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Irrigation is the process of artificially providing water to agricultural lands in order to provide crops with the necessary water supply to ensure or foster the growth of the plants. However, its implications reach beyond the agro-economic aspect as irrigation affects the soil-land-atmosphere interactions and thus influences the water and energy cycles in the Earth system. Past studies have shown how through these interactions, an increase in soil moisture due to irrigation also affects the atmospheric state and its dynamics. Thus, the lack of representation of irrigation in numerical Earth system models—be it for reanalysis, weather forecasting or climate prediction—can lead to significant errors and biases in various parameters of the system including but not limited to surface temperature and precipitation. In this study, we aim to summarize and discuss currently available irrigation parameterizations across different numerical models. This provides a reference framework to understand the impact of irrigation on the various components of Earth system models. Specifically, we discuss the impact of these parameterizations in the context of their spatio-temporal scale representation and point out the benefits and limitations of the various approaches. In fact, most of the parameterizations use irrigation as a direct modification of soil moisture with just a few implementations add irrigation as a form of surface water. While the former method might be suitable for coarse spatio-temporal scales, the latter better resembles the range of employed irrigation techniques. From the analysis, we find that not only the method or the spatio-temporal scales but the actual amount of water used is of great importance to the response of the Earth system model.
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1. Introduction

Agricultural production is becoming crucial not only for the economy but also for food security. In fact, with a growing world population, food demand is also rising while at the same time, changes in the hydrological cycle and climate affect both agricultural yield and species sustainability (IPCC, 2014; Chatzopoulos et al., 2019; Zampieri et al., 2019). For the past decades, irrigation has become important in sustaining the food production. While only 20% of the cultivated land is irrigated, it accounts for about 40% of the total food production (Bin Abdullah, 2006; Siebert and Döll, 2010; Sridhar, 2013). Furthermore, irrigation enables an increased food security especially in regions which would not otherwise allow for crop growth due to adverse climate conditions, such as very arid areas (Sridhar, 2013). However, agricultural water scarcity is already affecting 39% of the global cropland areas and that this is bound to increase in the next decades (Liu et al., 2022).

Agriculture is also one of the three main activities driving natural land conversion (Luyssaert et al., 2014; McDermid et al., 2017). In this respect, land cover changes have only recently been highlighted as an important factor in the climate system as described by Mahmood et al. (2014). They further highlight how not only land use conversion but also its management can cause considerable impacts on the Earth system with irrigation being the practice with the largest bio-geophysical effect on climate. Sometimes the effect of the managements changes has the same impact that the changes in land cover do (Jia et al., 2019).

Irrigation generally refers to the agriculture practices of watering plants. Although irrigation earliest records date back to the Classical Greek and Imperial Roman periods, archaeological works date it back to 5000 BC (Angelakιs et al., 2020). Despite irrigation being present and crucial throughout the centuries, the vast expansion of its use was a non-linear process string in the early 1800s. This development included the interaction not only within the entrepreneurial sector but also with engineering and public administration (Angelakιs et al., 2020). To date, the irrigation techniques used across the world vary depending on the climate conditions and historical context, aside than from the funding available. Despite the very different conditions, the irrigation techniques can be grouped into four categories (i.e., surface, sprinkler, micro, and subirrigation), depending on how the water is delivered to the plants (see Section 2.1).

Aside from increasing the agricultural yield and food security, irrigation is a land management practice that is often accompanied by permanent and irreversible land transformations (Angelakιs et al., 2020). This is caused by both the modification of the land to adapt for both agricultural use and the distribution networks and the water and salt balances changes (Squatriti, 1998). Further, irrigation increases the soil water available to the plants. This, in turn, impacts the soil-atmosphere feedback, as soil moisture is an inland water source for the atmosphere through evapotranspiration (Seneviratne et al., 2010). The land evapotranspiration is also a major component of the water cycle, thus influencing not only the energetic surface balance, but also the atmospheric processes themselves.

While irrigation has been used throughout the millennia, its effect on the climate system has only been addressed in recent decades, the reason being the complexity of the involved feedback processes within the Earth system and the lack of related data and tools. The ongoing improvement in the observational networks and systems, both in quantity and quality (i.e., spatial resolution), and the advancements of numerical models opened up promising perspective in investigating the impact of the irrigation management on the Earth system.

The first observational studies on the impact of irrigation on the Earth system can be dated back to the 1953 with the study by Chudnowskii, referred by de Vries (1959) when a theoretical framework for the energy balance and the near-surface is presented. Later on, Budyko (1972) highlights irrigation as an important modification to the evapotranspiration, as evidence from observations showed. The first modeling studies referring to irrigation can be found in Milly and Dunne (1994). While their study focuses on the sensitivity of the water cycle to the capacity of the land to hold water, they argue that the results can be interpreted also as a anthropogenic modification of the water cycle, intended as irrigation. The first modeling studies explicitly addressing irrigation are regional works by Lohar and Pal (1995) for India first, and then by De Ridder and Gallée (1998) for Israel and Segal et al. (1998) for the Contiguous United States. The first global studies about irrigation were published some years later, e.g., Boucher et al. (2004). While most of the observational studies argue how irrigation modifies the evapotranspiration (de Vries, 1959; Flohn, 1963), the first modeling studies include both irrigation as a modification of the soil moisture (Lohar and Pal, 1995; De Ridder and Gallée, 1998) and as a evaporation modification (Segal et al., 1998; Boucher et al., 2004; Evans and Zaitchik, 2008). Most of the studies involved with designing an irrigation parameterization follow the work by Kueppers et al. (2007) and their concept of irrigation as soil moisture modification, despite Lobell et al. (2006a) using it first and highlighting how it was mentioned only as an extreme scenario. Lobell et al. (2006a,b) opened up the topic of irrigation at the global scales and showed how its relevance in the context of a changing climate. Lobell et al. (2008) and later Cook et al. (2011) demonstrated how the irrigation signal did mask the increase in temperatures due to climate change at multiple food baskets across the world, after seeing it for California in a previous study (Bonfils and Lobell, 2007). Sacks et al. (2009) was the first study that attempted to include irrigation water as a rational of several drivers, and limit its amount, which was identified as the key aspect in both comparisons and applicability to the reality. However, the core mathematical representation of irrigation developed by Ozdogan et al. (2009) follows Kueppers et al. (2007), and not Boucher et al. (2004), and further defines irrigation as driven by the soil moisture availability. Leng et al. (2013) developed one of the most used irrigation parameterizations after Ozdogan et al. (2009), affirming irrigation as a physical modification of the soil moisture. This scheme is widely used also in follow-up regional and high resolution studies across the globe, irrespective of the irrigation time-scales and techniques. This parameterization by Leng et al. (2013) is further implemented to close the water cycle by adding the irrigation water extraction (Leng et al., 2014, 2017). Only later with Leng et al. (2017) and Valmassoi et al. (2020a), the irrigation water is not seen as a direct modification of the soil moisture, but includes a physical representation of the process, e.g., the interaction of the irrigation with the canopy. While the importance of the irrigation volume used in the simulation is highlighted since Sacks et al. (2009), only Decker et al. (2017) demonstrates the pitfalls of using offline irrigation computations to force simulations and the importance of having high-resolutions.

In this review, we first define irrigation in the Earth system (cf. Section 2), presenting both its techniques divided by the main delivery methods (cf. Section 2.1) and the impact found in previous studies (cf. Section 2.2). Then the existing irrigation parameterizations (ct. Section 3) are described, categorized based on the activation method (ct. Section 3.1) and the variables that are directly affected (cf. Section 3.3) by the estimated irrigation water (cf. Section 3.2). In Section 4, we discuss the relation of the irrigation parameterizations to the actual techniques either through the process representation (cf Section 4.1) or via the relevant spatio-temporal scales (cf Section 4.2), highlighting some relevant physical considerations (cf Section 4.3). In Section 5.1, we provide an overview of the irrigation water amount applied in the available studies including both the focus region and the period considered. Finally, we point out future research perspectives in this field (cf Section 6), and provide a summary and the main conclusions in Section 7.



2. Irrigation in the earth system


2.1. Irrigation techniques

In modern agriculture, there are several irrigation techniques that have been developed to meet specific crop/regional needs. Originally, the irrigation techniques are grouped into three main systems [Brouwer et al. (1985a,b), a major reference for irrigation in agriculture] namely surface, drip and sprinkler. More recent sources that attempt to generalize irrigation techniques across the world tend to group them into four main delivery methods, and call the “drip” technique “micro” (Phocaides, 2000; Bjorneberg, 2013; Irmak, 2018). The four methods can be represented with the conceptualization of Figure 1 and are defined, as general and as specific as possible, as follows:

1. Surface (A): the water is delivered to the field through hydrants and it is either spread over the whole area (furrow/basin irrigation) or from its borders (border irrigation) (Brouwer et al., 1985b; Phocaides, 2000).

2. Sprinkler: the water is delivered as raindrops that precipitate over the agricultural area. There are several variations of this method, and for this purpose, we highlight that they can depend on the height (over/under the foliage, respectively B/C and A) and diameter of the application, and rate (Phocaides, 2000; Bjorneberg, 2013).

3. Micro: the so-called “localized” irrigation, where the water is delivered directly around a limited soil surface around the plants. Further, the water is applied at a low rate and pressure. However, this method is mainly employed in permanently installed systems, e.g., trees, vineyards (Bjorneberg, 2013).

