
1. Introduction
Irrigation is an important aspect of agricultural management, with irrigated areas providing ∼40% of global food 
production over only ∼20% of global cropland (WWAP, 2019). It is fundamental to the food security of less 
developed countries, where populations have experienced fast growth (Schultz et al., 2005). Since the 1950s, the 
global irrigated land area has expanded rapidly, thereby increasing worldwide irrigation water demand. Conse-
quently, irrigation currently accounts for ∼90% (∼1,200 km 3 by the end of 20th century) of the global total 
consumptive freshwater use (Döll et al., 2009; Meier et al., 2018; Siebert et al., 2015; Zohaib & Choi, 2020).

As the most dominant freshwater-use practice, irrigation plays an important role in global and regional environ-
mental change. Irrigation practices move water from different sources into agricultural systems, altering the global 
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and regional hydrological cycle (de Vrese et al., 2016; Ferguson & Maxwell, 2012; Harding & Snyder, 2012; Leng 
et al., 2014). In some regions, the extraction of water for irrigation has reduced the availability of both surface and 
groundwater. For example, the discharge of the Tarim River basin in northwestern China has decreased substan-
tially since 1960s, as 70%–90% of surface water flows are used for irrigation (Hao et al., 2015). In the High Plains 
in the USA, the water level of aquifers has declined substantially due to the large irrigation water withdrawal 
(McGuire, 2014). A study focusing on global lakes revealed that ∼11% of the lake area has been lost until 2015 
mainly due to irrigation water withdrawal (Wine & Laronne, 2020).

In addition to modifying water fluxes, irrigation also alters the surface energy balance and thereby near-surface 
climate. Most importantly, the increase of surface soil moisture results in higher evaporation (Puma & Cook, 2010), 
which drives lower sensible heat flux (SHF) over irrigated areas (Cook et al., 2015; Ferguson & Maxwell, 2012; 
Hauser et al., 2019; Hirsch et al., 2017; Thiery et al., 2017). In addition, irrigation-induced feedbacks can also 
alter downwelling shortwave radiation, downwelling longwave radiation, surface albedo, and net radiation (Rnet) 
(Cook et al., 2011; Thiery et al., 2017). These modified surface energy fluxes subsequently alter near-surface 
climate. For example, various observation-based and modeling studies have shown that irrigation can miti-
gate warming in the summer, especially during hot extremes (Hirsch et al., 2017; Nocco et al., 2019; Thiery 
et al., 2017, 2020). Furthermore, irrigation has also been found to affect precipitation and wind both locally, in 
intensely irrigated regions, and non-locally (Devanand et al., 2019; de Vrese et al., 2016; Saeed et al., 2009). As 
a result of expanding irrigation, irrigation-induced impacts on climate have also increased during recent decades 
(Puma & Cook, 2010; Thiery et al., 2020).

Irrigation is implemented differently in various land models. A simple implementation of irrigation consists 
of modifying the soil moisture directly without allowing for interception, infiltration and surface runoff, an 
approach which has been used in several models in the last decades (Kueppers et al., 2007; Ozdogan et al., 2010; 
Saeed et al., 2009; Telteu et al., 2021). Irrigation can also be modeled based on observed irrigation rates (Cook 
et al., 2015), or by calculation of water supply and demand (Guimberteau et al., 2012). There are also some models 
which calculate the irrigation demand according to the soil water deficit (Leng et al., 2017; Sacks et al., 2009; 
Thiery et al., 2017). In these implementations, irrigation is typically applied identically over all irrigated land 
regardless of whether or not there are difference in irrigation techniques used in different parts of the world or 
by different farmers. However, the amount, frequency, and method of water application directly influence the 
irrigation-induced impacts on water demand and climate (Leng et al., 2017). While several land and crop models 
now represent dynamic process-based irrigation methods including water conveyance and application processes 
(e.g., Jägermeyr et al., 2015; Valmassoi et al., 2020; Yin, Wang, et al., 2020), there is currently, to our knowl-
edge, no Earth system model that represents such detail of different irrigation water withdrawal and application 
techniques. Thus, to detect the irrigation-induced impacts on the global hydrological cycle, energy budgets, and 
climate responses more realistically, improved irrigation modules in land surface models are needed which can 
(a) distinguish between different irrigation techniques, (b) be applied globally and (c) be coupled in Earth system 
models.

Community Land Model (CLM) was widely used in detecting irrigation-induced impacts(Sacks et  al.,  2009; 
Thiery et al., 2017; Zhu et al., 2020), but the representation of irrigation remains crude. In this study, we develop 
a new irrigation module including different irrigation techniques in the CLM, evaluate its performance relative 
to the original, generic irrigation module, and detect the influence on the water and energy cycles at the global 
scale. To this end, we first develop process-based representations of the two main irrigation techniques in CLM, 
including sprinkler and flood irrigation. The flood technique contains four different methods, three for rice crop 
types and one for other Crop Functional Types (CFTs). With a global distribution map of irrigation methods 
(Jägermeyr et al., 2015), we conduct five simulations, one with the original CLM irrigation scheme and four 
simulations with different combinations of the improved irrigation methods. In these simulations, different irri-
gation methods are used over cropland based on the distribution map, and water availability limitation is not 
represented. The simulated irrigation water withdrawal is then evaluated against observed amounts from US 
states, provinces of China and other countries. Based on the evaluation results of irrigation water withdrawal, 
the best combination of irrigation methods is selected as the new irrigation scheme. Next, the ability of this new 
scheme to reproduce evapotranspiration fluxes is evaluated at single-point scale for three cropland flux sites, in 
which sprinkler, flood and paddy irrigation techniques are used. At every single-point site, three simulations are 
conducted: one without irrigation, one with the original CLM irrigation scheme, and one with the new irrigation 
scheme. Subsequently, the effects of different irrigation methods on different components of evapotranspiration 
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and surface energy fluxes are detected. Finally, the irrigation-induced effects on global energy and water cycle 
with the new and the original irrigation module are detected by comparing them with simulations without irriga-
tion and with each other.

2. Materials and Methods
2.1. CLM Model

The CLM is the default land component of the Community Earth System Model 2 (CESM2; Danabasoglu 
et al., 2020; Lawrence et al., 2019), which can be also used in land-only mode or coupled to other regional and 
global models (Zhu et al., 2020; Yin, Xu, et al., 2020). The currently released version CLM5.0 (hereby referred 
to as CLM) has several new features, including dynamic land unit weights, a mechanistic soil evaporation param-
eterization and the representation of land management (Lawrence et al., 2019). These new features have been 
successfully evaluated at global or regional scales (Fisher et al., 2019; Zhu et al., 2020) and show clear improve-
ments relative to prior CLM versions, albeit with remaining weaknesses, like the representation of runoff in 
some catchments and the implementation of agricultural management (Cheng et al., 2021; Hirsch et al., 2018; 
Lawrence et al., 2019; Lombardozzi et al., 2020; Meier et al., 2019; Vanderkelen et al., 2022).

