).

TABLE 3.2 
Number of citations and main topic of the top-twenty most cited research articles on AquaCrop 
model

Reference Topic Number of 
citations

Steduto et al. (2009) Core article 541

Asseng et al. (2015) Climate Change-Multi model 457

Raes et al. (2009) Core article 361

Hsiao et al. (2009) Crop calibration 261

Heng et al. (2009) Crop calibration 187

Farahani et al. (2009) Crop calibration 135

Todorovic et al. (2009) Crop calibration 112

Liu et al. (2016) Climate Change-Multi model 98

Andarzian et al. (2011) Crop calibration 97

Araya et al. (2010) Crop calibration 96

Geerts et al. (2009) Crop calibration 94

Abedinpour et al. (2012) Crop calibration 90

Garcia-Vila and Fereres (2012) Model application 89

Iqbal et al. (2014) Crop calibration 83

Vanuytrecht et al. (2014) Global sensitivity analysis 73

Garcia-Vila et al. (2009) Crop calibration 73

Vanuytrecht et al. (2014) AquaCrop review 70

Stricevic et al. (2011) Crop calibration 70

Mkhabela and Bullock (2012) Crop calibration 68

Katerji et al. (2013) Crop calibration 66

4.3 TOPICS TRENDS IN FOCUS

What are the main topics of the research publications on AquaCrop? Is there any 
trend over time or geographically?

Based on all the information compiled about the AquaCrop publications during the 
indicated period, the articles were classified in terms of their main focus on model 
development, evaluation, or applications. Results showed that AquaCrop practical 
application studies dominate, representing 61 percent of the articles (Figure 3.14). 
This contrasts with the data observed by Robertson and Carberry (2010) in analysing 
the role of crop modelling in agronomy research. They found that in Europe and 
America about one-third of modelling articles were devoted to application, reaching 
50 percent in Australia and New Zealand. Thus, it can be concluded that the research 
on AquaCrop model is more practically oriented than for other crop models. This is in 
line with the main goal of AquaCrop which was built to be primarily a planning tool 
and to assist management decisions.
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The number of publications devoted to evaluating the model is also high (32 percent; 
Figure 3.14). There has been a significant effort to properly assess the model performance 
and calibrate it before its implementation in these publications. By contrast, the short 
life of the model is reflected in the limited number of articles devoted to its further 
development or improvement (7 percent).

When looking at the geographical distribution of the studies in terms of their main 
focus, a more diverse picture is observed for the evaluation and application categories 
than for development (Figure 3.15). AquaCrop has been evaluated and implemented in 
many countries around the world with different agroecological conditions and diverse 
levels of agricultural research development. On the contrary, the model development 
and improvement works are concentrated in a few countries which also have high 
agricultural research intensity ratios. Whereas the initial developments were carried out 
by European and North American researchers, worthy of note is the recent momentum 
in the research on AquaCrop improvement coming from China.

Analyzing the studies’ typologies within the development category, most of them are 
focused on model development or improvement (6 percent of publications; Figure 
3.16). Besides the articles presenting the algorithms behind the model (e.g. Raes et al., 
2009; Vanuytrecht et al., 2014b), the new developments are mainly oriented towards 
remote sensing data assimilation for improving the model predictions providing the 
missing spatial information required (e.g. Kim and Kaluarachchi, 2015; Jin et al., 2016), 
a trend among the modellers communities. Only a small percentage of the publications 
(1 percent; Figure 3.16) present new applications, such as AquaCrop-GIS (Lorite et 
al., 2013), which facilitates the generation and management of inputs and output files 
and presents the results within a geographic information system. Also, AquaCrop has 
been programmed in other computer languages, such as MATLAB (Foster et al., 2017) 
and R (Camargo Rodriguez and Ober, 2019), which represent less than 1 percent of 
the studies (Figure 3.16).

FIGURE 3.14
Percentage of publications on AquaCrop model devoted to its development, evaluation and 
application
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FIGURE 3.15
Number of research publications in each country around the world on AquaCrop model within each 
primary topic category. The size of the circle represents the number of publications in these countries
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The evaluation category is dominated by studies oriented to the calibration, validation 
or test of the model for different crops around the world (23 percent of the publications, 
Figure 3.16). More specifically, in these articles, the target is to validate crops already 
parameterized for new, specific conditions (e.g. Toumi et al., 2016), to improve the 
parameterization already proposed (e.g. Garcia-Vila et al., 2019) or to calibrate the 
model for a crop not yet parameterized (e.g. Wellens et al., 2013). A great effort has 
been made to parameterize AquaCrop for many different crops, as will be discussed 
further. However, despite these efforts, it is worth noting that the parameterization 
process proposed by Hsiao et al. (2012) has not been followed in a number of cases. 
Nevertheless, assessing the accuracy and goodness of fit of the parameters published 
in these studies is not the target of this publication, but it should be addressed in the 
future. In a small percentage of publications (6 percent, Figure 3.16), researchers try to 
improve agricultural models, including AquaCrop, based on their intercomparison and 
evaluation (e.g. Teodorovic et al., 2009; Eitzinger et al., 2013). Another aspect covered 
by this category is the sensitivity analysis which was conducted in a reduced number of 
studies (3 percent of publications; Figure 3.16) with the aim of quantifying the relative 
effect of model parameters on intermediate or output variables (e.g. Vanuytrecht et al., 
2014a; Silvestro et al., 2017). Parameters might be ranked for their sensitivity, providing 
guidelines for efficient model calibration. 

The applied research that was implemented with the AquaCrop model was classified 
in terms of whether the model was applied to agronomic management, environmental 
changes assessment or policy. As crop models are designed to predict crop responses, 
it is perhaps not surprising that agronomic management was the focus of many 
applications (34 percent; Figure 3.16), although there is a notable growing emphasis 
on environmental changes assessment and policy dimensions, as was also observed 
by Robertson and Carberry (2010). Much of the AquaCrop modelling work was 
devoted to the analysis of crop response to certain agronomic management condition, 
mainly irrigation related practices (e.g. Geerts et al., 2010; Araya et al., 2016), sowing 
density and date (e.g. Nyakudya et al., 2014; Tsegay et al., 2015), fertility practices 
(e.g. Shrestha et al., 2013; Akumaga et al., 2017) and salinity management (e.g. Kumar 
et al., 2014; Mondal et al., 2015). This has led to using AquaCrop to find optimum 
management practices in specific environments, generally to maximize yields. In 
some cases, AquaCrop-based decision support systems have been developed (e.g. 
Zinyengere et al., 2011; Wellens et al., 2017), but the model has been used as a 
research tool rather than for its inclusion in decision support tools. Another important 
AquaCrop application is evaluating the impact of changing environmental features 
(19 percent of publications; Figure 3.16). This is a particularly important issue, as the 
world’s food production resources are already under pressure from climate change. 
The main focus of these studies is to forecast the effects of global climate change (81 
percent of the environmental changes assessment studies; e.g. Voloudakis et al., 2015; 
Moursi et al., 2017) or to perform a drought severity evaluation (16 percent of them; 
e.g. Vergni et al., 2015; Martins et al., 2018). Furthermore, in the context of a global 
need to effectively prioritize political interventions to enhance crop productivity, 
while protecting natural resources, AquaCrop is being implemented increasingly as 
a tool to analyse hypothetical scenarios and rational policymaking (8 percent of the 
publications, Figure 3.16). In this regard, water footprint studies have taken the leading 
role (e.g. Zhuo et al., 2016; Karandish and Hoekstra, 2017). Notwithstanding the wide 
range of AquaCrop applications identified in the research literature, it is noteworthy 
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the absence of a new promising application field, plant breeding, where AquaCrop 
might accelerate turnarounds in breeding programs.