4. Subirrigation (D): in this method, the water is applied to change the water table height (Bjorneberg, 2013), and it has a high potential for areas with a high degree of drainage requirements (Irmak, 2018). This method is generally used in the horticultural industry in greenhouses and nursery plant productions (Irmak, 2018). However, it is not used in arid or semi-arid areas, as irrigation water is needed for the crop germination (Bjorneberg, 2013).
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FIGURE 1
 Irrigation water delivery method conceptualization in the modeling perspective, figure adapted from Valmassoi et al. (2020a). Process A can represent the surface irrigation and the micro, depending on the spatial extent and amount of water used, as well as the sprinkler applied only below the foliage. Process B and C can both represent the sprinkler depending how high above the canopy the sprinkler water is applied. Process D instead reflects the subirrigation. For an in-depth discussion refer to Section 4.3.


While the description seems generic, the wide geographical variability and its constant evolution over time makes very complicated to give a general definition.

The Food and Agriculture Organization (FAO) provides six training manuals for irrigation (e.g., Brouwer et al., 1985a,b, Manual 1 and 5), which are still considered the starting point for addressing irrigation in general. For specific modern information on the techniques and the recommended configurations, the base reference should be Phocaides (2000), Bjorneberg (2013), Irmak (2018), and Brouwer et al. (1985b).



2.2. Irrigation impact on the Earth system

As mentioned in the introduction, the importance of irrigation goes beyond the agricultural aspect as it affects the soil moisture, which in turn has a crucial role in the context of surface energy and water balance (Seneviratne et al., 2010). Irrigation land management practices have been recognized as a crucial component of the anthropogenic impact on the climate (Sacks et al., 2009; Luyssaert et al., 2014; Thiery et al., 2020), but was included only in the most recent Intergovernmental Panel on Climate Change (IPCC) 5th Assessment Report (AR5) (Jia et al., 2019; Thiery et al., 2020). Furthermore, irrigation has to be considered as a major unaccounted anthropogenic source of water vapor (Boucher et al., 2004), and accounts for intra- and inter-basin water extraction and redistribution. While the impact of irrigation on the local climate can be detected in in-situ observations and remote sensing products, numerical models can also be utilized to understand more complex feedback effects as well as their implications for the Earth system as a whole.

The goal of irrigation is to increase water available for crops and, thus, sustain them throughout the growing season. Therefore, a major effect is an increase in the soil moisture content. In absence of precipitation, this can be used as a basis for detection algorithms, e.g., developed by Lawston et al. (2017), Brocca et al. (2018), or Zaussinger et al. (2019). Such an increase in soil moisture by irrigation is also observed in many modeling studies (e.g., Boucher et al., 2004; Kueppers et al., 2007; Sacks et al., 2009; Puma and Cook, 2010; Thiery et al., 2017; Valmassoi et al., 2020b). There is very high confidence (Jia et al., 2019) that a higher soil moisture content affects the surface energy partitioning by increasing the upward moisture flux and decreasing the sensible heat flux (Thiery et al., 2017; Valmassoi et al., 2020c). The associated change in the Bowen ratio causes the widely observed surface cooling effect of irrigation (e.g., Lobell et al., 2006a, 2009; Kueppers et al., 2007; Puma and Cook, 2010; Sorooshian et al., 2011; Thiery et al., 2017; Valmassoi et al., 2020a; Nie et al., 2021), and the increase in the near-surface atmospheric moisture (Mahmood et al., 2008). While the global annual cooling of 1.3 K described in Lobell et al. (2006a) seems somewhat high, Boucher et al. (2004) and Thiery et al. (2017) provide estimates that look more realistic with 0.05 and 0.20 K, respectively. Further, all studies shows that the cooling has a strong regional component. The decrease in the diurnal maximum temperatures can go from 3 to 8 K (de Rosnay, 2003; Douglas et al., 2009; Saeed et al., 2009; Guimberteau et al., 2012; Tuinenburg et al., 2014). The high variability is both due to regional signals but can be caused by the overestimation of the cooling effect in global studies, i.e., up to 4.9 times higher in the Indo-Gangetic Plain of India in the global study by Thiery et al. (2020) as compared to simulations with realistic water volumes and high resolution simulations (Jha et al., 2022).

Regional studies are often used to further investigate the signals of irrigation and provide deeper insights to the involved processes and their effects. Such studies mostly focus on larger, highly irrigated areas such as India (e.g., de Rosnay, 2003; Douglas et al., 2009; Saeed et al., 2009; Guimberteau et al., 2012; Tuinenburg et al., 2014), the North China Plain (e.g., Leng et al., 2015; Kang and Eltahir, 2018; Wu et al., 2018), or the Contiguous United States (e.g., Pei et al., 2016; Lu et al., 2017) as well as smaller areas like California (e.g., Kueppers et al., 2007; Sorooshian et al., 2011; Yang et al., 2017), or parts of Italy (e.g., Valmassoi et al., 2020a; Dari et al., 2021). Most studies show a strong diurnal cycle of the expected irrigation-induced cooling effect where the diurnal maximum temperature is impacted most while the minimum seems not to be affected (e.g., Kueppers et al., 2007; Jia et al., 2019). This pronounced diurnal cycle is also reflected in the boundary layer structure, where several studies observed a lowering of the boundary layer height due to the combined decrease of the temperature and increase of the water vapor (e.g., Pielke et al., 2007; Mahmood et al., 2008; Valmassoi et al., 2020c).

With respect to effects on atmospheric circulations, the spatial heterogeneity of the irrigated areas is reflected in the horizontal discontinuity of the affected fluxes as well as local circulation changes (e.g., Barnston and Schickedanz, 1984; Pielke and Zeng, 1989; Kueppers et al., 2007; Aegerter et al., 2017). The changes in thermodynamic air mass properties and circulation are found to potentially affect precipitation locally and/or downwind, due to water vapor transport (e.g., Bonfils and Lobell, 2007; Deangelis et al., 2010; Wei et al., 2013) and/or the change in stability (Valmassoi et al., 2020b). These regional changes are found to affect the large scale synoptic circulations, such as the weakening and the delaying of the Indian Monsoon (e.g., Douglas et al., 2009; Saeed et al., 2009; Lee and Ngan, 2011; Guimberteau et al., 2012) or the change in the remote precipitation patterns over the Sahel region (e.g., Wei et al., 2013; Im and Eltahir, 2014).

While there is a regional component of the irrigation impact on the Earth system, Sacks et al. (2009) and Wada et al. (2013) identify the irrigation representation in models and the water amount used as crucial causes of the associated uncertainties, such as the regional signals.




3. Existing irrigation parameterizations

In order to represent the irrigation process and its effects as realistically as possible in the modeling of the Earth system, parametrizations of this process have been developed. In the following, we present the main equations of the various parameterization approaches albeit with a harmonized notation.

First, we will discuss the topic of irrigation activation which is crucial due to the anthropogenic nature of the process. Here, timing generally refers to the decision to activate the irrigation parameterization. There are mainly three approaches to determine when irrigation is initialized, namely, the usage of (i) geographical invariant spatial fields, (ii) the time of the day, (iii) physical time-varying thresholds, or a combination of any of these.

Then, we will detail the existing parameterization approaches. These can be divided into four groups distinguished by the model quantity that is directly affected by the irrigation (i.e., where the irrigation water is applied to), and, thus, where direct impacts on the model's governing equations arise. Irrigation can be represented as (i) a change in soil moisture, (ii) water applied at the surface, (iii) a water vapor source, and (iv) a modification to the model rain water.


3.1. Irrigation activation

In this section, we present the approaches used to activate irrigation parameterizations. We distinguish between the approaches of using (i) spatial information, (ii) temporal constraints and (iii) physical thresholds.


3.1.1. Spatial dimension

In this approach, geographical fields are used as time invariant information to determine the initialization of irrigation, and these includes (i) the area equipped for irrigation, (ii) the vegetation state data set, and (iii) the crop-types. In reality, these parameters are subject to changes from 1 year to the next, since climatic conditions and weather patterns may change. Also other parameters may vary due to the anthropogenic nature of irrigation, e.g., crop types could be rotated, the area equipped for irrigation can be altered (e.g., Puma and Cook, 2010; Brown and Pervez, 2014). However, for numerical models these information are commonly kept constant across the years albeit for a fixed monthly cycle. A summary of the available dataset at the time is given in Table 1.


TABLE 1 Table that summarize the available geographical dataset about area irrigated or equipped for irrigation.

[image: Table 1]

Most of the studies include the spatial information on irrigation through the area equipped for irrigation map (Döll and Siebert, 2002; Siebert et al., 2005, 2013) from the FAO AQUASTAT database (e.g., Bonfils and Lobell, 2007; Sacks et al., 2009; Saeed et al., 2009; Leng et al., 2013; Lu et al., 2015; Valmassoi et al., 2020a). This is a global gridded dataset that combines the national level census data of agricultural water usage for areas equipped for irrigation, giving the percentage of the irrigated land within a grid cell. The first of these dataset had a spatial resolution of 5o (Siebert et al., 2005), with the newest at a 0.0833o resolution (around 9 km at mid-latitudes, Siebert et al., 2013). While Siebert and Döll (2010) provide the area equipped for irrigation, Portmann et al. (2010) made the MIRCA2000 dataset of monthly distribution fields of the irrigation/rainfed agricultural area available, divided in 26 classes also at a spatial resolution of 0.0833o representative for the time period 1998–2002. The dataset further includes spatial information about multi-cropping agricultural land as well as irrigation calendars. MIRCA2000 has been used in multiple studies, e.g., Leng et al. (2017), Cheng et al. (2021), and Liu et al. (2021). For the continental United States, two other datasets of irrigated areas are available at higher resolution, namely (i) Ozdogan and Gutman (2008) at ~500 meters resolution and (ii) the Irrigated Agriculture Dataset (MIrAD-US) developed by Pervez and Brown (2010) and Brown and Pervez (2014) at 250 meters. Both datasets are based on MODIS measurements and agricultural census maps. While the former combines also climatological indexes and supervised decision-based classification algorithm, the latter uses only vegetation considerations as well as county-level census data. MIrAD-US also provides temporal information on changes of irrigated land and is updated every 5 years (Brown and Pervez, 2014). While the dataset of Ozdogan and Gutman (2008) has been used by Ozdogan et al. (2009), Leng et al. (2013), Qian et al. (2013), and Harding et al. (2015), MIrAD-US was employed in, e.g., Pei et al. (2016). While the previously mentioned dataset have been widely used across modeling studies, it is worth to mention that they are not the only ones, e.g., Salmon et al. (2015). However, such datasets have currently not been used for modeling studies.