2.2. Original Irrigation Module

In the current version of CLM, there are two separated soil columns, rainfed and irrigated, for each CFT. A soil 
moisture dependent irrigation scheme is used, and its calculation is conducted individually over each irrigated 
column. The module is described in detail in Lawrence et al. (2018) and summarized hereafter. On every day at 
6:00 a.m. local time, the model checks if the leaf area index (LAI) of crops is non-zero and if the available soil 
water over a given depth droot (=0.6 m by default) is below a threshold. If both conditions are met, the irrigation 
scheme is activated. The threshold of soil water Wthresh (mm) is calculated as:

𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ⋅ (𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 −𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤𝑡𝑡) +𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤𝑡𝑡 (1)

where Wtarget (mm) is the target value of soil water, Wwilt (mm) is the soil water amount at wilting point, and fthresh 
is a weight. Wtarget, Wwilt, fthresh and droot can all be adjusted by users. If fthresh = 1, the model will irrigate once the 
available soil water is less than Wtarget, and if fthresh = 0, the model will irrigate only when the available soil water 
is less than Wwilt. By default, fthresh = 1. The Wtarget is calculated as the sum of target soil water of each soil layer:

𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

𝑛𝑛𝑖𝑖𝑡𝑡𝑡𝑡
∑

𝑖𝑖=1

𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖 ⋅ Δ𝑑𝑑𝑖𝑖 (2)

where nirr is the index of the soil layer corresponding to droot, Δ di (mm) is the depth of the soil layer i and θtarget,i 
is the target volumetric soil moisture value. Similarly, Wwilt is calculated as the sum of soil water at wilting point 
of each soil layer:

𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 =

𝑛𝑛𝑤𝑤𝑖𝑖𝑖𝑖
∑

𝑤𝑤=1

𝜃𝜃𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ⋅ Δ𝑑𝑑𝑤𝑤 (3)

where θwilt is the volumetric soil moisture value at wilting point. θtarget and θwilt (here denoted as θ) are calculated by:

𝜃𝜃 = (𝜙𝜙∕𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠)
(−1∕𝐵𝐵𝑖𝑖)

⋅ 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠 (4)

where ϕ (mm) is the soil matrix potential parameter, which can be either ϕtarget and ϕwilt based on which volu-
metric soil moisture value we want to calculate (by default −3,400 and −150,000 mm, respectively). The target 
soil moisture calculated based on the default value of ϕtarget is meant to be field capacity. ϕsat (mm) and Bi are 
parameters related to the soil composition at soil layer i. The water applied for irrigation, Wirr (mm), is calculated 
as the deficit between Wtarget and the current soil water Wcurrent (mm):

𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑊𝑊𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡 −𝑊𝑊𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑡𝑡𝑐𝑐𝑡𝑡 (5)
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The water is evenly applied into the field during the irrigation time tirr (s) (14,400 s by default), thus the irrigation 
speed airr (mm/s) is:

𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖∕𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 (6)

The water is added into the rainfall under canopy (Runder, mm), so no interception is considered:

𝑅𝑅𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑅𝑅𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 + 𝑎𝑎𝑖𝑖𝑢𝑢𝑢𝑢 ⋅ Δ𝑡𝑡 (7)

where Δt is the length of model time step. After being applied over the soil, the water used for irrigation experi-
ences surface runoff, evaporation and infiltration. In CLM, the soil is represented as a multi-layer model, where 
water can transport vertically through different layers, and water in the root zone (0–0.6 m, first two layers) can be 
lost by canopy transpiration. Finally, the soil water arriving at the impermeable bedrock can generate sub-surface 
runoff. All the water used for irrigation is extracted from the main channel water storage in the routing model, 
or from the ocean in case the water demand cannot be met by this storage. The model also provides an option to 
limit the irrigation water amount by the availability of water in storage. By default, 90% of the water can be used 
for irrigation.

2.3. New Irrigation Techniques in CLM

Constrained by equipment, water availability and crop type, farmers irrigate with different techniques (Jägermeyr 
et al., 2015). In this study, we implement parameterizations for the two major irrigation techniques in CLM: 
sprinkler and flood. The flood irrigation methods are further separated for flood, paddy_1, paddy_2, and paddy_3 
irrigation methods, and the last three methods are only used over rice paddies, as they are designed to store water 
on the surface. These parameterizations differ in their activation conditions, amount of water applied, method of 
application and surface water storage conditions. For all techniques, the activation conditions are checked only 
when crop LAI is non-zero.

The sprinkler technique is an irrigation method which is widely used in developed countries, especially in Europe 
and North America (Jägermeyr et al., 2015). Farmers use a system of pipes and sprayers to distribute water over 
the canopy of crops. In our implementation, the activation and amount of water used in sprinkler irrigation is the 
same as in the original scheme, but instead of being applied below the canopy, the irrigated water is added to the 
rainfall term above the canopy (Rabove, mm):

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 ⋅ Δ𝑡𝑡 (8)

In this way, part of the water is subject to canopy interception and evaporation before reaching the ground.

In most developing countries, flood irrigation remains the main technique, whereby farmers let water flow into 
the field through small trenches (Jägermeyr et al., 2015). Considering that the soil is normally saturated for a short 
period after flood irrigation, we change the amount of water applied for irrigation to the deficit between the soil 
water at saturation point and current soil water:

𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −𝑊𝑊𝑐𝑐𝑠𝑠𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑠𝑠 (9)

This representation of flood irrigation saturates the soil but does not allow for ponded water, so the water applied 
into fields lose quickly by surface runoff.

Rice is a CFT which is watered mainly by flood irrigation. However, rice periodically requires either stor-
age of surface water in the field or drainage when the surface water depth is too high for the growth of crop 
(Bouman, 2007). To mimic this system, we therefore expand the flood irrigation technique to allow for pooling 
and drainage. We first develop a new water ponding module implementing storage and drainage for the three tech-
niques of rice paddies (paddy_1, paddy_2, and paddy_3). In the current CLM irrigation module, there is a surface 
water variable, but it is related to natural topography and not suitable for human constructed rice paddies. In rice 
paddies, farmers usually modify local micro-topography to improve field water storage. We therefore modify the 
surface water scheme for rice paddies (both rainfed and irrigated) by keeping the surface water runoff to zero, 
thereby preventing surface water loss by runoff, so the water can be only lost by evaporation or infiltration. When 
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the depth of surface water is more than the threshold (100 mm), which may 
limit the growth of rice, the drainage of surface water is activated and the 
extra water is removed in one time step:

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠 = (𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠 −𝐷𝐷max)∕Δ𝑡𝑡 (10)

where Qsfc is the surface water runoff (mm/s), Dsfc is the amount of surface 
water (mm), and Dmax (=100 mm) is the maximum value of the surface water 
depth.

The parameterization of paddy_1 irrigation is the same as that of flood irri-
gation but uses the above mentioned new surface water ponding module. 
With this module, paddy_1 could store the water in fields better than flood 
irriga tion when rainfall and irrigation occur.

For paddy_2 irrigation, watering is activated when surface water depth is 
less than a threshold (Dth: 10 mm), and the amount is the deficit between 
the target surface water depth (Dtar: 100 mm) and the current surface water 
depth Dsfc:

𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐷𝐷𝑡𝑡𝑡𝑡𝑖𝑖 −𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠 (11)

This way, paddy_2 irrigation effectively maintains a depth of 1–10 cm of water over the surface in rice paddies 
during the rice growing season.