Looking at the evolution over time of the different topics’ categories (Figure 3.17), 
as expected, increasing use of AquaCrop in applied research can be observed, with 
a strong emphasis on agronomic management. Other applications, such as those 
included in environmental changes assessment and policy categories, have strongly 
burst into the AquaCrop publications in recent years. In turn, models intercomparison 
and sensitivity analysis publications have also recently emerged. By contrast, the 
studies devoted to calibration/validation/test of AquaCrop, have stabilised after the 
initial growth. Regarding model development, the latest improvements lead by remote 
sensing data assimilation have fuelled this category after the initial developments.

Given the relevance of applied research on AquaCrop, the analysis of its geographical 
coverage may be of interest. As shown in Figure 3.18, no clear geographical patterns 
were found among the publications belonging to the categories of agronomic 
management, environmental changes assessment, and policy. Hence, one can note a 
great diversity of AquaCrop applications in all regions of the world.

FIGURE 3.16
Percentage of publications on AquaCrop model devoted to each sub-category of topics.
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In addition to the topic categories, the keywords assigned to describe the focus of each 
study in the database have been analyzed with the aim of identifying the trending topics. 
Figure 3.19 shows the most important found in the AquaCrop publications, being 
model calibration and validation, the main issue addressed (20 percent of publications). 
This is in line with the significant effort made to implement the model worldwide, as 
noted above. Nevertheless, a slight decline in these studies number in favour of other 
topics can be observed in the last few years (Figure 3.20). It is noteworthy that the 
most prominent model application is the analysis of the climate change impacts, being 
covered by 17 percent of the publications (Figure 3.19), which is ahead of other relevant 
topics such as irrigation management (13 percent of the publications). It should not be 
forgotten that the assessments of climate change impacts and adaptation are right at 
the top of the policy agenda, driving the use of crop models in research. Studies using 
the model assess the water footprint rank fourth, but with a substantially smaller 
percentage of publications (four percent). The accurate water balance performed 
by AquaCrop turns it into an excellent tool to assist this trending matter in the last 
five years (Figure 3.20). The model application for evaluating mulching use and for 
optimizing sowing dates also stands out (4 percent of the publications each), above 
other model uses. While the sowing date assessments have been present since the model 
launch, mulching related applications have strongly burst recently (Figure 3.20).

FIGURE 3.17
Area graph showing the evolution of the number of research studies on AquaCrop model in each topic 
sub-category from 2009 to 2019
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FIGURE 3.18
Number of research publications in each country around the world on AquaCrop model 
within each topic sub-category of application studies category. The size of the circle 
represents the number of publications in these countries
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FIGURE 3.19
Percentage of publications on AquaCrop model devoted to the main topics

FIGURE 3.20
Area graph showing the evolution of the number of research studies on AquaCrop model in 
each main topic from 2009 to 2019

20% 

17% 

13% 

4% 

4% 

4% 

38% 

0 

5 

10 

15 

20 

25 

30 

35 

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Sowing date 

Mulching 

Water footprint 

Irrigation management 

Climate Change 

Calibration 



493. AquaCrop – Research development, improvement and application

The geographic distribution of the main topics beyond model calibration (specifically, 
climate change, irrigation management and water footprint) is presented in Figure 3.21. 
The impacts of climate change on crop production and the opportunities for adapting 
to these changes have been assessed worldwide. On the contrary, both irrigation 
management and water footprint studies have been mainly conducted in water scarce 
regions, which was to be expected. Although water scarcity affects every continent and 
is among the main problems faced in many areas, the model implementation for these 
purposes is mostly concentrated in Europe and Asia.

Since most of the publications involve more than one subject matter, the secondary 
topics are analyzed here and termed cross topics. Regardless of the main topic, in 
two thirds of the articles, a model calibration/validation process has been carried out 
(Figure 3.22). The parameters adjustment has primarily conducted manually, while only 
two percent performed an automatic calibration through an algorithm (e.g. Bayesian, 
nested) (e.g. Mohammadi et al., 2016; Huang et al., 2018). Only in four percent of 
the calibration studies, this process has been complemented with a sensitivity analysis 
(e.g. Salemi et al. 2011; Razzaghi et al., 2017). These results highlight once again the 
major efforts made to evaluate model performance for different crops under diverse 
environmental and management conditions. On the contrary, a limited number of 
studies have used the fertility (e.g. Shrestha et al., 2013), salinity (e.g. Hassanli et al., 
2016) and groundwater (e.g. Goosheh et al., 2018) features, accounting for nine, four, 
and two percent of all publications, respectively (Figure 3.22). Furthermore, of the 
studies that have used the fertility module only 39 percent have performed a local soil 
fertility calibration, even though it is considered a prerequisite before conducting any 
fertility-limited simulation. In the light of the limited testing of these three features 
of AquaCrop, these model applications should be further tested to ensure model 
accuracy and robustness. Finally, given the growing interest in the development of 
decision support systems, it would be instructive to analyse the coupling of AquaCrop 
to other models. While in 16 percent of the articles AquaCrop has been implemented 
coupled with another model or tool (e.g. Tsakmakis et al., 2017; Li et al., 2018), only 
in four percent of the studies, an economic analysis has been made (e.g. Garcia-Vila 
and Fereres, 2012; Vilvert et al., 2018; Figure 3.22). After reviewing these publications, 
it could be concluded that there is still a long way to go to reach the full potential of 
AquaCrop as part of a decision support tool, with most studies so far focusing more 
on operational or tactical than on strategic decision making.

For which crops has the model been implemented? To what extent has AquaCrop 
been globally validated for those crops?

The widespread use of AquaCrop has resulted in an increased model application for 
a wide variety of crops. In the AquaCrop crop database, there are 15 different crops 
with default values for the crop parameters, which have been obtained conducting a 
calibration/validation process against experimental data. In Annex I of the AquaCrop 
reference manual, indications of the thoroughness of the calibration/validation process 
are provided with respect to optimal and water stress conditions, as well as with respect 
to the coverage of major production areas of that crop around the world (Raes et al., 
2018). Nevertheless, the literature review on AquaCrop from its launch to 2019 reveals 
that the model has been implemented in 46 different crops. This means that AquaCrop is 
being used for a great diversity of crops, triple those initially included in the AquaCrop 



50 The AquaCrop model: enhancing crop water productivity

FIGURE 3.21
Number of research publications in each country around the world on AquaCrop model 
application for each topic. The size of the circle represents the number of publications in 
these countries
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database. Unfortunately, clear information about the parametrization process of all 
these crops is not fully available in the literature. In fact, the crop parameters of only 
37 crops are reported, at least partially. As discussed earlier, a critical review of the 
calibration processes performed in these studies and of their results is required to assess 
the quality of the proposed parameters needed to simulate the crops outside those in 
the AquaCrop database.

An in-depth analysis of crop diversity in AquaCrop research literature indicates that 
cereals are the target crops in most studies (87 percent of the publications, Table 3.3). 
Cereals do not only stand out for the number of publications but also for their diversity, 
as ten different cereals are found in the literature (Table 3.3), both major cereals (such 
as maize, wheat or rice) and minor ones (e.g. tef or millet) or even pseudo-cereals (e.g. 
quinoa). It is necessary to bear in mind that although 81 percent of the articles focus 
on a single crop, some studies perform simulations for several crops (e.g. Delgoda et 
al., 2016; Gobin et al., 2017). In second position, pulses, vegetables and tuber crops are 
present in a similar proportion (8-10 percent of the publications). The wide variety of 
grain legumes (7 crops) and vegetables (8 crops) should be highlighted since the crop 
models have not traditionally addressed them. It is surprising that fodder crops (e.g. 
Moursi et al., 2017; Stricevic et al., 2017) and even tree crops (e.g. Rallo et al., 2012; Qin 
et al., 2016) have been attempted to simulate with AquaCrop even though the model 
is designed for use only in herbaceous, annual crops. Figure 3.23 presents the top-ten 
crops in terms of number of publications. Maize (33 percent of the publications) and 
wheat (27 percent) top the list followed by rice (10 percent), the three world’s most 
popular food crops.