The MIRCA2000 dataset can be used not only to derive the area irrigated, but it provides information about the crops cultivated in the reference year 2000. Lobell et al. (2009) extended the FAO area equipped for irrigation dataset by a plant functional type (PFT) for irrigated crops. The new PFT fraction is subtracted to the original value to ensure a consistent total agricultural area with the control simulation. While the method proposed by Lobell et al. (2009) does not modify any of the plant properties, Leng et al. (2017) added the crop type information to the Community Land Model (CLM, v4.5). These data can be used to determine the area fraction within a grid cell that is of a specific crop-type and whether it is irrigated or not. Irrigation can then be applied only to the irrigated portion of the grid cell fraction on which crops are grown. If there is a residual in the crop partitioning within each grid cell, it is considered as an unmanaged crop and it is treated as a C3-type of grass. Another way to include specific vegetation properties is by including irrigated crops specific vegetation parameters, which have a low roughness length, low stomatal resistance, leaf area similar to grassland and forest, and albedo similar to deciduous broad-leaf trees. This has been done by Kueppers et al. (2007) in their study using the RegCM3 numerical model (Seth et al., 2007).

Aside from using the vegetation and its parameters as constant in time, it can be used to regulate irrigation as well. For example, the Leaf Area Index (LAI) or the greenness fraction (GF) can be used to determine if the plant growing season has started or ended. These spatial data are usually an invariant geographical field with an annual cycle.
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This means that the season begins and ends when 40% of the annual range (GFmax − GFmin) is reached, which allows to include areas with very different growing season in the same simulation.



3.1.2. Temporal constraint

A popular approach to activate the irrigation parameterization is to employ temporal constraints. Within this framework, a specific hour of the day is chosen to activate the irrigation (e.g., Adegoke et al., 2003; Leng et al., 2013; Valmassoi et al., 2020a). This time can be used to either set a model prognostic variable to a target value, e.g., Adegoke et al. (2003) where soil moisture is set to saturation at 00UTC, or to combine it with a duration in hours. The latter approach is expressed as the number of consecutive hours hI, and is used to localize the irrigation procedure in time (e.g., Leng et al., 2013; Valmassoi et al., 2020a). Examples of different start hours and length are 06 local and 4 h (e.g., Ozdogan et al., 2009; Leng et al., 2013; Yang et al., 2016), 08 (Liu et al., 2021) or 09 (Evans and Zaitchik, 2008; Wu et al., 2018) local time and for 2 h and 30 min, respectively, or a sensitivity to these parameters by Valmassoi et al. (2020a). The irrigation duration period is usually employed to equally partition the calculated water over all the consecutive hours, transforming the quantity to a rate (mms−1), for example. Only in Pei et al. (2016) the 2 h duration is used to apply irrigation at a specified rate, whenever the soil moisture threshold is met.

With the described approaches, the temporal constrains are applied each day throughout the whole simulation period, and irrigation is only ended in combination with other thresholds. For example, Valmassoi et al. (2020a) include an arbitrary beginning and end of irrigation, indicated in terms of Julian days. Further, irrigation does not need to be applied each day despite a potential plant water stress. For example, Evans and Zaitchik (2008) and Valmassoi et al. (2020a) apply irrigation once every 7 days, and every 7, 3 and 1 days, respectively. This deviating timing enables the parameterization to allow for a more flexible and more realistic approach.



3.1.3. Physical threshold

The previously mentioned irrigation thresholds do not explicitly account for the plant water stress. However, this characteristic is crucial and would contribute to a more realistic representation of the irrigation process. In general, plants do not suffer water stress when the soil moisture falls below field capacity1, because the roots are able to partly extract the water bound by the soil matrix, so there is Ready Available Water (RAW) for the plants. The lower limit of the extraction is the wilting point (θwp), at which water is so strongly bound to the soil matrix that the roots are not able to extract it. The amount of water that the soil can hold (and plants can extract) between the field capacity and the wilting point is the Total Available Water (TAW). The ratio between RAW and TAW is defined as the depletion fraction (p), which depends on crop type and soil type. Given this definition, p can be used to determine when the plant suffers water stress and thus relates to a specific soil moisture value, called critical soil moisture (θc):
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Values of p can largely vary depending on the plant type and need to be corrected for high evapotranspiration regimes (Brouwer et al., 1985b) 5 mm/d. However, a value of p = 0.5 is commonly used for many crops (Brouwer et al., 1985b). Manabe et al. (1965) and Seneviratne et al. (2010) use higher values of p, namely, 0.5 to 0.8 and 0.75, respectively, with high rise vegetation being included (e.g., conifer trees p = 0.7). This concept has been implemented using the (i) βt function (Oleson et al., 2013, p.169) and (ii) a soil moisture index (Seneviratne et al., 2010), SMI. The former is the result of a weighted average of the plant wilting factor and the fraction of roots for all considered layers (Oleson et al., 2013) p.169. In general, the plant is suffering stress if βt is less than 1 (e.g., Leng et al., 2013; Lu et al., 2015), with 0 being the asymptotic value leading to the permanent wilting point. For the soil moisture index, no root density information is needed. Ozdogan et al. (2009) introduced the Soil Moisture Availability threshold (SMA, θat) defined as:
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which leads to a different formulation of θc and p. This allows for a tuning of the SMA to a specific case study, instead of using crop and soil types, whose dataset have a coarse resolution (e.g., MIRCA2000 Table 1). In literature, the following SMA thresholds are used: 0.5 by Ozdogan et al. (2009) and Qian et al. (2013), 0.2 by Pei et al. (2014) and Pei et al. (2016), 0.1 by Lawston et al. (2015)2, 0.6 by Yang et al. (2016)3, and 0.47–0.5 and 0.45, 0.5–0.6, as well as 0.55 and 0.48 by Sorooshian et al. (2011), Liu et al. (2021), and Wu et al. (2018)4, respectively. The thresholds are evaluated for different soil layers in the studies: Pei et al. (2016) evaluate it against the second soil layer (10–40 cm), Ozdogan et al. (2009), Sorooshian et al. (2011), Yang et al. (2016), and Lawston et al. (2015) use the root-zone levels, and Wu et al. (2018) and Liu et al. (2021) apply the thresholds to the weighted average of the first two soil layers.

It should be mentioned that Decker et al. (2017) apply a variation of Equation (3), and instead of the field capacity, they use the saturation soil moisture (θs). There, threshold value θat = 0.5 has to be met in all the layers in the root-zone.

The wide range of possible SMA threshold values leads to the inclusion of regimes that could be already considered water stress for some crops (Brouwer et al., 1985b). The target soil moisture value is aimed to prevent plant water stress within the modeling framework. Therefore, Leng et al. (2013) formulates the new threshold5 as the weighted average of the critical soil moisture and the saturation one for each soil layer as:
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where θs, i is the i-th layer soil moisture saturation. The Firr is used as a weighting factor, between 0 and 1, to determine the relevance of the two thresholds. At the limits, the scheme's assumption falls back to the saturation soil moisture (Firr = 1) and Firr = 0 at the other limit when plants start experiencing water stress.

Other physical thresholds have been mentioned in literature but without further justification, such as not activating irrigation (i) when the soil temperature is below 12oC (arbitrarily defined by Kueppers et al., 2008), (ii) during large solar radiation flux periods, i.e., solar radiation less than 50Wm−2 (arbitrarily defined by Sorooshian et al., 2011), (iii) until the first 10 cm soil temperature exceed 5oC in the previous 24 h, (iv) until the daily mean 2-meter temperature is above 8oC (Pei et al., 2016).




3.2. Irrigation water calculation

As highlighted in multiple studies, the amount of irrigation water applied plays a crucial role in the impact. Depending on the threshold and timing definition, the methods found can be grouped into (i) a-priori estimation and (ii) driven by the soil conditions.


3.2.1. A-priori irrigation water amount

Several studies use estimates provided by local, national or international entities given as annual accumulated volumes. Examples from existing studies for the sources include but are not limited to the Kansas Geological Survey (Pei et al., 2016), the United States Geological Survey (USGS) water use report and province-level data for China from the China State Statistical Bureau (Sacks et al., 2009), or Eurostat (European Union) irrigation water amount reports (Valmassoi et al., 2020a). Other authors use irrigation water amount reconstructions, which are created combining irrigation maps and offline models, e.g., Cook et al. (2015) with the dataset by Wisser et al. (2010). These reconstructed amounts are provided as irrigation rates.