For paddy_3 irrigation, the amount of water applied is the same as the paddy_1 technique, but irrigation is acti-
vated once soil water drops below the saturation point. Thus, with paddy_3 technique, irrigation is activated more 
frequently than with flood technique. Considering that the storage of surface water is normally realized by modi-
fying the micro-topography, for all three paddy irrigation techniques we activate this ponding module throughout 
the entire simulation period, which means that in non-growing seasons, rainfall can also generate ponds in crop 
fields. This ponding module only exists over rice paddies. The settings of the different irrigation methods are 
summarized in Table 1.

Apart from sprinkler, flood and paddy irrigation, drip irrigation is another common irrigation technique. Drip 
irrigation is the most efficient method, allowing farmers to drip water slowly to the root zone of crops, ensuring 
the growth of crops while minimizing water use. Low conveyance and application losses make it an attractive 
technique where water is scarce (Van der Kooij et al., 2013). Considering that the drip technique is not widely 
used, we effectively use the default irrigation method in CLM5 as drip irrigation in this study (Section 2.2).

2.4. Experimental Design and Data

To identify the most skillful irrigation module, five global-scale land-only CLM5.0 simulations are designed, 
one with the old irrigation scheme (CTL) and others with different combinations of irrigation methods (Table 2). 
A new surface map data featuring a new variable, namely irrigation method, is generated based on the irriga-
tion method distribution data from Jägermeyr et al. (2015). This distribution map provides the fraction of land 

equipped for different irrigation methods (drip, sprinkler and flood) of 16 
CFTs at 0.5° × 0.5° resolution. For each of the 64 CFTs (32 rainfed and 32 
irrigated) in the current version of CLM we select a corresponding CFT in 
the original data set (Table A1). To limit the computational cost of the irri-
gation module, we first resample the irrigation method distribution map to 
the target resolution, then simplify the surface map data by assigning each 
CFT in each pixel a single irrigation method (drip, sprinkler or flood) as the 
method with the largest area fraction of this CFT (some examples could be 
found in Figure 1). The flood technique over rice paddies can be replaced by 
paddy_1, paddy_2 or paddy_3 techniques in different simulations, and drip 
irrigation cropland is irrigated with the default irrigation scheme in CLM5. 
The simulations are forced by daily reconstructed meteorological data from 
the Global Soil Wetness Project Phase 3 (GSWP3, included variables can 

Table 1 
Information on Irrigation Methods (All Parameters Are Described in 
Sections 2.2 and 2.3)

Method Activation Water amount

Place where 
water is 
applied

New water 
ponding 
module

Default Wcurrent < Wthresh Wtarget − Wcurrent Under canopy No

Sprinkler Wcurrent < Wthresh Wtarget − Wcurrent Over canopy No

Flood Wcurrent < Wthresh Wsatu − Wcurrent Under canopy No

Paddy_1 Wcurrent < Wthresh Wsatu − Wcurrent Under canopy Yes

Paddy_2 Dsfc < Dth Dmax − Dsfc Under canopy Yes

Paddy_3 Wcurrent < Wsatu Wsatu − Wcurrent Under canopy Yes

Table 2 
Global Community Land Model Simulation Settings for Irrigation

Simulation Drip CFTs Sprinkler CFTs Flood CFTs a Rice

CTL Default Default Default Default

IRR_0 Default Sprinkler Flood Flood

IRR_1 Default Sprinkler Flood paddy_1

IRR_2 Default Sprinkler Flood Paddy_2

IRR Default Sprinkler Flood Paddy_3

 aExcluding the rice Crop Functional Types (CFTs).
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be found in Table A2). In all simulations, the water supply limitation is not activated, and if the irrigation water 
demand exceeds local runoff, CLM extracts the water from the ocean to close the water balance. In all simula-
tions, all parameters in the irrigation module are assigned default values as described in Section 2.2. Land cover 
data used for simulations is the default data of CLM5 provided by National Center for Atmospheric Research 
(NCAR). The soil texture data is from the International Geosphere-Biosphere Program Data and Information 
System (IGBP-DIS).

The resolution of the global simulations is 0.9° × 1.25°, and the simulation period is 1981–2015, in which the 
first 5 years are used as a spin-up period. The irrigated area in CLM and irrigation technique distribution are both 
generated based on data around the year 2000, which is why the 30-year analysis period is centered around this 
year. The simulated irrigation water withdrawal at or near the year 2000 is compared to observations at the state 
scale in the USA, at the provincial scale in China and at the national scale in other countries following the avail-
ability of observational datasets (Table 3, Figure 2). For the global simulations, prognostic vegetation state and 
active biogeochemistry are activated, as simulations with satellite phenology assume a single CFT in the  current 
version of CLM (Settings of the global simulations can be found in Table A3). Considering the different source 
of reference data in different regions, we calculate bias and root-mean-square error (RMSE) of irrigation water 
withdrawal separately in the USA states, China provinces and other countries, weighted by the observed irriga-
tion water withdrawal. The reason for weighting the bias and RMSE is that the amount of observed irrigation 

withdrawal can be very different among different countries or regions, so 
averaging them evenly may not be appropriate.

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =

𝑛𝑛
∑

𝑏𝑏=1

(𝑄𝑄𝑜𝑜𝑜𝑏𝑏 ⋅ (𝑄𝑄𝑏𝑏𝑜𝑏𝑏 −𝑄𝑄𝑜𝑜𝑜𝑏𝑏))∕

𝑛𝑛
∑

𝑏𝑏=1

(𝑄𝑄𝑜𝑜𝑜𝑏𝑏) (12)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

𝑛𝑛
∑

𝑖𝑖=1

(

𝑄𝑄𝑜𝑜𝑜𝑖𝑖 ⋅

√

(𝑄𝑄𝑠𝑠𝑜𝑖𝑖 −𝑄𝑄𝑜𝑜𝑜𝑖𝑖)
2

)

∕

𝑛𝑛
∑

𝑖𝑖=1

(𝑄𝑄𝑜𝑜𝑜𝑖𝑖) (13)

Figure 1. Irrigated crop and irrigation method distribution of temperate maize (a), rice (b), spring wheat (c) and pulses (d). The irrigated crop distribution is based on a 
data set of areas equipped for irrigation from Portmann et al. (2010). The irrigation method distribution is calculated based on the data set from Jägermeyr et al. (2015).

Table 3 
Source of Observed Irrigation Water Withdrawal

Country Source Year

The USA USGS 2000

China Zhou et al. (2020) 2000

Others Aquastat 2002
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where Qo,i (km 3) is observed irrigation water amount, Qs,i (km 3) is simulated 
irrigation water amount, and n is the number of states in the USA, prov-
inces in China, or countries for other countries. Based on the results, the best 
performing combination of irrigation methods (IRR) is selected as the new 
irrigation module and used in the remainder of the analysis.