FIGURE 3.22
Percentage of publications on AquaCrop model that cover the cross topics specified
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TABLE 3.3  
Percentage of publications on AquaCrop model devoted to each crop type

Crops types Nº of crops % of 
publications

Cereals 10 87

Vegetables 8 10

Pulses 7 10

Tuber crops 4 8

Fiber crops 1 6

Oil crops 2 5

Sugar crops 2 3

Tree crops 7 3

Fodder crops 4 2

Other crops 1 0.3

Regarding the geographic distribution of the studies addressing each crop type, cereals 
and pulses have been simulated under many diverse agro-ecological and socioeconomic 
conditions (Figure 3.24). This is not the case of industrial crops for which the model 
has been implemented mainly in Asia and Europe and leaving behind large producing 
regions in both America and North Africa. On the other hand, vegetables and tuber 
crops are almost wholly absent in America and have a limited presence in Asia 
compared to cereals. There are no crop models that cover all crop types and have 
been evaluated in all regions, so perhaps future efforts should be concentrated on the 
parameterization and evaluation of crops in their main producing areas.

FIGURE 3.23
Percentage of publications on the AquaCrop model devoted to the top-ten crops in terms of 
number of publications
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FIGURE 3.24
Number of research publications on AquaCrop model devoted to each crop type in each country around 
the world. The size of the circle represents the number of publications in these countries
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Research and capacity building are steppingstones toward better water management 
in agriculture. Beyond its knowledge products, e.g. reports, guidebooks, manuals, 
FAO also focuses on capacity building for sustainable development, mostly in 
developing countries and emphasizing the Sustainable Development Goals (SDGs). 
Capacity building is a complex concept, being defined by FAO’s strategy on Capacity 
Development (2010) as “the process whereby individuals, organizations and society 
as a whole unleash, strengthen, create, adapt and maintain capacity over time” (FAO, 
2012). In particular, one of the key objectives of the FAO Land and Water Division 
is to enhance the ability of countries to generate demand-driven knowledge on water 
management in agriculture and to translate that information into action.

Sustainable crop and water management requires significant and well targeted 
investments in training that bolster capacities. AquaCrop model is an effective tool 
to identify optimal crop and water management strategies under different scenarios. 
Thus, AquaCrop training and dissemination activities are in themselves an effective 
adaptation measure to global change always through the prism of sustainable 
development. Since the model launch in 2009, FAO has perceived its potential beyond 
research and has made substantial efforts towards making this tool accessible and 
usable to a diverse set of practitioners working for extension services, governmental 
agencies, non-governmental organizations, farmer associations and other stakeholders.

In this chapter we present how the knowledge and experience on AquaCrop have been 
transferred to all potential users. Ten years of experience in training and dissemination 
of AquaCrop can provide a valuable perspective on capacity building and reveal which 
should be the future roadmap.

4.1. STRATEGIES OF TRAINING AND DISSEMINATION

What have the strategies of training and dissemination of AquaCrop been? and 
what are the training materials produced? 

All the efforts carried out by FAO for the training and dissemination of AquaCrop 
were guided by the following principles based on FAO’s strategy on Capacity 
Development (FAO, 2012):

• Capacity building is primarily an endogenous process that should be demand-
driven. Thus, the training and dissemination actions should be led by national 
stakeholders from conception to evaluation with the FAO support. 

• Considering that capacity building is related to different dimensions (people, 
organizations, and the enabling environment), the activities should be targeted not 
only the individuals but also organizations.

• There is no easy one-size-fits-all solution. All the activities should be tailored to 
the particular context and adapted to the varying capacities across countries.

• Activities should occur within an interdisciplinary approach, including crop 
production, water and soil resources management, meteorology and climatology, 
strengthening multidisciplinary expertise and networking. 

• Activities should not be targeted solely at the scientific or academic community, 
but also at practitioners working for extension services, governmental agencies, 
farmer associations, etc. 
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• Participation of women in all the activities should be promoted and supported. 

• Encouraging active networks of individuals and institutions by engaging with 
early –career to mid-career technicians and by fostering south-north and south-
south research networks should be pursued.

 
Following the guiding principles presented above, the training and dissemination 
strategy of AquaCrop has been based on a flexible process of learning and continuous 
adaptation to the new demands. A wide range of training and dissemination activities 
have taken place across the world since the model launch (workshops, training courses, 
participation in conferences and seminars, etc.). At the beginning of crop modelling, 
the training process started with one-to-one training sessions and was kept in relatively 
closed circles within academic environments. Further on, around the beginning of 
AquaCrop development, other established models started to offer structured courses 
of several days of duration with lectures and hands-on sessions (Boote et al., 2015). 
In the case of models, such as EPIC (Williams et al., 1983), and CropSyst (Stöckle et 
al., 2003), short and reduced (for one to ten people) training sessions were provided 
at the promoter research sites (Boote et al., 2015). APSIM (McCown et al., 1995) has 
different modalities of training courses. The reduced version consists of a two-day 
training focused on the operational aspects of the model, which has been conducted 
in Australia at the developers’ site. On the other hand, five-day APSIM workshops 
for 15–20 persons in countries where Australian international agricultural research 
projects (mainly in Africa and Asia) have been carried out. These courses usually 
consist of three days of hands-on sessions covering the theoretical principles and the 
processes simulated by the model and two days of working groups to address local 
issues and illustrate potential model applications. 

The AquaCrop training program was launched by FAO immediately after the release 
of the first version of the model. It followed a somewhat different approach by 
conducting five-day workshops around the world, in most cases under the framework 
of development or technical cooperation projects, as discussed in detail below. 
Teaching was focused on use and applications of the model considering that most 
of the participants had no experience in crop models. In many regions, especially in 
developing countries, few professionals have crop modelling skills. In a few cases, 
there are trainees who wanted to learn about another crop model that they use, and 
specifically designed to simulate the crop response to water. They are interested in 
seeing how AquaCrop addresses the soil-plant-atmosphere system and is implemented 
in some specific contexts. Henceforth the focus will mainly be on this training course 
modality, not forgetting that other forms of training have been conducted, such as 
one-day workshops or training sessions included in the undergraduate and graduate 
programs of some universities.

Web-based training approaches have also been explored by the AquaCrop modellers 
group, as in the case of other models such as CropSyst. An example of this is the 
MOOC on the irrigation techniques organized by the University of Liège (“Les 
Techniques d’Irrigation” on www.fun-mooc.fr and online.jobsatskillscampus.be), 
which includes several modules that address the AquaCrop model. Furthermore, more 
recently, several e-trainings on AquaCrop were conducted in 2020 as a consequence 
of the COVID-19 pandemic, but they will not be covered in this publication. As 
communication technology capacity is increasing around the world, even in remote 
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locations, these types of remote learning should be further explored. On the other 
hand, despite advance workshops have not been sufficiently covered during the first 
ten years of the model, two advanced trainings were held in Lebanon in 2018, which 
were targeted to technicians proficient in the use of AquaCrop and focusing on climate 
change impacts in crop production. Ultimately, there are several learning opportunities 
that should be explored to reach the greatest number of users in the most effective and 
efficient ways possible.