In general, these data are transferred onto an irrigation depth (mm · m−2 · y−1) by assuming that irrigation takes place in a certain fraction of the area, e.g., the area equipped for irrigation. More specifically, Valmassoi et al. (2020a) assume that the annual amount is applied only over the summer crop season, thus, deriving an irrigation depth in mmd−1 (VI), which is expressed as irrigation water rate (WI, in mms−1) as:
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where hI is the aforementioned number of consecutive hours and TI the number of days between one irrigation application and the next, in contrast to most other studies, where irrigation is applied every day (TI = 1).

Overall, studies report various irrigation rates for different regions. A summary of these are presented in Table 2.


TABLE 2 Table of reported irrigation rates (WI) of various studies using an a-priori volume/rate.
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The irrigation rate values span across two orders of magnitude over an area that covers the continental United States or parts of it. It should be noted that some studies cover the same region but for sometimes very different periods, from different decades or multi-year data sets to short high-resolution simulations for only a few days. Ozdogan et al. (2006) mention that their irrigation rate is derived in a way to keep the soil moisture at saturation, but it is neither mentioned how it is calculated nor where the water is applied to. This approach can include the interannual variability of the water used for irrigation, however most of the studies use the amount from a reference year. The Wisser et al. (2010) map can be used to integrate the temporal resolution of the irrigation water amount, but that is done only in the studies employing the simulations by Cook et al. (2015). A reason could be in the limitations of offline irrigation water estimations, discussed later in Section 5.1.



3.2.2. Soil-driven irrigation water amount

As previously seen, physical constraints can be used to initiate irrigation, and from those the necessary water amount can be calculated starting from the water available to the plants (θa). While Marcella and Eltahir (2014) propose a method that accounts for explicitly including the porosity in the computation, others rely on the threshold definition itself:
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where θi has to be calculated only for the liquid water content to already account for the plant-available water. The maximum function is used in Leng et al. (2013), but not by e.g., Decker et al. (2017), Wu et al. (2018), and Liu et al. (2021). This implies that Leng et al. (2013) does not allow for a surplus in one layer to reduce the deficit in another. The different studies also apply different Z-values to determine how many soil-layers are considered: Leng et al. (2013) and Decker et al. (2017) use all the layers between the surface and the root-zone, while e.g., Wu et al. (2018) and Liu et al. (2021) only use the first two layers. The drip method by Evans and Zaitchik (2008) calculates the irrigation water amount as the difference between the evapotranspiration without and with plant water stress, which includes all root-zone layers.

This water calculation allows to investigate the interannual volumes used and potentially compare them with the estimates available.




3.3. Application of irrigation water

Here, we group the existing parameterizations by the model quantity that is directly altered after the conceptualization of Figure 1. Understanding where the irrigation water is applied within a numerical model allows to identify the directly affected processes in the Earth system, as well as the efficiency of the technique. From the literature, irrigation has been assumed to affect directly (i) soil moisture at different levels, (ii) precipitation at the surface, (iii) the rain water mixing ratio and the (iv) water vapor flux.


3.3.1. Irrigation as soil moisture

Most of the available parameterizations see irrigation as a direct modification to the soil moisture, but they use different assumptions regarding the parameters. Table 3 groups the parameterizations by the soil moisture quantity they relate to, the reference value to trigger it and the part of the soil column affected. In the following, we describe the parameterizations and their parameters in more detail.


TABLE 3 Summary of parameterizations with irrigation implemented as soil moisture modification.
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First of all, we highlight how the view of irrigation as direct soil moisture modification (Process D of Figure 1) is widely spread among past as well as recent studies, from Chase et al. (1999) to Leng et al. (2017). This representation type is used with a wide variety of parameters, affected soil levels as well as several activation threshold usages. The latter is now used to group a more in depth presentation of the studies.

Several studies that investigate irrigation parameterizations in atmospheric numerical models, represent irrigation as an invariant modification on some of the physical model variables with some studies using the aforementioned activation thresholds, such as timing, to reset these variables. The most common approach is to set the soil moisture field to a predefined reference value, e.g., the saturation level (θs), the field capacity (θfc), or a fraction of them. In this context, the saturation level approach implies usually much wetter conditions than the soil at field capacity, since the former includes filling the pores. However, this water is strongly bound and not really available to the plants. While some studies do not limit the depth of the impact of the irrigation (e.g., Lobell et al., 2006a), others hypothesize that only the upper layers are affected, such as the upper 20–40 cm (e.g., Adegoke et al., 2003; Lobell et al., 2009; Liu et al., 2021), the first meter (Kueppers et al., 2007), or the layers that include the plant roots (Sorooshian et al., 2011; Leng et al., 2017). For soil saturation, the available studies use very different threshold values, from 100% in Lobell et al. (2006a), Kanamaru and Kanamitsu (2008), Kueppers et al. (2008), Evans and Zaitchik (2008), and Lawston et al. (2015), to 90% for Tuinenburg et al. (2014) and their follow-up studies, 75% for Saeed et al. (2009), and down to 40% for Lobell et al. (2009). Lobell et al. (2006a) and the follow-up work of Lobell et al. (2009) provide a useful set of sensitivity experiments with different saturation thresholds and different depths affected. In both of their all soil columns defined as cropland within the Community Atmospheric Model v.3 (CAM3) are affected throughout the whole simulation. Lobell et al. (2006a) meant to represent irrigation with the soil saturated only as a sensitivity experiment, and the follow-up determined the threshold of 40% based on the examination of the soil moisture in their control experiment (Lobell et al., 2009). There, the monthly averaged values were below that threshold for the whole local summer season, and above for the remainder of the year. For completeness, sensitivity tests with different thresholds were performed for the arbitrary values of 30%, 50% and 90%, where the latter was considered an extreme value. Despite the considerations by Lobell et al. (2006a), that same approach was used by Kueppers et al. (2008) for the Regional Spectral Model (RSM). In a follow up study, Kanamaru and Kanamitsu (2008) argue that the previously prescribed soil moisture in RSM was too high. Therefore, they set top soil layer at field capacity as the highest irrigation scenario. Saeed et al. (2009) justify the choice affirming that irrigation practices are assumed to fulfill optimal conditions for the crops, in order to “transpire at a potential rate.” As reasoning, the authors refer to a highly simplified vegetation stomata regulation. We therefore assume that the potential rate refers to the evapotranspiration observed under no soil water stresses (Brouwer et al., 1985b).

Instead of saturating the soil moisture, some studies use the field capacity as it is the upper limit of the plant available water (Kirkham, 2005). While most of the studies here correct the soil moisture for the whole simulation, Chase et al. (1999) uses this value as the initial condition for the simulation. As in the previous threshold, also here the studies use multiple threshold values, from 100 to 50%. The studies that set the soil moisture at field capacity differ both in the depth affected, the root-zone levels (upper 1 m) or the upmost 40 cm, and in the conservation of the water applied. While Kueppers et al. (2007) and Liu et al. (2021) just set the new soil moisture value, Marcella and Eltahir (2014) allow to both conserve the water balance of the column and to return the water needed for irrigation as a diagnostic. Few studies use threshold values as fraction of the field capacity, e.g., 50% Kanamaru and Kanamitsu (2008) or 90% for Sorooshian et al. (2012). Sorooshian et al. (2012) use Kueppers et al. (2007), Kanamaru and Kanamitsu (2008) and Haddeland et al. (2006) to justify the threshold choice. However, Kueppers et al. (2007) do not use any threshold and Haddeland et al. (2006) only mention that irrigation starts when the evapotranspiration is limited by the soil moisture. While the threshold for water stress depends on the crop type and stage, Brouwer et al. (1985b) suggests that for general crops it is half the total available water, which is a function of the difference between the field capacity and the wilting point.

Another method used in literature to continuously affect the soil moisture is used by Kueppers et al. (2008) in the Davis Regional Climate Model (DRCM). There, the authors add the water to the surface soil moisture at a uniform rate of 4.8225 · 10−5mms−1 for all the time steps in the simulations.

Studies that employ this soil moisture availability threshold type do not necessarily apply the irrigation water to reset the soil moisture to the threshold value. Sorooshian et al. (2011) use it only to trigger irrigation and the soil moisture is increased using the determined irrigation rates until it reaches the field capacity. On the other hand, Leng et al. (2017) apply the irrigation water amount calculated from Equation (6) to all root-zone soil layers directly. There the threshold level for the irrigation is calculated using Equation (4), and a Firr parameter is used to tune the parameterization for each administrative region within the domain by employing the Siebert and Döll (2010) irrigation water use map.



3.3.2. Irrigation as water applied at the surface

When irrigation is applied as water at the surface, the main difference between the parameterizatrions lies in the derivation of the amount used, aside from the thresholds employed. As can be observed from Table 4, the parameterizations are also differentiated by their impact on the canopy water balance.


TABLE 4 Summary of the irrigation parameterizations as water applied to the surface with the different parameters used in the available studies.
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The differentiation is mentioned because some numerical models do not include a canopy water balance equation in their land surface scheme, e.g., WRF's Rapid Update Cycle (RUC) (Smirnova et al., 2016), or the Terra Land Surface model used in both COSMO and ICON models (Schättler et al., 2018). Therefore, it is important to differentiate irrigation application that interact with the canopy or not, given the availability of canopy water balance schemes in the numerical models.

Table 4 highlights how the parameterizations that apply the water at the surface can be divided in two different threshold types, i.e., based on the timing and the soil moisture availability.