To detect the impact of the new irrigation scheme on the ability of CLM to 
simulate surface energy fluxes, we subsequently design several single-point 
simulations. Three sites from FLUXNET, Nebraska (NEB, USA), Castellaro 
(CAS, Italy) and Mase (MAS, Japan) are selected, as they represent three 
different irrigation techniques (sprinkler, flood and paddy). The site charac-
teristics, including the crop type, irrigation method and simulation period, 
are listed in Table 4, while the location of the sites can be found in Figure 3b.

For every site, three simulations are designed, the first with the irrigation 
switched off (NOI), the second with the original irrigation scheme (CTL) 
and the third with the new irrigation scheme (IRR). Unlike in the global 

simulations, in the single-point simulations we use the LAI prescribed from satellite phenology (LAI data from 
Moderate Resolution Imaging Spectroradiometer [MODIS]), as there is only one CFT for each site and it allows 
us to exclude the impacts of different LAI between simulations and observations (settings of the single-point 
simulations can be found in Table A3). As CLM provides identical LAI data for all irrigated CFTs, this LAI 
data may be affected by other crops. To conduct these simulations, a single-pixel surface map data is prepared 
for each site, in which the land is set to be fully covered by the corresponding crop type. All meteorological forc-
ing and data used for evaluation are generated based on in-situ observed data from FLUXNET (meteorological 
variables can be found in Table A2). To better understand the impacts of new irrigation techniques, we calculate 
and compare multi-year average monthly ET and its components (ground evaporation [GE], canopy evapora-
tion [CE], and transpiration [TR]), and surface energy fluxes (latent heat flux [LHF], SHF, upwelling longwave 
radiation [LWup], upwelling shortwave radiation [SWup], ground heat flux [GHF], and Rnet) of three simula-
tions. All simulations are repeated several times until the considered variables reach an equilibrium state. For all 
single-point simulations, the parameters in the irrigation module are also assigned default values as described in 
Section 2.2.

Finally, another global simulation without irrigation (NOI) is conducted for the same simulation period 
(1981–2015 with 1981–1985 as the spin-up period). The differences between those global simulations (NOI, 
CTL, and IRR) are used to analyze the irrigation-induced impacts on global water and energy cycle and the 
effects of IRR compared to CTL. To better understand the magnitude of irrigation-induced impacts, we calcu-
late spatially-averaged effects at the global and regional scale. Selected regions are the IPCC climate reference 
regions with densely-irrigated croplands: Northern Central America (NCA), Mediterranean (MED), South Asia 
(SAS), East Asia (EAS) and Southeast Asia (SES; Figure 3a; Iturbide et al., 2020). Considering that these are 
land-only simulations, we only analyze irrigated areas within those regions (defined as all model grid cells with 
more than 10% irrigated land area). For all simulations, the water availability limitation mentioned in Section 2.2 
is not activated, as the limitation is only based on surface water availability, whereas in reality, farmers extract not 
only natural surface water, but also groundwater and water stored or managed with agricultural infrastructures, 
such as reservoirs and canals. To quantify the effect of irrigation water extraction on runoff, we visualize this term 
as simulated runoff minus local irrigation water withdrawal.

Figure 2. Observed irrigation water withdrawal per state (the USA), province 
(China) and country (others) during the early 21st century (2000 for the USA 
and China, 2002 for other countries).

Table 4 
Information of Flux Sites

Sites Latitude (°) Longitude (°) Crop type Irrigation method Period Reference

Nebraska (NEB) 41.1649 −96.4701 Maize Sprinkler 01/2001–12/2013 Suyker (2001–2013)

Castellaro (CAS) 45.0700 8.7175 Maize Flood 01/2009–12/2010 Manca and Goded (2009–2010)

Mase (MAS) 36.0539 140.0269 Rice Paddy_3 04/2012–12/2012 Iwata (2012)
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3. Results
3.1. Evaluation of Irrigation Water Withdrawal

In almost all regions worldwide, CTL underestimates observed irrigation 
water withdrawal (Figure 3). In the original irrigation scheme of CLM, irri-
gation is only activated when crops experience water stress, and the quantity 
of water applied is limited by the deficit between target soil water and actual 
soil water, which is the main reason for the general underestimation. This 
impact is more pronounced in the regions densely covered by rice paddies, 
including Japan, Madagascar, and South Korea, where the underestimation 
exceeds 10 km 3/yr nation-wide, as rice paddies have large irrigation water 
requirements. In total, the weighted average underestimation amounts to 
10.58 km 3/yr per state in the USA, 5.15 km 3/yr per province in China and 
64.74 km 3/yr per country for other countries (Table 5).

Exceptions to this general pattern occur mainly in northern central China, 
where CLM slightly overestimates the irrigation water withdrawal (Figure 3). 
One possible reason for this is that in this region the agricultural land is 
densely distributed, and the irrigation demand exceeds the available water 
amount, while in our simulations the limitation of water availability is not 
enabled.

All four irrigation method simulations increase the irrigation water with-
drawal over most regions, but to varying degrees (Figure 4). The biases shift 
from −10.58 to −4.21, −4.21, −0.03, and +8.49 km 3/yr per USA state in 
IRR_0, IRR_1, IRR, and IRR_2, respectively, from −5.15 to 3.26, 3.25, 
22.34, and 70.94 km 3/yr per Chinese province, and from −64.74 to −33.08, 
−33.08, −7.67, and 104.14 per country for other countries. While there are 
only negligible differences between IRR_0 and IRR_1, simulated irrigation 
water withdrawals are slightly higher in IRR_0.

Underestimations still occur for IRR_0 and IRR_1 over most regions, while 
overestimations in central China are enlarged (Figure  4). Additionally, in 
places like Texas, France and Northern China, there is a transition from 

underestimating irrigation amounts to overestimating them. In total, IRR_0 and IRR_1 decrease the weighted 
underestimations by ∼50% in the USA and other countries, and reverse the underestimation in China to a slight 
overestimation.

The IRR_2 and IRR simulations both substantially increase the irrigation water withdrawal over most regions, 
resulting in substantial overestimations in some regions, especially in Madagascar, California, Equator and some 
Chinese provinces (Figure 4). This is due to the high demand of water in IRR_2 (required for maintaining a 
target depth of surface water) and the high frequency of irrigation in IRR (as irrigation is activated as soon as 
soil moisture falls below the saturation point) over rice paddies. For IRR_2, we find substantial overestimation of 

Figure 3. Simulated irrigation withdrawal with the original irrigation module 
(CTL) and the regions used in regional analysis (NCA: northern central 
America; MED: Mediterranean; SAS: South Asia; EAS: East Asia; SEA: 
Southeast Asia) (a); the bias compared to observations and the location of 
the sites used in single-point simulations (NEB: Nebraska; CAS: Castellaro; 
MAS: Mase) (b). Comparisons are made using withdrawals computed around 
the year 2000: the USA (2000), China (2000) and other countries (2002). The 
regions in gray are missing observed irrigation quantities.