Self-directed learning materials also need to be a focus within the AquaCrop 
training and dissemination activities, since they are essential capacity building 
tools and complementing other training forms. These materials include a series 
of 43 YouTube tutorials (https://www.youtube.com/playlist?list=PLzp5NgJ2-
dK7H85cyEmGc8KSodqm8gCf2) presenting AquaCrop. Each tutorial focuses on 
a specific aspect and peculiarity of the model and its applications. Two AquaCrop 
training handbooks, ‘Book I. Understanding AquaCrop’ and ‘Book II. Running 
AquaCrop’, are also available on FAO Website (http://www.fao.org/aquacrop/
resources/traininghandbooks/en/). After introducing the model in the handbook I, 
the second handbook focuses on the practical part of how to run simulations with 
AquaCrop, explained step by step and illustrated with a set of exercises. Furthermore, 
all the model details, algorithms and applications can be found in the AquaCrop 
Reference Manual (http://www.fao.org/aquacrop/resources/referencemanuals/en/), as 
well as in other, extensive publications such as Steduto et al. (2012). 

What are the objectives, contents and structure of the AquaCrop workshops? 

The overall objective of the AquaCrop workshops is to develop the capacity of 
practitioners, technicians and researchers in relevant domains in the use of AquaCrop. 
On this basis, and in addition to the context-driven targets to answer the specific needs 
of supporter projects or programs, the specific objectives are to: 

AquaCrop trainings 

Self-directed learning materials 

5-day workshops 

1-day trainings 

Web-based trainings 

Youtube tutorials 

Training Handbooks 

Reference manual 

Other publications 

FIGURE 4.1
AquaCrop training formats and typologies of self-directed learning materials produced by 
FAO
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1.  introduce the participants to AquaCrop, its operation, inputs requirements 
and potential applications;

2. achieve a skilled management of AquaCrop by the participants towards 
enhancing their capacity to improve water management and crop water 
productivity;

3. identify possible paths of action towards implementation of AquaCrop in the 
professional activities of participants; and

4. serve as a platform for exchanging views among participants on the main water 
management constraints in their areas, and on the potential applications of 
AquaCrop to solve water-related problems.

 
The preparation process for any workshop was critically important. In general, a four-
step approach was implemented to design and conduct successfully the AquaCrop 
workshops: (1) identification of target audience, knowledge gaps, training needs and 
main target for the implementation of the model; (2) detailed program design, costs and 
scheduling; (3) training conduction; and (4) training evaluation, which is used to assess 
the effectiveness of the activities and to identify future improvements.

Beyond the agricultural research and academic institutions, the common target 
audience of training courses of other crop models, a great effort has been made in 
AquaCrop to engage technicians working in governmental and non-governmental 
agencies, especially those dealing with agricultural water management. Information 
about the background of the participants and their prior experience in crop modelling 
was key to design the contents of each workshop. Thus, the core knowledge and skills 
gaps were identified during the planning process. 

The five-day training programs were designed jointly with the national actors following 
a template that included few lectures on the general principles of the different model 
components combined with hands-on use of the model through practical exercises, i.e. 
using a ‘blended learning’ approach. Thus, the training in these workshops was task-
oriented, where participants learn by doing, providing ample opportunities to talk 
and interact with the trainers and among themselves. Feedbacks at the start of every 
morning were appreciated to assess how far participants had progressed and to solve 
any problems that may have arisen in the previous sessions. The AquaCrop Training 
Handbooks have been used as a guide and support materials in most workshops. 
Despite the program template, it should not be forgotten that the training contents are 
dynamic, context-driven, and country-specific. Participants were encouraged to bring 
their own site-specific data (i.e. climate, soil, and crop development, phenology and 
management) in order to carry out some study cases exercises which would be directly 
relevant to their situations.

Regarding the trainers, in addition to the original model developers, other professionals 
with an in-depth knowledge of AquaCrop, teaching skills, mentoring potential and 
field experience have been involved in the workshops as instructors. All of them took 
an active role to assist the participants in model running and/or other AquaCrop-
related concerns that they had. It should be highlighted that the presence of more 
than one trainer in some AquaCrop workshops with expertise in different topics 
added substantial value. Another important goal of AquaCrop courses has been to 
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train individuals with the potential to become future trainers of AquaCrop in their 
countries. Accordingly, all the training materials (e.g. PowerPoint presentations, 
scripts, etc.) were shared with the trainees with the expectation that they were useful to 
help train other potential users when they return to their home institutions.

4.2. SCOPE OF TRAINING AND DISSEMINATION

How many AquaCrop workshops have been carried out? Is there any trend? What 
are the main institutions involved in these activities?

Monitoring and evaluating the scope of the training and dissemination activities on 
AquaCrop model during the first ten years from its launch is extremely challenging. 
The traceability of the long-term effects is complex and the impacts are difficult 
to quantify. Nevertheless, this section attempts to shed light on this matter using a 
reduced number of indicators for learning and future actions. 

In 2009, after the model launch, the first four AquaCrop trainings belonged to a 
series of workshops on “Capacity Development for Farm Management Strategies 
to Improve Crop-Water Productivity using AquaCrop” organized jointly by FAO 
and the UN-Water Decade Programme on Capacity Development (UNW-DPC) 
in collaboration with local partners in Burkina Faso, Iran, China, Egypt and South 
Africa (Ardakanian and Walter, 2011). With this initial effort, 146 participants from 
58 different countries characterized by their high potentials to improve water use 
efficiencies were trained. Similar workshops have been conducted around the world, 
amounting to a total of 67 training courses conducted from 2009 to 2019. Except for 
2019, on average, five workshops per year were organized (Figure 4.2). The latter year 
has been marked by a huge effort made in capacity building, by conducting 16 training 
courses attended by over 400 participants. This is in line with the special attention paid 
to capacity development in the irrigation and drainage world in recent times.

The organization of most of the AquaCrop workshops has been led by FAO (61 
percent of the workshops), the Joint FAO/IAEA1 Centre (12 percent), and the Arab 
Center for the Studies of Arid Zones and Dry Lands (7 percent). Other institutions, 
such as universities (e.g. KU Leuven, IAV Hassan II2), cooperation agencies (e.g. 
VLIR-UOS3, Australian Aid, etc.) and other UN organizations (e.g. ESCWA) also had 
a major role in their planning and coordination. 

What has the geographical coverage of the trainings? How many people have been 
trained? Is it possible to link the training efforts with the impact on research? 

While trainees have come from many more countries, AquaCrop workshops have 
been conducted in 40 different countries around the world (Figure 4.3). Analyzing 
the geographic coverage, the highest number of trainings were organized in Asia (48 
percent), especially in the Near East region, followed by Africa, with 23 percent of the 
workshops (Figure 4.4). In America, a significantly lower number of workshops (9 
percent) can be observed despite the capacity building needs identified in this region 

1 International Atomic Energy Agency
2  Agronomic and Veterinary Institute Hassan II
3  Flemish Inter-universities Council- University Development Co-operation
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(Bormann et al., 2016). Meanwhile, Oceania is the only continent where AquaCrop 
trainings have not yet taken place. Jordan, Lebanon and Morocco, all countries under 
water scarcity, are the countries where the highest number of workshops has been 
conducted, attended by trainees of different nationalities.