The first threshold uses a-priori water estimations for the application, either coming from the Wisser et al. (2010) dataset or county-based estimates. Sacks et al. (2009), Cook et al. (2015, 2020), and Krakauer et al. (2016) also added the a-priori irrigation values as rain-rates albeit bypassing the canopy interception. The map used by Sacks et al. (2009), and thus by Lee et al. (2011), to determine the irrigation amount is invariant in their simulation, while Cook et al. (2015, 2020) and Krakauer et al. (2016) use the same reconstructed irrigation rate from Wisser et al. (2010), but for the periods 1901–2002 and 2000, respectively. Valmassoi et al. (2020a) instead use estimates coming from the Eurostat census data (Eurostat, 2013), and the sensitivity is performed by changing the number of consecutive hours (hI) with the daily amount being kept constant.

The soil moisture availability threshold comes from either (i) Equation (3) (Ozdogan et al., 2009) or (ii) Equation (4) from Leng et al. (2013). In the studies that follow Ozdogan et al. (2009) the irrigation water is applied above the canopy (e.g., Pei et al., 2014; Yang et al., 2016), and only Wu et al. (2018) apply it without canopy interaction. The reason lies in their affirmation that the irrigation water is included as effective precipitation6, which does not include the interception.

For the soil moisture threshold defined initially by Leng et al. (2013) (cf. Equation 4), the water is applied directly at the surface after the canopy interception. In a later work, Leng et al. (2017) add two other ways to include the irrigation water: (i) directly on the canopy and (ii) on the ground surface. Similarly, also Valmassoi et al. (2020a) provides two different parameterizations called drip and channel depending if the water interacts with the canopy or not, respectively. In both parameterizations' sets, the irrigation water (WI) is added to the precipitation model field. In the case of Leng et al. (2017) irrigation applied at the surface, the amount is also scaled by a specific period to allow for a quick pouring on the ground.



3.3.3. Irrigation as atmospheric rain water

Previous studies mentioned that the application of the irrigation water to the precipitation field takes place at the canopy, which does not account for the droplets evaporation or drift loss in the atmosphere. We are currently not aware of any other than the “sprinkler” scheme by Valmassoi et al. (2020a) that includes these processes to which the irrigation water can be exposed. To account for possible microphysical processes, the irrigation water has to be added to the rain water mixing ratio as:
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where ρk is the air density in the kth-layer of Δzk thickness. The rain rate is modified only in the lowest mass-layer, so it is assumed that the sprinkler water does not directly reach beyond the first model layer. In their study, Valmassoi et al. (2020a) set the height of such level to 20 meters.

While studies such as Ozdogan et al. (2009) uses the same name (“sprinkler”) for their representation, they never include a direct atmospheric interaction with the irrigation droplets.



3.3.4. Irrigation as water vapor source

The inclusion of irrigation as a water vapor source reflects the theoretical considerations made by de Vries (1959) and Flohn (1963) in investigating the impact of irrigation on the climate system. This approach has been used by only two studies: Boucher et al. (2004) and Evans and Zaitchik (2008).

Boucher et al. (2004) derives the irrigation as a water vapor flux spatial field combining two dataset: the annual net evapotranspiration from irrigation derived from a scenario approach at country level and the area equipped for irrigation (Döll and Siebert, 2002). They included this information in five methods of increasing complexity, with the first four taken as sensitivity experiments, and the fifth being used in a numerical climate experiment. In the sensitivity experiments, irrigation is represented as additional water vapor in the atmosphere with different horizontal and vertical distributions. For the climate simulation, Boucher et al. (2004) prescribe an artificial surface water vapor source equal to the irrigation flux determined from the spatial data. This additional water flux enters in the energy balance as an evaporative cooling term in the surface energy budget of the model, independently from the meteorological conditions.

Evans and Zaitchik (2008) instead modify the canopy resistance, thus directly affecting the plant evapotranspiration calculation. While this is not clearly stated in the study, the irrigation water is not applied in the form of liquid water (e.g., precipitation, soil moisture) as the soil moisture values are similar to the control simulation.




3.4. Accounting for irrigation through data assimilation

When irrigation is not represented in a physical model, an alternative way to include the effect of irrigation in the model state is to apply a data assimilation approach. Here, the analysis increments to the soil moisture content do not only represent the forecast deviations of precipitation and evaporation but also account for the errors due to the lack of irrigation processes. This mechanism has been indicated by Tuinenburg and de Vries (2017) for the ERA-Interim reanalysis, in which the soil moisture analysis increments are linked to irrigation patterns. As irrigation is not directly observed by measurements providing spatial coverage, efforts are focusing on correcting the soil moisture with respect to the irrigation-related effects. A possible approach is to assimilate GRACE satellite data (e.g., Girotto et al., 2017) which has the total column water as a residual of the main gravimetric measurements. Nie et al. (2019) provide a more thorough study comparing assimilated soil moisture and an irrigation parameterization and their respective effect on groundwater storage representation. While this is a relatively new field, it is a promising approach to either account for the missing water redistribution due to human action or as a tool to identify model shortcomings related to irrigation.



3.5. Irrigation water source

Most of the previously presented irrigation schemes do introduce the irrigation water (WI) ad hoc in the numerical model, due to the uncertainties related to water extraction and model limitations. Only Leng et al. (2014), and later Leng et al. (2017), include the irrigation water extraction within the numerical scheme. Leng et al. (2014) use the USGS census data, and later the Siebert and Döll (2010) dataset, for water withdrawal to define the ratio of irrigated water extracted from surface water (fsrf) and groundwater (fgrd) with respect to the total amount. To allow for different sources of water withdrawal, the respective water storage (Ssrc) is updated for every irrigated grid point by subtracting water amount (WI) weighing its ratio:
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where src can stand for either groundwater (grd) or surface sources (srf). For the groundwater extraction, Leng et al. (2017) update the water table with the weighted irrigation water extraction (WI · fsrc) divided by the soil yield (Sy). Further, the weighted irrigation extraction is included also in the water stored in the unconfined aquifer below the lowest model level and the total groundwater storage (Leng et al., 2014).

The extraction scheme allows also for non-local water extraction, within the same basin (g), in case the surface water requirement cannot be met locally. This is done by updating (Equation 8), for Ssrf, as:
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To determine the new extraction in the n non-irrigated grid points in the g-basin, only if Equation (8) for the surface sources is negative, as:
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If the [image: image] is not sufficient to satisfy the requirements, the water is assumed to come from other sources, e.g., inter-basin, but the actual method is not specified.




4. Representation of irrigation in models

When anthropogenic processes such as irrigation are included in a numerical model, a complex requirement is to have representation that is suitable and generic enough. We discuss this issue from three perspectives. First, the process representation itself, which is not always clear and straight-forward for some of the existing irrigation parameterizations with regard to how these relate to the actual irrigation techniques as described in Section 2.1. Second, scale representation plays an important role. As irrigation impacts the soil moisture, the soil moisture variations can span across multiple spatial and temporal scales, from the order of one meter to 106 km and 1 min to more than a decade, respectively (Seneviratne et al., 2010). Third, physical considerations with respect to the interaction of soil moisture content, plants and irrigation.


4.1. Process representation

When comparing the available parameterizations regarding their irrigation delivery method, one distinctive characteristic is the variable to which the irrigation water WI is applied to. Figure 1 provides a conceptualization of the delivery methods from the modeling perspective, which shows where in the model domain the water could be applied with respect to the plant canopy.

In micro-irrigation (cf. Section 2.1) the application of water is within the diameter of the canopy, i.e., in the order of meters. However, numerical models have grid sizes that are larger by at least two orders of magnitude and can, thus, not realistically represent this process.

While the temporal scales of irrigation can also not be represented explicitly, the quick water release associated with surface irrigation can be emulated by scaling the water amount with a specific time, as shown in Section 3.3.2 by Leng et al. (2017). When the temporal aspect of the water release is not considered, the surface and the sprinkler delivery methods, that apply the water below the foliage, can be both interpreted as water introduced below the crop canopy or directly onto the surface (Figure 1, Process A). In this case, the irrigation techniques can be represented with the parameterizations in Section 3.3.2 that do not include the canopy interception.

When sprinkler water is injected above the plant foliage, it could be implemented either by process B or C in Figure 1 depending on the distance between the delivery system and the canopy. If the water is applied close to the foliage (process B), water loss might be minimal with respect to wind or droplet evaporation effects (Bjorneberg, 2013). If the distance is larger, droplet evaporation and wind advection become relevant, such that the water is subject to rain water micro-physical atmospheric processes (Figure 1, Process C) as described in Section 3.3.3. It could similarly be seen as an atmospheric water source (Section 3.3.4) as atmospheric water vapor is directly affected.

For the subirrigation delivery method (Figure 1, Process D), a water table height change is induced. Specifically, the water table is brought to the surface level or the vertical location of the saturated area within the soil is altered as described by the parameterizations in Section 3.3.1. However, it should be noted that for several crop types a saturated soil can cause issues for the plants' health (Bradley et al., 2017). The consequence of too much water in and over the soil could, thus, result in severe losses. This holds even for rice fields, which are tolerant to flood/water excess but suffer the consequences of anaerobic environment conditions (Panda and Barik, 2021). Furthermore, a lowering of the water table through effective drainage can overall improve the crop-yield (Gramlich et al., 2018; Manik et al., 2019).



4.2. Scale considerations

From the previous section consideration, it is clear that the parameterization relation to the actual delivery method depends on the scales considered.