Table 5 
The Criteria (Weighted Bias and Root-Mean-Square Error, RMSE) of Simulated Irrigation Water Withdrawal

Country

CTL IRR_0 IRR_1 IRR_2 IRR

Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE

USA −10.58 13.42 −4.21 6.56 −4.21 6.56 8.49 25.16 −0.03 7.94

China −5.15 7.38 3.26 10.84 3.25 10.84 70.94 111.57 22.34 29.84

Others −64.74 78.79 −33.08 39.22 −33.08 39.22 104.14 140.84 −7.67 14.4

Note. For the USA (2000) and China (2000), the criteria were calculated based on the annual data at state or province scale, 
and for other countries (2002), the calculation is based on annual data at the national scale (unit: km 3 yr −1). The bold values 
indicate the simulation with the best performance.
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irrigation water withdrawals worldwide, while for IRR, this overestimation is less pronounced. At the same time, 
although underestimations still exist in some regions in IRR, they are notably reduced, and in several regions, this 
bias is limited in a small range. Numerically, IRR_2 greatly overestimates the irrigation water withdrawal in the 
USA, China and other countries, while IRR almost eliminates errors in the USA, substantially decreases the bias 
in other countries, but turns a slight underestimation to a large overestimation in China.

Globally, the worldwide irrigation water withdrawal amounts to ∼910 km 3/yr for CTL, ∼1,900 km 3/yr for IRR_0 
and IRR_1, ∼3,600 km 3/yr for IRR and ∼7,700 km 3/yr for IRR_2. According to previous studies, the global irri-
gation water use around the year 2000 ranges in 2800–3,000 km 3/yr (Hanasaki et al., 2008; Wisser et al., 2010). 
IRR_2 is not considered in the remainder of the analysis due to its high bias. IRR_0, IRR_1 and IRR all decrease 
the bias over most regions and approach the global irrigation water withdrawal range obtained from previous 
research, but IRR_0 does not represent surface water storage in rice paddies, and IRR_1 cannot keep the soil 
water at a near-saturated level in rice paddies during the growing season. Moreover, considering that the water 
availability is ignored in these simulations, we think a reasonable overestimation of the global irrigation water 
withdrawal (as in IRR) is to be preferred over an underestimation (as in IRR_0 and IRR_1). For these reasons, we 
select IRR as the new irrigation scheme.

3.2. Evaluation and Analysis of Land Fluxes in Single-Point Experiments

While all simulations generally capture the seasonal pattern at three sites (Nebraska, NEB; Castellaro, CAS; 
Mase, MAS; Figure 5), there are some mismatches in magnitude. In Nebraska, simulations slightly overestimate 
ET in May and underestimate ET in other months, while at the other two sites, the model greatly underestimates 
ET across the whole year, especially during June-August. One possible reason for these unmatched results is the 
uncertainty in prescribed LAI, as in CLM, the LAI used for prescribed phenology simulation is generated from 
satellite cropland LAI, which includes the LAI of other CFTs (as mentioned in Section 2.4). At the same time, 
the meteorological data used to force the model is based on observations from the same flux site, which may 
already include atmospheric feedbacks of irrigation activities, while our land-only simulations cannot take the 
interactions between land and atmosphere into account. This could potentially explain the underestimation of 
ET in Castellaro and Mase, as the vapor pressure deficit may have already been decreased by irrigation. Using 
satellite LAI data can also explain the unrealistic irrigation water use seasonality in Mase, as non-zero crop LAI 
is a condition for activating irrigation.

The IRR simulation increases ET, while the effects are relatively limited, with the maximum monthly differences 
amounting to 0.47 mm/day in Nebraska, 0.08 mm/day in Castellaro and 1.10 mm/day in Mase (Figure 5). The 

Figure 4. Bias of irrigation water withdrawal of the four simulations: IRR_0 (a), IRR_1 (b), IRR_2 (c) and IRR (d). The 
biases are the value around year 2000, the USA (2000), China (2000) and other countries (2002). Positive values indicate 
overestimation of irrigation water withdrawal.
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seasonal patterns of these irrigation-induced impacts are in line with the simulated irrigation quantity (green bars) 
in Nebraska and Castellaro. Conversely, in Mase, the impacts are more pronounced in April and December, and 
the least substantial in July and August, when the most water is applied for irrigation. Interestingly, the increased 
ET in April, May, September to December is more similar to observations, while in other months substantial 
underestimation remains.

The impacts of irrigation with the new irrigation module (IRR-NOI) on ET components (GE, CE, and TR) vary 
among sites (Figure 5). In Nebraska, three variables have similar seasonal patterns, and are all increased by irri-
gation. Impacts on GE are in line with the irrigation amount, as GE is directly related to soil water, so the increase 
in GE is the main contributor of the increased ET in peak month (0.28 mm/day in June). Impacts on CE follow the 
same pattern, since more irrigation water means more interception when sprinkler irrigation technique is used, 
but the effect is most pronounced in September (0.12 mm/day). One possible reason is that in July and August, GE 
and TR are greatly increased, resulting in a higher air humidity at canopy height, which constrains CE, while in 
September, the increased GE and TR are less substantial than in July and August, but irrigation water application 
is still at a high level. The increase in TR remains steady between April and August (0.11–0.13 mm/day), due to 
the high LAI and alleviated water stress by irrigation (Figure A1). In Castellaro, irrigation is only activated from 
May to September, thus irrigation-induced impacts on all variables are more pronounced in this period. Irrigation 
increases GE, but slightly decreases CE and TR, which is why irrigation-induced impacts on ET in Castellaro are 
very limited. Irrigation water increases soil moisture, then facilitates GE, and shifts the peak from May to July, 
the month when the most water is applied. However, increased air moisture and decreased temperature at canopy 
height caused by GE may in turn reduce CE and TR. Impacts on GE and TR are highly related to the amount of 
irrigation water (0.26 and −0.16 mm/day in July, respectively), but similar to Nebraska, impacts on CE are more 
pronounced in September (0.05 mm/day). In Mase, irrigation is activated every month from April to December, 
and causes a great increase in GE and a small decrease in CE and TR. In paddy_3 irrigation, rice paddies are 
designed to prevent water loss through surface runoff, which causes GE to increase substantially. Interestingly, 

Figure 5. Multi-year average monthly observed evapotranspiration (ET) (black line), simulated evapotranspiration, ground evaporation (GE), canopy evaporation (CE) 
and transpiration (TR) of NOI (red lines), CTL (blue lines) and IRR (green lines), and simulated irrigation water amount (Qirr) of CTL (blue bars) and IRR (green bars) 
in Nebraska (NEB), Castellaro (CAS) and Mase (MAS). The simulation periods can be found in Table 4.
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the seasonal pattern of GE is altered by irrigation, with high values from April to June (0.52–1.28 mm/day) and 
October to December (0.61–0.83 mm/day), and with low values from July to September (less than 0.33 mm/
day). One possible reason is that high LAI during June-September (Figure A1) decreases the shortwave radiation 
absorbed by the ground, so the increase in GE is limited compared to in other months. Similar to other sites, 
increased GE then restrains CE and TR with a limited magnitude, and the peaks are in May and in October for 
CE (−0.05 mm/day) and in May for TR (−0.22 mm/day).