FIGURE 4.2
Evolution of the number of AquaCrop workshops per year from 2009 to 2019 (The dotted 
line represents the annual average number of workshops without considering 2019)

FIGURE 4.3
Number of AquaCrop workshops conducted in each country around the world (The size of 
the circle represents the number of workshops in these countries)
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The number of participants in each workshop ranged from 8 to 55 persons, 23 
on the average at any one time, a large number being sometimes a limitation for 
effective learning. It should be borne in mind that only 46 percent of the trainings 
involved participants of a single nationality (Figure 4.5). Indeed, up to more than ten 
nationalities participated in some workshops (13 percent). Mindful that promoting 
networking is one of the most important ways to boost capacity building, the training 
courses have been good opportunities to set networks of collaboration North-South 
and South-South. The multi-nationality of workshops has resulted in better geographic 
coverage than the one shown by the analysis of the training locations (Figure 4.3). In 
this regard, more than 1 500 individuals from 113 different countries were trained 
over the analysis period of ten years. These figures are a clear indicator of the extent 
of the capacity development activities performed. Figure 4.6 shows the number of 
people trained in the use of AquaCrop model in each country around the world. 
Wide territorial coverage is especially observed in Africa and Asia, where practitioners 
and/or researchers from 87 and 81 percent of their countries, respectively, have been 
trained. Meanwhile, in America, more than half of the countries (65 percent) have been 
subject of some training activity. This has meant that 44 and 41 percent of the trainees 
were Africans and Asians, respectively (Figure 4.7), while only 11 percent Americans. 
Perhaps in the future, the training actions should be expanded in America, not to leave 
anyone behind.

FIGURE 4.4
Percentage of AquaCrop workshops conducted in each continent
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FIGURE 4.5
Percentage of AquaCrop workshops concerning the number of nationalities involved

FIGURE 4.6
Number of people trained in the use of AquaCrop model in each country around the world 
(The size of the circle represents the number of people in these countries)
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When analyzing the top ten countries with the highest number of participants in the 
AquaCrop workshops, Morocco is the first in the rank with 123 trainees (Figure 4.8). 
Along with Sudan, other three sub-Saharan countries (Benin, Ethiopia and Kenya) 
are included in the list. The major training efforts performed in these countries may 
be reflected in the number of research publications on AquaCrop, particularly in the 
case of Ethiopia (Figures 3.9 and Table 3.1). Regarding Asian countries, except for 
India (third position in the rank), the greatest number of trainees are from the Near 
East region (Jordan, Lebanon and Palestine). On the other hand, Ecuador is the only 
American country present in the top-ten list with 40 trainees. 

Although very often possibilities to improve agricultural water management are 
available, they cannot be applied in countries where they are needed, as appropriate 
capacity development is still missing (Ardakanian and Walter, 2011). In this regard, the 
AquaCrop training and dissemination activities carried out during the first ten years 
from its launch have largely contributed to reduce the knowledge gap in the area of crop 
modelling between developed and developing nations. AquaCrop workshops were 
clearly valued positively by the participants, meeting their objectives. Nevertheless, 
capacity building is not a one-off intervention, but a continuous process of upgrading 
that includes learning-by-doing, reflection and adaptation as key elements (Mbabu and 
Hall, 2012). Thus, there is a need for continued support and training in AquaCrop. The 
experience gained hitherto can provide ideas for improvements and new approaches 
in future. The further training and dissemination activities planning is essential at this 
stage, outlining a road map in light of the previous experience. 

FIGURE 4.7
Percentage of people trained in the use of AquaCrop model in each continent
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FIGURE 4.8
Number of people trained in the use of AquaCrop model in the top-ten countries in terms 
of number of trainees
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As is well known, agricultural systems face three main challenges through sustainable 
intensification of agricultural production: feeding a growing population, providing a 
livelihood for farmers, and improving environmental sustainability. This leads to the 
need to enhance agricultural productivity sustainably, producing more with less, to 
meet increasing demand while preserving and enhancing the livelihoods of small-scale 
and family farmers (FAO, 2017). There is a continuing explosion in the amount of 
published information from every research field that is contributing to address these 
challenges. However, the problem of managing all of this knowledge, treated in many 
occasions as independent components, becomes more difficult (Jones et al., 2016). In 
this regard, crop models can play an important role in systemization and integration of 
all this new knowledge.

In line with the above, AquaCrop is a useful tool for a wide variety of applications 
that can contribute to coping with these challenges. The model can be used as a tool 
to assist in tactical and strategic decision making, such as pre-season and in-season 
agricultural management decisions, and to inform planning and policy at regional 
or national level (Steduto et al., 2009). Several examples of the implementation of 
AquaCrop for on-farm decision-making can be found in many projects conducted 
around the world. In turn, governmental agencies increasingly require plans for best 
management practices as well as tools for yield forecasting and for assessing the impact 
of the changing environment. These needs have also driven the implementation of 
AquaCrop on the ground through different types of projects. In this regard, in some 
cases, the model’s biophysical outputs have been combined with economic models to 
support decisions for optimal policies. Nevertheless, it should be borne in mind the 
cautions and limitations in AquaCrop use, associated with its complexity level and 
degree of evaluation. 

Based on these considerations, this chapter aims at providing an overview of the 
projects carried out by FAO and other institutions at country, regional and global level, 
in which AquaCrop has been implemented to support decision making at farm and 
policy levels. To get a better understanding of the model implementation on the ground 
from its launch to 2019, a survey was conducted among the members of the extended 
core group of AquaCrop. Aggregate data on the main characteristics of the projects 
led by FAO are presented in the first part of this chapter, while those conducted by 
other institutions are shown subsequently. Although this information provides a better 
picture of the projects’ typology, it is not fully representative of all projects in which 
AquaCrop has been used, being only a first attempt to shed light on this important 
matter.

5.1. FAO PROJECTS – OBJECTIVES AND SCOPE

FAO projects that have implemented AquaCrop: What is the geographical 
coverage of these projects? What are their main objectives?

Achieving FAO strategic objectives (FAO, 2019) is a challenging and complex task. 
FAO works to address the issues and problems identified for each strategic objective 
through its core functions, among which is working in partnership with a wide range 
of institutions, including international and regional organizations, governments, 
universities, civil society and the private sector (FAO, 2019). Projects at country, 
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regional and global levels have enabled to join forces effectively among all these 
institutions for addressing these challenges. In this context, AquaCrop has been 
implemented as a tool for improving water management in agriculture in several 
projects around the world.

Through a survey performed, fourteen projects led by FAO and the Joint FAO/IAEA 
Centre of Nuclear Techniques in Food and Agriculture were identified. From its launch 
in 2009, AquaCrop has been implemented on a continuing basis through projects 
whose duration ranged from two to five years, averaging three years. The projects 
are all at different stages, but 64 percent of the projects have already been completed, 
nonetheless. Most of them have been financed by United Nations programmes and/or 
development aid agencies (e.g. SIDA4 and SDC5), and have engaged a wide diversity of 
stakeholders, such as governmental agencies, farmers associations, academia and civil 
society organizations. 

The majority of documented FAO projects operated at the regional level (50 percent), 
followed by those implemented at national level (36 percent), and at global level 
(14 percent). Regarding regional distribution, 43 percent of the projects focus their 
activities in Africa, 21 percent in the Near East and North Africa (NENA region), 14 
percent in Latin America and Caribbean and 7 percent in Central Asia (Figure 5.1). The 
special attention paid to Africa and the NENA region in terms of training activities (see 
Chapter 4) is also revealed in the high level of activities on the ground. These projects 

4  Sweden’s government agency for development cooperation
5  Swiss Agency for Development and Cooperation

FIGURE 5.1
Percentage of projects led by FAO and the Joint FAO/IAEA Centre of Nuclear Techniques in 
Food and Agriculture documented in this review paper which have implemented in each 
region.
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involve 46 different countries around the world (Figure 5.2), continuing to focus 
the field activities on the agricultural problems of the least developed countries. The 
highest number of projects (five) has been conducted in Morocco, where, similarly, a 
great deal of training activities has been carried out (Figure 4.8).