The sprinkler delivery methods discussed above relate to different vertical atmospheric scales. Further, the upward water distribution through irrigation depends also on the lower atmospheric model layer thickness. This was introduced by Boucher et al. (2004), where they argue that the modification of the atmospheric moisture content by the direct effect of irrigation was intended as a sensitivity experiment. As sprinklers are not able to spray the water very far from the surface, models with very thick atmospheric layers near the surface, might not be able to realistically include the vertical water dispersion that would be observed. Thus, a suitable vertical model resolution might be needed to restrict the direct vertical influence of the sprinkler delivery method on the atmosphere (Figure 1, Process C). While the maximum heights of water dispersion from sprinklers vary greatly on the specifics of the system itself (Phocaides, 2000), modern efficient low-pressure systems with center-pivot and moving systems reach heights of 1–3 meters and 2–4 meters above the soil, respectively (Bjorneberg, 2013). A layer thickness at the surface of these scales is not practical for a numerical model above horizontal resolutions of a kilometer, due to the stability of the numeric solutions. However, the lowest atmospheric model thickness can be increase to a more suitable value if the model timestep is included in the consideration. In fact, the sprinkler irrigation water can be advected upward by the atmospheric turbulence directly, if the integration time is long enough.

However, for large enough horizontal resolutions the sprinkler delivery method could be parameterized also with the surface water application above the canopy of Section 3.3.2 (Figure 1, Process B), as the direct horizontal diffusion can be neglected. If the timestep of the modeling setting is further increased, then the infiltration of the irrigation water from the surface to the underneath soil layers can take place within the same timestep. Thus, the soil-moisture increase due to irrigation happens instantaneously from the land-atmosphere coupling perspective, thus, leading to irrigation directly affecting soil moisture (cf. Section 3.3.1).

Another scale consideration has to be made regarding the canopy water balance impact on the irrigation application. The timestep length has to be suitable with the modeling7 and climate conditions to properly capture irrigation entering the canopy water balance. For example, during dry conditions the permanence of water on the leaves is very low, thus the model timestep has to be tuned to correctly capture its temporal variability. The scale considerations are another possible reason of the lack of irrigation-specific delivery method in global coarse resolution studies, aside from the absence of adequate global or regional maps. However, the actual representation becomes important when the spatio-temporal resolution of the models are increased to better represent other land and/or atmospheric processes, e.g., convection.



4.3. Physical considerations

As previously mentioned, the soil moisture content regulates the evapotranspiration regimes accordingly to the limitation factors (Seneviratne et al., 2010). Soil moisture values below the critical value (θc) lead to plants regulating the evapotranspiration depending on the available soil water, leading to a soil moisture limited regime. On the other hand, when the soil moisture content is above the critical value, the incoming energy is limiting the evapotranspiration, and therefore the surface energy partitioning (Seneviratne et al., 2010).

The evapotranspiration regime impacts the actual response of the atmospheric system when irrigation increases the soil moisture above the critical value. This is addressed by Lobell et al. (2009), with the usage of the sensitivity simulations of irrigation as different percentages of the saturated soil moisture value (30,40,50,90). They highlight that simulated air temperatures are almost identical for the experiments, which means that the modeled evapotranspiration fluxes are insensitive to soil moisture increases above 30% of their saturation levels. The 30% threshold is lower than the commonly assumed p-value of 0.5 for the crops (see Equation 2 in Section 3.1.3, Brouwer et al., 1985b). In their model version, the equation governing soil evaporation saturates between 20 and 30% of the soil saturation, depending on the texture (Lobell et al., 2009). In addition, the plant transpiration accounts for one-third of the evapotranspiration flux and it is similarly insensitive to soil moisture levels above 30% above the saturation value. Lobell et al. (2009) further discuss how the frequency of irrigation rather than the threshold level can determine the impact on the atmosphere. While the threshold might not directly impact the atmospheric variables, it is, however, crucial to determine the water amount as it is relevant for Earth system water balances and sustainability considerations.




5. Uncertainties and limitations


5.1. Irrigation water amount

This section provides an overview of the uncertainties and limitations regarding the irrigation water amount of the various studies. The irrigation water amount also provides an independent validation dataset for parameterizations that do not prescribe it.

Table 5 lists irrigation rates from the aforementioned parameterizations (cf. Table 3) as well as other sources. We group the focus areas using the series of reference regions of the IPCC Special Report on Managing the Risks of Extreme Events and Disasters to Advance Climate Adaptation (SREX, van Oldenborgh et al., 2014) to the sub-regions for clarity. Table 5 highlights two main problems that come up in comparing and/or assessing irrigation in numerical models from past studies: (i) not all studies report the applied irrigation amount and (ii) the reported values vary across several orders' magnitude for the same regions. The lack of reporting (also mentioned in Sacks et al., 2009) interferes with an appropriate comparison of studies using different numerical models and/or spatio-temporal scales, which in turn increases the uncertainties related to the irrigation impact on the Earth system. Even when irrigation information is reported, it might not be possible to convert it to values comparable to other studies.


TABLE 5 Table with the irrigation rates (WI) of the different studies including the derived amounts from the available studies.
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The studies where we were able to determine an irrigation rate show very different values, not only globally, but also for the same region of the world. While, there is the temporal increase of irrigation amount observed by Puma and Cook (2010), the reporting of the simulated period is given to provide context. For example, Sacks et al. (2009) used prescribed ocean states and a 30-years simulation, and since the dataset for building the irrigation maps were taken around the year 2000, we assume their simulations are representative of that year. This makes the estimates of the irrigation rates of Sacks et al. (2009) comparable with the ones from Krakauer et al. (2016), which are two order magnitude lower. While the two studies use the same period, they do not use the same model or irrigation rate. Therefore, we cannot draw sustained conclusions about the large differences of the surface cooling effects over irrigated areas (0.061 and 0.665 K, respectively).

It is even more difficult to compare studies that cover the same region but for different periods. However, depending on the geographical area, the irrigation water use might not have changed drastically over time (Puma and Cook, 2010). The situation is easier if there is an overlap, such as for SAS, WNA or EAS. In those cases, Table 5 still shows an irrigation rate variability as high as four orders' magnitude. For example, the difference observed for EAS would lead to a minimum irrigation water amount difference of about 34mm · d−1, considering the rates from Yang et al. (2016) and Liu et al. (2021). Similarly, WNA irrigation rate differences lead to a minimum diurnal difference of about 20mm · d−1, which is higher than the maximum value of 3.4mm · d−1 that is the diurnal accumulated precipitation in the upwind side of the Sierra Nevada (Yang et al., 2017). Furthermore, differences in the irrigation volumes can be explained when considering both the model grid resolution and the spatial distribution of the irrigated area. In fact, coarse model resolution is not able to capture the high spatial variability that leads to very different irrigation volumes driven by the climate conditions (Decker et al., 2017).

While some authors use the available irrigation reconstructions or estimates to calibrate their model or as input (e.g., Tuinenburg et al., 2014; Krakauer et al., 2016; Pei et al., 2016; Leng et al., 2017) use them for comparison. Pei et al. (2016) find biases in the heavily irrigated areas in their study, which is just in part due to the discrepancies of the irrigation fraction map when compared to the used MODIS irrigated croplands. However, the main source of the differences is ascribed to the assumptions in the irrigation scheme, intended as the irrigation rate and duration (see Section 3.3.3), which is not representative for other regions and/or irrigation techniques. Tuinenburg et al. (2014) find that differences in irrigation water amount with respect to the reference Siebert and Döll (2010) varies a lot depending on the model used, from 5 to 89% for the same season (MAM). This leads to a diurnal difference of water applied of a similar magnitude of the diurnal average precipitation for most of the models (Tuinenburg et al., 2014).

To summarize, the uncertainties related to the irrigation amount thus can be ascribed to their assumptions in the calculation. In the literature there are three different ways to obtain the irrigation water amount: (i) fixed value, (ii) online derivation and (iii) offline derivation. While there is no current best practice, we highlight the main limitations of each method so that past and future works' irrigation impact on climate can be contextualized. The fixed amount seems the best solution when the volumes come from a reliable source, and it includes less than optimal irrigation volumes, which are commonly used in real world applications (Siebert and Döll, 2010). However, this might not be applicable for areas and/or region with data scarcity, or it can lead to representativity issues in multi-year simulations. In this case, a good solution is to derive the irrigation water amount within each timestep. However, such approach could lead to unrealistic water amounts due to the model biases themselves. Even in the absence of model biases, the water needed is a function of the soil characteristics, i.e., soil types and parameters, or agricultural practices, which are not well represented. The online computation of water requirements opens up the possibility to include a validation or comparison of the obtained results to available census data, and a discussion about the volumes obtained with the offline derived dataset. The offline dataset provides an interesting model output with a consistent spatial and temporal representation, which seems suitable to be used as forcing for a earth system simulation. However, these datasets exhibit several limitations as, first and foremost, they do not account for the feedback effect that irrigation has on the atmosphere, which is the reason of including explicitly the irrigation parameterizations in the Earth system models. Wisser et al. (2008) show that the combined uncertainty of crop management and weather conditions can lead to water estimations uncertainties of 30% circa, with the weather variability having a strong regional component leading up to ±70% variability. Similar results are found by Decker et al. (2017), where they obtained a 25% increase in irrigation water when using offline model for south eastern Australia (Decker et al., 2017). This problem could be partially resolved if only observational datasets are used to force the model, so that the crop-water demand is affected by the effect of irrigation on the atmosphere. However, observational datasets are generally not dense enough, which can cause an increase of irrigation water demand due to the lack of small-scales representation, as shown by Decker et al. (2017) in a modeling approach.