At all three sites, the impact of the irrigation on ET in IRR is more pronounced than in CTL (IRR-CTL), and the 
difference is small in Nebraska and Castellaro, but large in Mase (Figure 5). In Nebraska, the new scheme slightly 
increases the water used for irrigation, as water application over canopy in sprinkler method has interception loss 
before reaching the ground, causing lower soil moisture and slightly higher irrigation demand. This limited differ-
ence has small effects (on ET), less than 0.06 mm/day in peak months. The difference in GE is negligible, but CE 
is substantially increased by the new scheme due to the increased interception, while TR has little change, as root 
zone (top 0.6 m) soil moisture shows little difference between two schemes (Figure A1). In Castellaro, irrigation 
is activated from May to September in both CTL and IRR, but the new scheme substantially increases the water 
amount applied. However, the impact of the increased irrigation water on ET is small (less than 0.03 mm/day). 
Compared to the old scheme, the increased water applied for irrigation by the flood technique provides more root 
zone soil water shortly after the irrigation (Figure A1), causing a higher GE. In contrast, CE is decreased by a 
small amount, as water is applied under the canopy in the flood method (i.e., there is no change in interception). 
TR is decreased, possibly due to the same reason as in Nebraska. In Mase, not only irrigation water is increased 
in IRR, but also the irrigation period is prolonged, as the condition for activating irrigation is easier to meet in 
the new scheme. The new irrigation scheme greatly increases the irrigation-induced impacts on ET compared to 
the old scheme (up to 1.01 mm/day). This is due to the new ponding module of the paddy_3 irrigation method 
and the associated increased water applied. Rice paddies are able to hold surface water, and the root zone soil 
moisture is kept at a higher level (Figure A1) every time step, which substantially increases GE, which is the main 
contributor of the increase in ET. However, IRR decreases CE and TR compared to CTL, which may also be due 
to the increased air moisture and decreased temperature at canopy height caused by increased GE.

At all three sites, CLM generally reproduces LWup, but the performance of simulating SHF and SWup is poor 
(Figure 6). At all sites, observed SHF shows sharp decreases in months with intense irrigation (June-August in 
Nebraska and Castellaro, July-August in Mase), but the model does not reproduce them. Generally, the impacts of 
irrigation on SHF (IRR-NOI) and the difference between the original and the new irrigation module (IRR-CTL) 
are opposite to its impacts on LHF, but with a smaller magnitude, and Mase remains the most affected site, espe-
cially during April-May and October-November. Simulations in Nebraska and Mase both overestimate LWup 
slightly (there are no LWup observations in Castellaro), and irrigation decreases LWup (IRR-NOI). This decrease 
is more pronounced in Mase during April-May and October-November, which greatly reduced the bias. As for 
SWup, CLM overestimates the observed values at all three sites, possibly due to the model's poor ability to repro-
duce the surface albedo or because of uncertainties in the prescribed LAI data. The impacts of irrigation on SWup 
are negligible because phenologies are prescribed in the single-point simulations, irrigation therefore has little 
impact on surface albedo. To better understand the surface energy balance, we also plot downwelling shortwave 
radiation (SWdown) and downwelling longwave radiation (LWdown) (as forcings obtained from reanalysis), 
simulated GHF and Rnet (Figure A2). The impacts of irrigation on GHF and Rnet are small in both Nebraska and 
Castellaro, but there are pronounced impacts in Mase. With the original irrigation module (CTL), the impact of 
irrigation on Rnet is generally small, while with the new module (IRR), the influence is more pronounced, espe-
cially during April–May and November–December when Rnet increases, mainly due to the decreased LWup. For 
GHF, the differences between the three simulations are time-varying. Compared to NOI, CTL simulates a lower 
GHF throughout the simulation period, as it has a higher LHF. However, IRR reports a higher GHF during 
June-August, which can be attributed to the increased Rnet, while after September, GHF falls less than NOI and 
CTL due to the increase in LHF.

Overall, the new irrigation methods have limited impacts on ET, except paddy_3 irrigation in non-peak season, 
when the ET increased substantially and now much better matches with the observations. When splitting the 
impacts on ET to those on GE, CE and TR, we find that the three new methods have seasonally varying effects 
on the ET components. Irrigation has opposite, but smaller impacts on SHF compared to LHF (ET). The impacts 
of irrigation both with the original and the new irrigation module are small on radiation fluxes except in Mase.

 19422466, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022M

S003074 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [03/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Advances in Modeling Earth Systems

YAO ET AL.

10.1029/2022MS003074

12 of 27

3.3. Irrigation-Induced Impacts on Water Cycle and Energy Budget

In a global-scale, land-only simulation using the new irrigation module (IRR), evaporation (E: GE + CE), TR 
and total column soil water (TSW) generally increase over irrigated land, whereas runoff (R: calculated as runoff 
minus irrigation water withdrawal) decreases (IRR-NOI: Figure  7). Compared to the impacts of the original 
module (CTL), there is little change in the spatial pattern of these effects: the most pronounced effects occur 
over densely-irrigated lands, such as India, central China and western USA (CTL-NOI: Figure A3). However, the 
magnitude of the effects between IRR and CTL notably differs, whereby IRR has larger impacts for most of the 
variables (IRR-CTL: Figure A5). Compared to the original module, more R is extracted and applied into agricul-
tural fields with the new module, which increases TSW and in turn stimulates more E. The effect on TR is more 
complicated, as the new irrigation module decreases TR over most of the irrigated land, and even reverses the 
sign of irrigation-induced impacts on TR in some pixels over central China. Possible reasons for the suppressed 
TR include the increased near-surface moisture and decreased temperature via higher E or the changes in crop 
phenology caused by irrigation.

Regarding energy fluxes, Irrigation enhances LHF, and reduces SHF, SWup, and LWup, and these impacts have 
a similar spatial pattern as the impacts on hydrological variables (Figure 8). In our study we did not couple CLM 
with an atmospheric model. Therefore, the decrease in LWup may be attributed to the cooling effect of irrigation 
on land surface temperature, as LWup has a positive correlation with land surface temperature. In global simula-
tions, the impacts of irrigation on SWup are minor, and the effects can be attributed to the changes of the phenol-
ogy of crops, which may together decrease the surface albedo. IRR also demonstrates stronger impacts compared 
to CTL, but overall, the magnitude of the difference between the impacts of two irrigation schemes (IRR-CTL) 
is less pronounced than the effect of switching on the original irrigation scheme (CTL-NOI; Figure A4 and A6).

To quantify these irrigation-induced impacts, we calculate the spatially averaged difference in variables between 
NOI, CTL, and IRR over global and regional irrigated land (Figure 9). Compared to NOI, CTL substantially 

Figure 6. Multi-year average monthly observed (black line) and simulated latent heat flux (LHF), sensible heat flux (SHF), upwelling longwave radiation (LWup) and 
upwelling shortwave radiation (SWup) of NOI (red lines), CTL (blue lines) and IRR (green lines), and simulated irrigation water amount of CTL (blue bars) and IRR 
(green bars) in Nebraska (NEB), Castellaro (CAS) and Mase (MAS). The simulation periods can be found in Table 4.
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Figure 7. Impacts of irrigation (IRR-NOI) on the water cycle, including evaporation (a), transpiration (b), runoff (c) and total 
column soil water (d) for the period 1986–2015. Runoff plotted here is calculated as runoff minus irrigation water withdrawal.