The majority of FAO projects documented in this review paper are comprehensive 
water-related projects that apply AquaCrop for various purposes. The projects 
objectives range from improving irrigation management to enhance water productivity 
and water-use efficiency, and to monitoring water resources for the assessment of 
climate change impacts and adaptation strategies. More specifically, the activities with 
AquaCrop were mainly focused on three topics (Figure 5.3): improving water-use 
efficiency and water productivity (69 percent of the documented projects), climate 
change impact and adaptation (38 percent) and soil salinity management (15 percent). 
Thus, as in the case of the research publications on AquaCrop (see Chapter 3), the 
most prominent model applications are irrigation management and climate change 
impacts. This shows just how the research activities on AquaCrop have been translated 
into concrete actions on the ground to support decisions made by farmers and policy 
makers. An example of the two main types of AquaCrop implementations on the 
ground through an FAO project can be found below.

FIGURE 5.2
Geographical distribution of projects led by FAO and the Joint FAO/IAEA Centre of Nuclear 
Techniques in Food and Agriculture documented in this review paper

FIGURE 5.3
Typology of projects led by FAO and the Joint FAO/IAEA Division of Nuclear Techniques in 
Food and Agriculture that have implemented AquaCrop
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BOX 1 
Improving Irrigation Water Productivity  
in Small-scale African Irrigation Schemes 

In Africa, even though irrigation has the potential to largely increase agricultural 
productivity, food production is mostly based on rainfed agriculture. Therefore, boosting 
the performance of irrigated agriculture in Africa, particularly in small-scale irrigation, 
would be important for the economic development of the continent. FAO, through its 
project ‘Strengthening Agricultural Water Efficiency and Productivity on the African 
and Global Level’, has piloted a new approach to boost crop water productivity (WP) 
in small scale agriculture in three pilot irrigation schemes (Ben Nafa Ka Cha, Burkina 
Faso; Al Haouz, Morocco; and Mubuku, Uganda). This approach was designed with four 
components: (1) Diagnosis and benchmarking of current agricultural productivity levels 
and of farming practices at farm level for major crops; (2) Evaluation of potential and 
attainable yields (Ym and Ya, respectively); (3) Identification and delineation of optimal 
farming practices required to improve the WP; and (4) Implementation of optimal farming 
practices in order to demonstrate their impact. The AquaCrop model played an important 
role in this pathway, as it was used to: (1) obtain an independent estimate of Ym and Ya 
(using long-series of weather data); (2) identify possible causes of yield level gaps (among 
actual yields, Ym, and Ya) and management options to reduce the gaps where feasible; 
and (3) quantify the potential impact of implementing the proposed pathways in the 
improvement of yield and WP.

The optimal management strategies identified with the support of AquaCrop were 
implemented in demonstration plots to provide effective means for their dissemination. 
The main practices implemented were: (1) improved irrigation scheduling by matching 
applications to crop needs instead of following a rigid calendar; and (2) improved mineral 
fertilization by adjusting the timing and amount of the application of fertilizers to the 
crop needs. Three outputs were analysed as the result of the improvement strategy: yield, 
irrigation water amounts, and water productivity. Here, as an example, the results obtained 
in the maize demonstration plots in Mubuku Irrigation Scheme (Uganda) are presented. 
The irrigation WP of maize increased from 6.7 to 13.5 kg/ha/mm, on top of a significant 
irrigation water savings (221 mm) and a modest yield gain (0.5 t/ha) in the demonstration 
plots. An extensive description of project results may be found in Salman et al. (2020).
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BOX 2 
Adapting irrigation to climate change 

The West Africa region is particularly threatened by climate change due in part to its 
high dependence on rainfed agriculture. A quantitative assessment of the impacts of 
climate change on the four main crops in the region was conducted using AquaCrop to 
simulate crop yields under current conditions and future climatic scenarios using two 
Intergovernmental Panel on Climate Change (IPCC) emission scenarios. This assessment 
was carried out under the framework of the FAO project ‘Adapting irrigation to climate 
change (AICCA)’ (http://www.fao.org/in-action/aicca/en/), with the support of IFAD 
(International Fund for Agricultural Development).

With reference to current management conditions for the baseline period ________

The main findings of the analysis of the relative yield change are:

Crop yield is expected to fall by 5 to 20% with current management conditions; 

Cultivation of current sorghum cultivars could become impossible in the Sahelian 
zone.

Improving soil fertility by at least 15 to 20%, could lead to an increase in crop yields 
of 5 to 14% for irrigated tomato, as well as irrigated and rainfed rice (C3 crops).

 
Enhancing soil fertility (to benefit optimally from CO2 fertilization) is key to improving 
the yields of irrigated C3 crops. 

Supplementing rainfed agriculture with irrigation, as a strategy to enhance yields, can only 
be effective with the improvement of soil fertility. 

When assuming optimal management conditions, yield could double.
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5.2. PARTNERS’ PROJECTS – OBJECTIVES AND SCOPE

Partners’ projects that have implemented AquaCrop: What are the main leading 
institutions? What is the geographical coverage of these projects? What are their 
main objectives?

Beyond FAO’s initiatives, AquaCrop has also been implemented to address the 
challenges of agricultural systems through many other projects all over the world. 
This section attempts to complement the view of FAO’s work with AquaCrop on the 
ground using the information compiled by the performed survey. As stated above, this 
is a small sample of the multitude of projects that have surely made use of the model in 
the first ten years since its launch.

A greater number of projects led by institutions other than FAO have been identified 
and documented. Specifically, 32 projects were identified, most of them under the 
leadership of academic and research institutions (81 percent of the projects), followed 
by other UN agencies (e.g. ESCWA6) and international cooperation institutions (e.g. 
GIZ7). Notwithstanding the strong research focus of the institutions that lead most 
of these projects, numerous stakeholders such as governmental agencies, international 
organizations, farmers associations and the private sector were also involved. The 
primary funding agency was the European Commission (53 percent of the projects) 
followed by a variety of financing institutions including development aid agencies (e.g. 
SIDA8, Wallonie-Bruxelles International, etc.) and international organizations (e.g. the 
World Bank). An increasing tendency concerning the number of projects is observed 
despite the inter-annual variability, being 75 percent of the projects already completed. 
Their duration ranged from one to five years, averaging three years.

In contrast to the FAO projects, there is a balance between the number of projects 
conducted at regional (44 percent of the projects) and country level (41 percent). 
Another noteworthy difference is that there are no regional projects in Africa (where 
the majority of the FAO projects took place; Figure 5.1) and in Central Asia, with the 
main focus on Europe (64 percent of the regional projects, Figure 5.4). Only projects at 
national and global level have been conducted in these regions. Analyzing the records 
more in detail, the projects have involved 60 different countries around the world 
(Figure 5.5). European countries lead the list of the countries where a higher number 
of projects have been conducted, headed by Spain with 14 projects.

As with the FAO projects, optimal water management in agriculture is the main target 
of most other projects. In addition to the objectives pursued by the FAO projects, 
agriculture digitalisation, water-energy nexus and yield forecasting clearly emerge. 
Figure 5.6 presents the percentage of projects that addressed each of the main topics. 
Enhancing water-use efficiency and water productivity continues to be the most 
prominent model application (44 percent of the projects documented), while climate 
change impact and adaptation (22 percent) have tended to lag behind yield forecasting 
applications (28 percent). It is not surprising since seasonal forecast of crop yield plays 
a critical role in decision making for many stakeholders. Nevertheless, the link between 
the research on AquaCrop (see Chapter 3) and the actions on the ground is still evident 

6  United Nations Economic and Social Commission for Western Asia
7  The German Society for International Cooperation
8  Sweden’s government agency for development cooperation
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in all these projects. An example of the two main types of AquaCrop implementations 
on the ground through a partners’ project can be found below.