5.2. Irrigation water extraction

While the irrigation water amount used in the simulations is crucial for any consideration and/or comparison between the studies available in literature, its source for extraction provides several uncertainties. Similarly to the actual irrigation volumes used, also the source type and location is difficult to determine. First of all, irrigation water is either pumped from the groundwater or taken from surface sources, such as rivers, lakes or dams (Döll et al., 2012; Wada et al., 2014).

While irrigation water generally comes from either surface and groundwater sources, it is a well-know problem that pipes or channels are used to transport the water to the fields. From the modeling perspective this means that the sources might not be located near-enough to be considered in the same grid-point, needing an internal water redistribution, aside from the inclusion of the water loss from the pipes to the Earth system. Leng et al. (2017) propose a water extraction scheme based on the water extraction dataset (cf Section 3.5), which allows also for using nearby grid-point in the same basin. While such approach provides a suitable theoretical base, it can be applied safely only to coarse model resolutions due to the importance of drainage direction in actual irrigation practices (Brouwer et al., 1985b) and the usage of open air irrigation channels (Moghazi and Ismail, 1997; Kimaro et al., 2019).



5.3. Model limitations

The limitations in representing irrigation in Earth system models does not lie only in the possible physical representations discussed before. In fact, the model representation of the Earth system processes themselves affect the complexity of the irrigation parameterizations.

Section 3.3.2 already introduced this concept when differentiating the representation of irrigation as water applied at the surface. There, the possibility of irrigation water interacting with the plant leaves could depend on the availability of a canopy water balance scheme in the model itself. The model parameterizations can influence not only that, but also the possibility of including water extraction methods mentioned in the previous section, thus closing the water balance. Numerical weather prediction models in particular might not have a dynamic river routing system and/or a groundwater table, e.g., ICON, WRF-ARW with Noah land surface model (Skamarock et al., 2008; Schättler et al., 2018).

Further, models with static land use and cover maps are not going to be able to capture the crop rotations performed and the interaction between irrigation, land parameters and climate, which has been showed to have a strong impact depending on the region considered (McDermid et al., 2017). Singh et al. (2018) show how the crop cover management, and not only irrigation, can affect the land-atmosphere coupling as the agriculture mid-latitude areas lies in the energetic transitional regimes.




6. Research perspectives

Despite the advances in existing literature, several open research questions still exist. For instance, there is large confidence about a cooling effect of irrigation (cf. AR5) but the magnitude of this effect is still not certain neither at the local nor at the global scales. Further, there is a lot of variability among the studies with respect to the irrigation water amount and its parameterization, especially in Earth system modeling approaches. Another open issue is the low confidence on the impact of irrigation on precipitation. While the ongoing increase in resolution of the models is helping to better understand this feedback, the inclusion of specific irrigation parameterizations prevents the replication of similar schemes with small differences in the parameters and/or the thresholds' choices.

Therefore, there is a strong need for a more coordinated and consistent implementations of irrigation parameterizations in order to assess model and process uncertainties together with better observational datasets. This would also support developments for numerous applications that range from impact modeling to numerical weather prediction and seasonal to sub-seasonal forecasting, to more consistent reanalyzes products and integrated impact assessment for other sectors (e.g., agriculture).


6.1. Consistency across models and regions

The inclusion of irrigation in Earth system models does not always reflect a consistent and realistic process representation and/or adequate spatio-temporal scales considerations (see Section 4). Especially with respect to the initialization of irrigation, the variety of threshold and/or target values leads to a large variation of irrigation water amounts applied in the different models (see Section 5.1). The approach toward more consistent implementations should already start at the differences in the energy partitioning (e.g., Sacks et al., 2009; Krakauer et al., 2016). Further, it is crucial for the precipitation feedback due to the convection representation issues in models (Prein et al., 2021). Therefore, a shift in paradigm would be prudent, from developing a multitude of parameterizations to synthesizing available schemes in a process- and scale-based approach consistent across the available models. New parameterizations and studies should always have a clear reasoning for their irrigation water amount estimates as well as well-motivated threshold choices. Currently, only the Weather Research and Forecasting (WRF-ARW), the Community Land Model (CLM) and the NASA GISS8 include explicitly irrigation, the first two as a parameterization and the latter as a forcing. There is no known plans to include irrigation in other models than ICON-LAM, in the DETECT project 9. Further, there is a need to properly include the water extraction from the soil in order to close the water budget, which is currently available only in CLM.

In addition, Figure 2 shows how several irrigated regions, such as Western Asia (WAS), Sahara (SAH), Western Africa (WAF) or Southern-East Asia (SEA), are currently not included significantly in literature probably due to their small extent, the lack of available data or a low fraction of irrigated area.
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FIGURE 2
 Map of the area equipped for irrigation by Siebert et al. (2013). Pie charts representing the number of studies that report irrigation water amounts for each SREX area, divided in global (blue) and regional (orange).


It should be noted that no study addressed the potential impacts of irrigation in Central- or South-America, despite having areas densely equipped for irrigation (e.g., coastal areas of Northern Mexico, Central Chile). This is all the more surprising as their climate conditions and/or relevance for food security marks them as regions of interest in the context of changing climate and equality.



6.2. New observational datasets

An important limitation on the implementation of irrigation parameterizations and their validation is the lack of appropriate dataset. This involves several aspects such as the extent of the irrigated area in a specific period, spatial information of the main irrigation delivery methods, or the yearly/seasonal water amount used for irrigation as well as the time of application.

In the past, maps of area equipped for irrigation have been generated (Siebert et al., 2005, 2013), which highlight the area that can be potentially be irrigated. These maps are created based on census, so they do not have an annual update, and there is no spatial information on the irrigation delivery methods used. While there are no observational/census dataset that provide the irrigation water amount at least on an annual bases, model-based data are available. To date there are several global dataset that use complex hydrological models to compute the irrigation water requirements, e.g., Döll and Siebert (2002), Siebert and Döll (2010), Wisser et al. (2010), and Wada et al. (2014). These datasets provide irrigation water amount as output at horizontal resolutions of about 55–110 km, with the exception of Siebert and Döll (2010) at about 9 km; for more information refer to Wada et al. (2014). It should, however, be noted that the offline water computation through models has limitations (cf Section 5.1), and only Döll and Siebert (2002) purely rely on observational data as forcing (CRU TS 1.0), while the others use a combination of the CRU dataset and reanalyzes products.

Enhanced dataset together with uncertainty estimates can help to better integrate irrigation as a human activity in Earth system approaches an reanalyzes especially with respect to an enhanced representation of the terrestrial water cycle. Two field campaigns in the recent years have addressed the impact of irrigation on the climate system employing intensive observational periods (IOPs), namely GRAINEX10 (Phillips et al., 2022) and LIAISE11. LIASE field campaign data and review has not been published yet, as it was undergoing in 2021. Irrigation water volumes used during GRAINEX were not available due to policy issues in Nebraska (Christopher Phillips, personal communication). However, the GrainEX IOPs provide a fair good knowledge of the timing and the field locations through indirect observations (Phillips et al., 2022), e.g., soil moisture peaks in absence of precipitation. This concept has also been previously used by Brocca et al. (2014) for the SM2RAIN algorithm, which combines soil moisture satellite products with rainfall estimations to quantify the missing precipitation. The algorithm has been later implemented in Brocca et al. (2018) to better include the irrigation volumes and validate them for pilot sites in the US, Europe and Australia. While this method performed well in periods of low rainfall and if satellites retrieval have low uncertainties, it cannot be applied to sites affected by snow or frozen soil or when rainfall happens throughout the year.



6.3. Applications

The lack of explicit irrigation representation cannot be fully corrected at high resolution in atmospheric reanalyzes products due to the lack of direct soil moisture observations that can be assimilated into the system state and help to correct the vertical water redistribution in the soil. This aspect has already been discussed by Tuinenburg and de Vries (2017) showing significant biases in the ERA-Interim reanalysis. Therefore, irrigation processes needs to be included also in reanalyzes to allow for a correct representation of the Earth system water budget.

When we consider the impact of irrigation on the atmospheric state and dynamics, the effects of the changes range from diurnal to seasonal scales. This is going to impact the weather as well as the seasonal/sub-seasonal predictability with different magnitudes. Most of the predictability improvement is expected to be related to a more suitable soil water content with its importance being summarized in Seneviratne et al. (2010). The impact of irrigation then is further complicated in investigating the multi-year variability, as the volume used is not constant. However, currently only Cook et al. (2015) investigate irrigation as a temporal varying forcing at the spatial resolution of 2o × 2.5o latitude/longitude. While they need this coarse resolution to run a 150-years (1850–200) simulation with 5 ensemble members, it is not enough to capture most of the highly irrigated areas in Europe or the Americas, but only the largest ones in South and East Asia (SAS, EAS).

Even when irrigation itself is included in the studies, there is a lack of quantification of the feedback between different anthropogenic land transitions, such as conversion between cropping systems (McDermid et al., 2017), or the different impacts irrigation can have on Earth system depending on different types of crops. In fact, while effect land management and irrigation has been suggested by several authors as a possible path for climate mitigation (Hirsch et al., 2017), but more work needs to be done in that regard as global models likely underestimates/overestimates the impacts of these practices (Kala and Hirsch, 2020; Jha et al., 2022). In particular, Kala and Hirsch (2020) shows how high albedo crops have higher potentials in Australia than what expected by Hirsch et al. (2017). Similarly, in assuming irrigation has a strong potential for climate mitigation, we neglect both the already existing impact of irrigated lands on climate change (Cook et al., 2011) and the fact that global models likely overestimates its cooling impact (Jha et al., 2022). When these concepts are included in the climate projections and simulations, then the expected increase in water scarcity for the agricultural areas has to be included in limiting the irrigation volumes that can be applied.