Figure 8. Impacts of irrigation (IRR-NOI) on the energy cycle, including latent heat flux (a), sensible heat flux (b), 
upwelling shortwave radiation (c) and upwelling longwave radiation (d) for the period 1986–2015.
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increases E (∼18  mm/yr), TR (∼11  mm/yr) and TSW (∼17  kg/m 2), and reduces R (∼-19.0  mm/yr). As the 
most densely irrigated region, SAS is the region where the impacts are the most pronounced with a decrease at 
∼66 mm in R per year, and an increase of ∼67 mm in E, ∼35 mm in TR and ∼34 kg/m 2 in TSW per year. Other 
regions where the effects occur, albeit less substantial, are NCA, MED, and EAS and SEA. Similar results are 
also found for energy budget variables. CTL increases LHF by 1.4 W/m 2 relative to NOI, and decreases SHF, 

Figure 9. Spatial mean changes in evaporation (E, mm/year), transpiration (TR, mm/year), runoff (R, mm/year) and total 
column soil water (TSW, kg/m 2) (a, c, e), latent heat flux (LHF, W/m 2), sensible heat flux (SHF, W/m 2), upwelling shortwave 
radiation (SWup, W/m 2) and upwelling longwave radiation (LWup, W/m 2) (b, d, f) between the simulations CTL and NOI (a) 
and (b), IRR and NOI (c) and (d), IRR and CTL (e) and (f) over global (GLO) and regional irrigated land (pixels with more 
than 10% irrigated land): Northern Central America (NCA), Mediterranean (MED), South Asia (SAS), East Asia (EAS) and 
Southeast Asia (SES) for the period 1986–2015.
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SWup and LWup by ∼0.90, ∼−0.12, and ∼−0.38 W/m 2 over global irrigated land, respectively. In SAS, these 
impacts are intensified to 5.3, −3.2, −0.4, and −1.8 W/m 2, respectively.

Compared to CTL, IRR shows stronger impacts on the water cycle (Figure 9). Over global irrigated land, IRR 
increases E by ∼4.3 mm/yr and TSW by ∼20 kg/m 2, while TR decreases by ∼−0.3 mm/yr and R by ∼4.1 mm/
yr compared to CTL. The relative change between IRR and CTL is very pronounced for TSW, as the new irri-
gation scheme greatly improves the quantity of water applied into the field, and the new ponding module for 
rice paddies prevents more water from being lost as runoff. Impacts on E and TR are consistent with the results 
of the single-point experiments (Section 3.2): E increased and TR slightly decreased. Despite the rise in water 
extraction for irrigation, the impacts of the new irrigation scheme on R are also small, as a considerable part of 
the water applied in the field, except rice paddies, is lost as return flow. Due to its densely distributed rice paddies, 
SAS remains the region where the new irrigation scheme most strongly affects all variables, and interestingly, 
the difference of E and R between CTL and IRR are larger in SEA than in NCA, MED, and EAS, although the 
difference between NOI and CTL are less pronounced in this region. The reason may be that in CTL, irrigation 
demand is very small due to local meteorological conditions, whereas in IRR, more water is applied for irrigation, 
contributing to enhanced influences. In addition, the main crop type in this region is rice, and paddy_3 irrigation 
has more pronounced impacts than other methods.

Similar intensifying effects of IRR are also found when considering the surface energy balance (Figure 9). The 
irrigation-induced impacts on four surface energy fluxes are all increased in the new irrigation scheme, and amount 
to ∼0.34, ∼−0.22, ∼−0.03 W/m 2 and ∼-0.12 W/m 2 for LHF, SHF, SWup, and LWup, respectively, over global 
irrigated land (Figure 9). Among them, turbulent heat fluxes experience stronger changes than upwelling radia-
tion fluxes, and the reason may be that compared to the turbulent heat fluxes, the radiative fluxes are less directly 
affected by the irrigation water amount but more constrained by other factors (e.g., land cover). Additionally, the 
changes in radiative fluxes might be larger in a coupled simulation that allows for dynamic atmospheric responses. 
As with the effects on water cycle, SAS is the region where the impacts are most pronounced, and the influence on 
the energy budget is also stronger with the new irrigation scheme in SEA than in NCA, MED, and EAS.

The irrigation-induced impacts on hydrology and energy vary across different periods of the year (Figures 10 
and 11 and Figures A7, and A8). Over global irrigated land, both IRR and CTL increase E, TR, and LHF, decrease 
SHF, LWup, and SWup in the peak growing season (May–September), but in other months, these impacts are 
less noticeable. This is because most of irrigation water is applied in these periods. Unlike these variables, TSW 
is increased over the whole year, and the impacts in July are slightly more pronounced than in other months. R is 
decreased in April–July, then increased in August–January. The reason is that during growing seasons, water  is 
extracted for irrigation; then in other months, the increased soil moisture decreases the infiltration rate when 
rainfall occurs. The irrigation-induced impacts on all variables except R do not change their seasonal pattern in 
most of the regions. The only exception is SAS, where the great increase in E, TR and LHF during the growing 
season even alters the seasonal patterns, shifting the peak of E and LHF from October to June, and the peak of 
TR from May to June.

Overall, most of the irrigation-induced effects in the water and energy cycle are enhanced when switching from 
the original to the new irrigation scheme, while the spatial patterns of these impacts generally do not change. The 
magnitude by which these variables change differs between regions, but in each case, SAS remains the region 
that is the most influenced by the new irrigation scheme. Compared to regions like NCA, MED and EAS, SEA 
appears more sensitive to the switch to the new irrigation scheme due to densely distributed rice paddies in this 
region. Irrigation could alter the seasonal pattern of R, while for other variables, the impacts on seasonal cycle 
are small, except for evapotranspiration in SAS.

4. Discussion
The original irrigation module of CLM was found unable to reproduce irrigation water withdrawals accurately 
in SEA and EAS (Thiery et al., 2017). Prior studies have bridged this gap by calibrating the target soil water, 
and found that in East USA, South China and some countries in SEA, the optimal target soil water is near to 
the saturated value, which is the case of the flood technique in our development (Leng et al., 2015). Due to the 
underestimation of irrigation water withdrawals in the original scheme in some densely irrigated lands, like SEA, 
the simulated irrigation-induced impacts on climate were not pronounced in those regions when using earlier 
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versions of CLM (e.g., Thiery et al., 2017). With the new irrigation module, the irrigation-induced impacts in this 
region are larger. Results also report an unrealistic overestimation over North central China. Previous research 
shows that in this area, due to irrigation water use, the groundwater table has been decreasing in the past two 
decades (Wang et al., 2019). This indicates that farmers face water scarcity in this region. A regional study with 
the ORCHIDEE land surface model found a similar overestimation in the same region and showed that imple-
menting a water availability limitation could alleviate the bias (Yin, Wang, et al., 2020). This contrasts with other 
regions where irrigated areas are less dense, or where water storage techniques like reservoirs and canals can 
more readily ensure that the irrigation demand can be met.