FIGURE 5.4
Percentage of projects led by institutions other than FAO which have implemented 
AquaCrop

FIGURE 5.5
Geographical distribution of projects led by institutions other than FAO which have 
implemented AquaCrop

FIGURE 5.6
Percentage of projects led by institutions other than FAO that have implemented AquaCrop

Europe 
64% Latin America 

and 
Caribbean  

7% 

NENA 
29% 

43.75 Water use e ciency and water productivity 

28.125 Yield forecasting  

21.875 Climate change impact and adaptation 

6.25 Water-energy nexus 
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Despite the high number and diversity of projects that have implemented AquaCrop, 
there are still many potential applications that have not been fully explored and 
exploited. Furthermore, many parts of the world could benefit from AquaCrop 
applications to tackle the challenges of their agricultural systems, thus there remain 
substantial opportunities for future implementation projects.

BOX 3 
 AquaCrop for optimal irrigation calendars: the case of sugarcane in Senegal 

The “Compagnie Sucrière Sénégalaise” (CSS) was looking for a decision support tool to 
improve their productive water management. With almost unlimited water resources from 
the Senegal river for its around 13.000 ha of irrigated sugar-cane, the company wanted to 
economize their water (and pumping) consumption, and act as a responsible and exemplary 
water manager for the region (Sall et al., 2021). An applied research and development 
project, jointly funded by the University of Liège (Belgium) and the CSS, was put in place 
to see how AquaCrop could be of help.

A common sugar-cane campaign constituted of 32 irrigations of 48 hours applying 200 
mm; or a seasonal total gross irrigation of 6.400 mm. Through AquaCrop simulations, 
different water related stresses were observed: between 100 and 150 days after planting 
(DAP) development stress due to lack of water and as from 200 DAP stomatal closure 
due to over-irrigation. This resulted in around 20% of biomass losses. After calibration 
and validation (Wellens et al., 2020), an optimal and easy applicable irrigation calendar 
was expanded for sugar-cane in AquaCrop, with intervals varied between 14 and 21 days, 
and net irrigation depths of 80 mm are to be applied during lapses of 24 hours. When 
using these proposed irrigation calendars, only 18 irrigation events of 80 mm are required, 
resulting in a total gross irrigation of 2.880 mm, when considering an irrigation efficiency 
of 50% (Boss and Nugteren, 1974). The figure below demonstrated the beneficial effects 
of this optimal irrigation calendar: almost 4.000 mm of irrigation water saved for a 100% 
relative biomass production.

CSS is starting to gradually change his irrigation siphons (larger diameters to deliver the 
required discharge) in order to put these irrigation calendars in place in more and more 
plots. Its ambition is to also transfer this experience towards the surrounding irrigated rice 
and horticulture fields.

©
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BOX 4 
 A regional AquaCrop version to simulate crop biomass and soil moisture 

A spatially distributed version of AquaCrop was developed to simulate agricultural biomass production 
and soil moisture variability over Europe (de Roos et al., 2021). This work is part of the Horizon 2020 
project SHui ‘Soil Hydrology research platform underpinning innovation to manage water scarcity 
in European and Chinese cropping systems’ (https://www.shui-eu.org/). The AquaCrop model is 
parameterized with a generic C3-type of crop. A parallel processing is implemented to run the model 
regionally, with meteorological input data from MERRA-2 and soil characteristics based on HWSDv1.2 
at 1-km resolution. The model has been evaluated at a resolution of 30 arcseconds (~1 km), with various 
satellite products and in situ soil moisture data. Daily crop biomass production has been evaluated with 
the Copernicus Global Land Service dry matter productivity. The model was able to capture spatial as 
well as temporal trends.

Website: https://ees.kuleuven.be/project/shui-regionalaquacrop/

Daily biomass production for different days of the year 2017. For each day, the left and right images 
respectively show the evaluation product CGLS-DMP and the simulated AquaCrop biomass.
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What have been the main impacts of the efforts made to develop, implement and 
disseminate AquaCrop?

The principles for the effective management of water in agriculture are well established, 
and the pathways to translate them into actions have also been delineated. Nevertheless, 
the magnitude of the task and the difficulties on the ground make it difficult to bridge 
the gap between current and near optimal situations in most areas. AquaCrop has 
been developed by FAO to assist stakeholders in the improvement of water use and 
productivity in agricultural systems. This publication attempts to assess the impact 
of AquaCrop model in its first ten years of usage on research and its applications, on 
training, and on development projects.

Regarding research activities, despite the fact that AquaCrop has been developed 
more recently than most established crop models, it has been very well received in 
academic circles, as shown by the large number of publications that have used it (33 
per year). This rate makes it the second model of all those utilized by the modelling 
research community in the past decade. This success is somewhat impressing given 
that the model was built with the aim of assisting a diversity of stakeholders beyond 
researchers. However, the relative simplicity of AquaCrop and its friendly software 
interface have attracted many researchers since the model was launched, mostly with 
an applied focus. AquaCrop has been implemented in 64 different countries across the 
world’s five continents, in very different agro-ecological zones. The publications were 
divided into three categories of model development, evaluation and application; and 
it was found that more than 60 percent of publications were devoted to applications. 
The research activities have made substantial contributions in diverse areas, leading to 
further calibration and validation of the model for other major and minor crop plants 
which had not been calibrated originally with the model. In fact, the original calibration 
files provided with AquaCrop cover 15 different crops, while new calibration studies 
have been published for an additional 19 major crops and 12 minor crops, albeit many 
based on limited experimental data. Another important positive outcome from the 
published research was the identification of simulation issues which required model 
improvements which will be provided in subsequent AquaCrop versions. 

The extensive model tests performed by the research community and published in 
refereed international journals in the ten-year period provided clear proof of the 
robustness of the water driven approach adopted by AquaCrop, and generally showed 
good to very good agreement between the simulated and measured results in many 
different environments and for various crops. As to the type of applications developed 
in the publications, there was a balance between agronomic and environmental issues, 
the latter mostly related to water and climate change. Evidently, the focus of AquaCrop 
on the simulation of water-limited yield has made this model particularly suitable to 
tackle a diverse suit of issues related to water.

Regarding training and dissemination, given the interest of FAO to assist a diversity 
of stakeholders in tackling water-related issues in food and agriculture, a strong 
training and dissemination effort was implemented even before the model was formally 
published in international journals. Active networks of individuals and institutions 
were encouraged by engaging with early-career to mid-career professionals, by using 
opportunities provided by technical cooperation projects, and by fostering south-
north and south-south networks. Training efforts went well beyond the academic 
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community, focusing mainly on professionals working in the public administration, 
extension specialists, consulting engineers, and technicians working for farmers 
associations. The standard training module has been a five-day workshop which 
covered limited fundamental information but mostly hands-on applications, including 
those relevant to course participants. Nevertheless, other approaches, such as one-
day short courses, lectures, seminars, participation in professional meetings, have 
been followed. Self-directed learning materials have also been produced such as the 
43 YouTube tutorials, manuals, and a comprehensive FAO publication to provide 
essential fundamentals to those interested in using the model (Steduto et al., 2012). 
Between 2009 and 2019, a total of 67 workshops have been conducted in 40 countries 
with participants from all over the world. Training was concentrated in areas of water 
scarcity such as the Near East and North Africa region. The majority of the training 
workshops were organized by FAO but other organizations were involved as well, 
including universities, governmental institutions, and NGOs. A total of more than 
1500 participants from 113 countries have been trained in AquaCrop.