Finally, it is crucial to realize that all the down-stream applications that use model or reanalyzes data will benefit from explicitly including irrigation. Specific applications might rely on soil water or near-surface data, where irrigation has the largest effects. Furthermore, all down-stream model and impact assessments that use ESM outputs and refer to agricultural-related processes will strongly benefit [e.g., agricultural drought warnings (Seneviratne et al., 2010), yield calculations (Lobell et al., 2011; Chatzopoulos et al., 2019; Zampieri et al., 2019)].




7. Summary and conclusions

In this review, we presented the developments in the implementations of the irrigation parameterizations for Earth System Models (ESMs).

Irrigation influences various Earth system components and processes partly resulting in feedback effects. While some of these impacts are well-studied, others are not yet fully understood and there is often disagreement on the extent of the impacts in literature. For instance, the IPCC's 5th Assessment Report (AR5) assesses a high confidence on the irrigation cooling effect (e.g., Jia et al., 2019), but its magnitude is not certain. Further, the changes in the surface energy balance are found to affect both the air masses properties and the circulation, potentially causing local and/or remote precipitation feedback. Thus, local anthropogenic changes in the water cycle affect the Earth system at multiple scales. However, while the surface physical feedback of irrigation seems clear, significant uncertainties remains in the quantitative aspects. On the one hand, this uncertainty is related to the underlying soil-atmosphere coupling and its implementation in Earth system models (Seneviratne et al., 2010). On the other hand, the uncertainty can also be ascribed to the irrigation parameterizations themselves and the ambiguity on actual irrigation water amounts among existing research studies.

The currently available parameterizations are collected and classified in Section 3, depending on the activation method (see Section 3.1) and the model quantity that is directly affected (see Section 3.3) by irrigation. While the latter category is more straight-forward from a numerical modeling physical perspective, the activation is crucial due to the anthropogenic nature of the process. Spatially, the irrigation activation is driven mainly by invariant fields, such as the area equipped for irrigation or the crop types. With respect to temporal activation, different concepts are employed, e.g., fixed diurnal irrigation cycle and/or physical thresholds, i.e., soil moisture is falling below a specific threshold. The irrigation water amount is either calculated from available census surveys, modeled dataset or derived from the physical thresholds, as described in Section 3.2.

In the existing studies, four different approaches on how to apply the irrigation water to the model are utilized: (i) to the soil moisture at different depths, (ii) to the surface as precipitation before or after the canopy interception, (iii) to the atmospheric rain water, or (iv) as a water vapor source. A few studies also use a data assimilation approach to implicitly include the effects of irrigation.

Further consideration has been given on how parameterizations relate to the various irrigation delivery methods used in agriculture (summarized in Section 2.1), and to the multiple spatio-temporal scales in the Earth system. While most studies follow an approach to use surface delivery methods or sprinklers that put irrigation water directly onto or below the canopy, one parameterization (see Section 3.3.3) is suitable to also represent the interaction of the sprinkler water with atmospheric processes. However, the employed delivery method has to be adapted to the model's spatio-temporal scale representation (see Section 4.2) and to physical considerations (see Section 4.3). Therefore, the multitude of irrigation parameterizations in literature and their seemingly arbitrary use depending on the scales, is one of the principal causes of the different irrigation water amount estimates (see Section 5.1) and the corresponding uncertainty.

In this review, we have identify some key challenges and opportunities for future developments of irrigation parameterizations. These reach from a consistent inter-model processes representation to a consequent reporting of irrigation amounts (including standardized units, e.g., mms−1), to a realistic water extraction implementation that allows for a closed water budget. The proposed approaches would enable a better process-related estimation of uncertainties across studies, which is currently not possible. Further, they would also allow for broader investigations of the impacts at a climatological scale in the context of a changing climate. The establishment of enhanced observational dataset would also be desirable either for use in independent evaluation efforts or as a more realistic input for the models.

In conclusion, the inclusion of irrigation in Earth system models and the investigation of their effects and feedback processes is an innovative research field that calls for a trans-disciplinary approach involving atmospheric- and soil-physics as well as agro-meteorology and agronomy. A consistent across-scales irrigation framework for Earth system models would strongly benefit weather and seasonal-to-subseasonal forecasts, as well as new reanalyzes and climate prediction. In this regard, the importance of irrigation in the Earth system is further highlighted by the changing climate and its impact on food security, as sustained by the United Nation Sustainable Development Goals (United Nations, 2014). Thus, further advances in irrigation parameterizations may help to address past climate uncertainties, as well as to enhance climate projections, thus, providing better estimates of water scarcity and requirements for food-production in the light of climate change and related adaptation and mitigation strategies.
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Footnotes

1 Field capacity is defined as the lower limit above which water cannot be held against gravitational drainage. The value depends on the soil type. For further reference, see Seneviratne et al. (2010).

2 They refer to 10% above the “stress point,” citing Equation 3 as threshold calculation. However, from the formulation it could not be deduced whether 10% above the 0.5 original threshold, or 10% above the wilting point is intended as stress point.

3 The threshold is there incorrectly called “relative soil moisture,” which usually refers to the percentage ratio of the volumetric soil water content against the field capacity (e.g., Su et al., 2003).

4 The study does not indicate how the two thresholds are applied differently in the two crop regions of the domain.

5 To harmonize the equations in this paper, the derivation of this irrigation scheme is re-written to use the volumetric water content (θ) instead of the absolute water content (W or S), following Seneviratne et al. (2010).

6 Defined in the AMS Glossary as: the portion of precipitation that remains in the soil https://glossary.ametsoc.org/wiki/Effective_precipitation.

7 This includes also the total amount of water applied as irrigation on the canopy itself.

8 https://simplex.giss.nasa.gov/snapshots/

9 https://www.lf.uni-bonn.de/en/research/crc-detect

10 https://www.eol.ucar.edu/field_projects/grainex

11 https://liaise.aeris-data.fr/about/
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California Central Valley 2610754 Siebert and Do}, 2010 Lo and Famiglietti, 2013

48225107 Not mentioned Kueppers et al,, 2008
Central Great Plains 14-107% Not mentioned Lawston etal, 2015
Ogalla Aquifer 2107 Not mentioned Harding etal,, 2015
Continental United States 2.107* Not mentioned Lu etal, 2015

5.107° KGS and communication * Pei etal,, 2016

Northern Italy 52-107 Eurostat Valmassoi et al,, 2020¢
Turkey 13104 Derived Ozdogan etal., 2006
Global Map Wisser et al,, 2010 Krakauer et al,, 2016

“ In the supplementary material, Lo and Famiglietti (2013) says that the amount of water is evenly applied in each time step over the growing period (May to October). » (Pei et al,,2016)
report that the irrigation rate is representative of the High Plains farmland, but the information originates from the Kansas Geological Survey (KGS) and from personal communication
Sy T——
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- Global 15-53-107° 1972-2004 Lengetal, 2017
53-107¢ 2000 Krakauer et al,, 2016
5.4-107" Equation/ Sacks et al., 2009
WNA California Central Valley 26-1075¢ 90 years Lo and Famiglietti, 2013
24107 2007 Sorooshian etal., 2011
24-107 2000-2010 Yang etal,, 2017
47.1077 1981-2010 Thiery et al,, 2017
CNA Central Great Plains 141073 2006, 2008" Lawston etal, 2015
Ogalla Aquifer 2107 Multiple# Harding etal., 2015
57107 1981-2010 ‘Thiery etal., 2017
WNA + CNA + ENA Continental United States 2107 2002-2011 Luetal, 2015
5.107 2012° Pei etal, 2016
EAS China - upland crops ¢ 42107 20042013 Liuetal, 2021
China - Southern part ¢ 63-107 2004-2013 Liu etal,, 2021
China - upland crops ¢ upto2.3-1075 2001-2010 Yang etal,, 2016
China - Southern part ¢ upto23-107 2001-2010 Yang etal, 2016
23.107% as Sacks et al. (2009) Lee and Ngan, 2011
31-107 1981-2010 Thiery etal, 2017
MED Northern Italy 52107 2015 Valmassoi et al,, 2020¢
92107 as Sacks et al. (2009) Lee and Ngan, 2011
19-10°¢ 1981-2010 Thiery etal., 2017
Turkey-Syria ¢ 14-107 2000 Evans and Zaitchik, 2008
Turkey 13-10 2000 Ozdogan etal., 2006
WAF Niger river 34107 1985-1990 Marcella and Eltahir, 2014
WAS - 13107 1981-2010 ‘Thiery etal., 2017
SAU South-Eastern Australia 16-21-10-° 2005-2011 Decker etal., 2017
SAS India 58107 AMIP de Vrese etal, 2018
India 35107 as Sacks et al. (2009) Lee and Ngan, 2011
East Ganges 18107 1990-2000 Tuinenburg et al, 2014
West Ganges 27107 1990-2000 Tuinenburg et al, 2014
48107 1981-2010 Thiery et al., 2017
SEA - 31107 1981-2010 Thiery etal., 2017

‘We report again the values of Table 3 for comparison. * Refer to Table 2,  refers to sub-yearly simulations, € refers to the region above 35° N (upland - NW, NCP and NE) and below
(southern - SW, Southern and MLRYR) (Li ct al,, 2021), ¢ at the eastern border of the MED domain, ¢ Simulation settings refer to Iter-comparison project by Gates ct al. (1999),
S Prescribed Ocean state, ¥ Hardii imulates the following years: 1987, 1993, 1996, 2000-2002, 2005, 2007, and 2012.
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