Actions on the ground, which have used the AquaCrop model as a tool to achieve 
certain objectives in research and development projects, have also been witnessed. 
These actions deal primarily with development-oriented projects led by FAO and 
other international institutes, examining in detail a sample of 15 projects led by FAO 
and of another 32 projects mostly led by academic or by international cooperation 
institutions. The overarching objective of most projects has been the improvement of 
water management in agriculture. A diversity of approaches was taken to implement 
solutions and for capacity development aimed at dealing with topics such as water 
productivity, yield forecasting, climate change and adaptation, and the food-water-
energy nexus, among others.

What are the main challenges in AquaCrop development, improvement and 
application? 

The AquaCrop model was built with several major considerations in mind. Firstly, to 
concentrate on the simulation of water-limited yield driven by a water-driven growth 
engine. Secondly, to simplify its make-up relative to the main, research-oriented and 
established models. Furthermore, a users’ friendly software was deemed necessary 
to ensure openness, easy understanding of its functioning, and to engage a variety 
of stakeholders who were not familiar with crop modelling. As with any simulation 
model, AquaCrop started with many limitations which have only been partially 
addressed by the release of more than five new, improved versions of the model. One 
simplification that has worked well is the use of canopy cover to characterize canopy 
size and growth instead of the leaf area index. The computation of canopy transpiration 
based on a robust, thoroughly tested soil water budget, and the use of the well-known 
Penman-Monteith equation for quantifying evaporative demand, are at the core of the 
reliable biomass predictions. The introduction of harvest index adjustments in response 
to the dynamics of water stress has given support to water-limited yield predictions. 
Nevertheless, many challenges remain for improving AquaCrop performance.

The model has been thoroughly tested for only a few of the major crops, and more 
rigorous testing is needed for some of the crops for which the proposed parameters 
have been derived from a handful experiments. The present lack of interest in field data 
collection which is essential to model parameterization is a limiting factor to model 
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improvement. Even in the case of the 15 crops of the AquaCrop parameter data file, 
there are some inconsistencies which need to be corrected. This is even more evident 
in the published calibration studies of additional crops, where a comparison among the 
parameters proposed in different studies of the same crop exhibit major differences, 
often unjustified from what is known of the crop physiology. The model was designed 
for use with herbaceous crops and cannot simulate the yield response to water of 
perennial crops such as fruit trees and vines. 

AquaCrop simulations provide the maximum yield that may be achieved with a given 
supply of water. It is well known in agronomy that most of the time, factors other 
than water co-limit yield. This became evident in field studies in developing countries 
where measured yields were substantially less than simulated yields, a fact that could 
not be explained by water alone. In those cases, the primary co-limiting factor was soil 
fertility, particularly nitrogen supply. Given the difficulties associated with building a 
nitrogen budget module in terms of parameter values, a simple soil fertility module was 
devised, which appears to work well, but that needs substantial more testing to confirm 
its validity in different agronomic environments.

Salinity is a major environmental problem in water limited environments. AquaCrop 
has a salinity module to compute a daily soil salinity budget along with its robust soil 
water budget. The impact of soil salinity on yield is simulated using long-term empirical 
functions relating soil salinity to yield. This is a topic where research activities have 
been limited in recent decades and as a result, the yield predictions are oversimplified 
and untested. The impact of soil spatial variability on yields under salinity conditions 
in the real world makes it difficult to verify the simulations under salinity conditions. 
Nevertheless, more testing of the simple AquaCrop module is needed and perhaps an 
alternative formulation of yield response to salinity is also needed. The recent addition 
of a weed module that simulates the impact of weed growth on yield in the latest 
AquaCrop version is yet another attempt to call the attention to factors other than 
water affecting crop performance, giving the opportunity to explore via simulations the 
role of a weed invasion on crop yield predictions. 

What is the way forward for the improvement, dissemination and proper 
implementation of AquaCrop?

Improvement of the AquaCrop model following some of the indications discussed 
above is a necessary condition but not at all sufficient to extract the potential that the 
model has in assisting efforts to improve agricultural water management and water 
productivity. Given that the current version has proven reliable for yield forecasting 
of the major herbaceous crops and that researchers appear interested in continuing to 
refine and propose improvements, the foundations of the model are quite solid. FAO 
will continue to be the repository of the AquaCrop model and to coordinate its use 
worldwide by different stakeholders. 

Further efforts must prioritize, on one hand, more training and capacity development 
exploring new formats (e.g. on-line trainings, topic focused courses, etc.) to extend 
its use, while on the other hand, more projects on the ground are badly needed to 
implement different applications and to assist different stakeholders in making water 
management decisions. To optimize the returns on capacity development and on 
efforts on the ground to implement the use of AquaCrop, there is a need for closer 
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coordination between the training activities and those devoted to model applications 
on the ground. A follow-up program of trainees will be highly desirable to capitalize 
efforts. This could be done by creating a community of users who are willing to 
exchange experiences and to participate in future training sessions.

There is a need to demonstrate the value of water-limited yield predictions to policy 
makers that must be operational under water supply constraints, aggravated in the 
event of a drought. AquaCrop is essential for determining water productivity gaps thus 
allowing the identification of factors that may contribute to enhancing the efficiency 
of water use.

This publication has benchmarked the results achieved in the use of the AquaCrop 
model and has described some of the advances made in the first ten years of the model 
life. If further efforts and commitments are devoted to AquaCrop, there is no doubt 
that this crop model will be even more valuable that it has been so far in facing the 
challenges that water limited agriculture will confront in the near future.
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Water resources are linked to the global challenges of food 

insecurity and poverty, as well as to climate change adaptation 

and mitigation. In line with the Sustainable Development Goals 

(SDGs), FAO works towards several dimensions of sustainable 

development, including the promotion of coherent approaches 

to efficient, productive and sustainable water management, 

from farm to river basin scales. Accordingly, FAO is enhancing 

well-informed on-the-ground decision-making processes on 

water management through projects, knowledge advancement, 

information-sharing and tools development, such as AquaCrop, 

the FAO crop-water productivity model. This model assists in 

assessing the effects of environment (including atmospheric CO2 

concentration) and management on crop production through 

the simulation of yield response to water of herbaceous crops. 

It is particularly suited to address conditions where water is a 

key limiting factor in crop production.

In 2009, FAO officially launched AquaCrop, being the result of 

several years of collaborative work among scientists, water and 

crop specialists and practitioners worldwide, bringing together 

previously fragmented information on crop yields in response 

to water use and water deficit. AquaCrop has evolved over the 

different versions released since its first launch, but it always 

balances accuracy, simplicity and robustness. This has enabled it 

to remain faithful to its goal, i.e., to be a dynamic tool 

accessible to several types of users, mainly practitioner-type end 

users, in different disciplines and for a wide range of 

applications. In addition, AquaCrop may be considered a 

valuable tool by research scientists for analysis and 

conceptualization.

After ten years of development, improvement, training and 

application of AquaCrop, a review and analysis of its 

performance and impact worldwide, including trends and 

challenges, have become relevant for FAO. Aware that several 

gaps and emerging issues remain, this assessment exercise is a 

first essential step towards the delineation of the future 

roadmap for the improvement, dissemination and proper 

application of AquaCrop. With that aim in mind, this report 

presents objective and comprehensive information and analyses 

on the current state, trends and impacts that the model has had 

on users, from a range of practitioners to the research 

community.
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