Despite the various effects of different irrigation methods, there is a consistency of decrease in SHF and increase 
in LHF. Several previous studies have also highlighted the decrease in the ratio of SHF and LHF (Bowen Ratio) 
(Chen & Jeong, 2018; Cook et al., 2015; Thiery et al., 2017), as the added water by irrigation can absorb more 
energy while evaporating. Moreover, there is also consistency of irrigation-induced impacts on longwave radia-
tion. Cook et al. (2011) and Cook et al. (2015) report increase in net longwave radiation with coupled simulations, 
which has also been found in this study (fixed LWdown and decreased LWup).

While the newly developed irrigation module improves irrigation water withdrawal, some limitations still exist in 
this study. First, simulating irrigation using the original or new scheme does not dramatically improve the perfor-
mance in simulating land fluxes at single-point sites. The impact of irrigation on most variables has a positive 
correlation with the amount of water used for irrigation, but whether it can improve the model performance varies 
across the sites. To improve our understanding of the new irrigation scheme's impacts on site-specific land fluxes 
and hydrological variables, more sites in different regions, with different crop types and irrigation methods, 
should be used for further study. However, a major issue is that at most crop sites with available observations, 
crop rotation is widely used (especially wheat and maize rotation), an agricultural management practice which is 
currently not simulated in CLM. In the future, with a CLM module simulating crop rotation, the performance of 

Figure 10. Multi-year average monthly simulated evaporation, transpiration, runoff and total water storage over global (GLO; a–d), Western North America (WNA: 
e–h) and South Asia (SAS: i–l) irrigated land. The analysis period is 1986–2015. Runoff plotted here is calculated as runoff minus irrigation water withdrawal.
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water and energy cycle simulations over croplands could be further improved. Second, the irrigation distribution 
map data contains uncertainties. The gridded data was generated by a decision tree approach, as the statisti-
cal data of irrigation methods are only available at the national scale (FAO, 2014; Jägermeyr et al., 2015). As 
mentioned in Section 2.4, we further simplify the irrigation method distribution map to reduce CLM computation 
time. In the future, if computation allows, simulations with a more realistic irrigation method distribution map 
could be conducted, which may help to further improve the model. Third, in all simulations of this study we do 
not consider the atmosphere-land, ocean-land and atmosphere-ocean interactions, as we conduct land-only simu-
lations to evaluate the impact of the new irrigation module. However, irrigation has been shown to change local 
and non-local meteorological conditions (e.g., Chen & Jeong, 2018; Chou et al., 2018; de Vrese et al., 2016). 
Ignoring these effects may be a reason for the neutral performance of the new module in single-point simulations, 
thus in future studies, coupled simulations of CESM should be conducted to detect the irrigation-induced impacts 
on climate. Finally, in our global simulations, we use the crop model of CLM, which controls crop phenology 
based on series of meteorological conditions, but in reality, the crop calendar is more affected by farmers' deci-
sions. In future, if allowed by CLM, global simulations with satellite phenology for different CFTs may be better 
for these studies.

More developments could still be made to further improve the performance of the model. First, in our develop-
ment, some values, such as target and threshold soil water, are kept adjustable. A calibration of these parame-
ters could potentially further improve the ability of the model to reproduce global irrigation water withdrawal. 
Second, we do not account for conveyance and application losses, which may be the reason for the underesti-
mations of irrigation water withdrawal over some regions, and implementing irrigation water use efficiency 
could further improve the model performance over these regions. At the same time, with some newly developed 
irrigation techniques in this study, soil moisture cannot be kept at the design level (Figure A1b,A1c), which may 
cause yield penalties. To solve this problem, calibration of the quantity of extra water used for irrigation could be 

Figure 11. Multi-year average monthly simulated latent heat flux, sensible heat flux, upwelling longwave radiation and upwelling shortwave radiation over global 
(GLO; a–d), Western North America (WNA: e–h) and South Asia (SAS: i–l) irrigated land. The analysis period is 1986–2015.
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done in future studies. Third, in our simulations the limitation of water availability is not applied, as the irrigation 
water sources are not always well represented in CLM. This may be the reason for the overestimation over some 
regions. As our simulations do not impose water availability limitations, the irrigation-induced impacts in this 
study should be considered as potential impacts. A better representation of various water sources and limitations 
of irrigation water will be needed if we want to further optimize the simulation of irrigation water quantity 
and simulate the irrigation-induced effects more realistically in CLM. Moreover, some specific irrigation meth-
ods may need further developments. In this study, for cropland irrigated by drip irrigation, we use the original 
scheme, which entails some limitations. Although the irrigation amount is calculated as the deficit between target 
soil water and actual soil water, runoff and evaporation losses may occur during irrigation application, as water 
is applied to the soil surface. To avoid this problem, in the LPJmL model, developers apply drip irrigation under 
surface, and decreased the soil evaporation of irrigation water by 60% (Jägermeyr et al., 2015). In ORCHIDEE, 
the amount of water used for drip irrigation is assigned as the deficit between potential TR and precipitation 
plus reinfiltration (Yin, Wang, et al., 2020). In our study, drip irrigation is the dominant method in only a very 
limited number of grid cells worldwide, hence we did not further modify this scheme. However, when analyzing 
the effects of drip irrigation method, further improvements of this irrigation technique may be useful. At the 
same time, for paddy irrigation, the activation condition is based on soil moisture deficit, but in reality, farmers 
also apply irrigation for other reasons like pest control. Furthermore, for all irrigation methods, the water is not 
uniformly applied in reality. For example, in drip irrigation water is applied at the root zone of crop plants, and 
in sprinkler irrigation water is sprayed in a circle, rather than uniformly applied over the whole field. To solve 
this problem, an additional parameter, distribution uniformity, was introduced and used by Burt et al. (1997) and 
Jägermeyr et al. (2015). However, in the current CLM representation, it is not straightforward to implement this 
distribution uniformity functionality, as water is automatically applied over the whole cropland for each CFT.

5. Conclusion
In this study we implement various irrigation methods in the CLM. These irrigation methods vary in the amount 
of water used for irrigation, method of application and ability to store the surface water. Based on our evaluation 
of irrigation water withdrawal, we find an optimal combination of irrigation techniques (surface, sprinkler and 
paddy_3), and implement it as the new irrigation module. Then, by conducting single-point simulations, we detect 
the impacts of irrigation on evapotranspiration components and surface energy fluxes. Finally, we employ the 
new irrigation module to detect the irrigation-induced impacts on global water cycle and energy balance. Results 
reveal that the impacts of different irrigation methods on surface water and energy budgets vary by region, season, 
and irrigation method, affecting the magnitude and pattern of global irrigation-induced impacts. It indicates that 
considering the spatial heterogeneity of irrigation methods is important for analyzing the impacts of irrigation 
on climate. Our newly developed irrigation module substantially improves the ability to simulate irrigation water 
withdrawals and considers different irrigation techniques, making it a useful tool to study these impacts.

Appendix A
In Table A1 the corresponding Crop Function Types (CFTs) in the data from Jägermeyr et al. (2015) and the CLM 
surface dataset are shown. There are 14 CFTs in the data from Jägermeyr et al. (2015) and 32 irrigated CFTs in the 
CLM surface dataset (one is not included in the table as it indicates the general irrigated crop). The meteorolog-
ical variables used for forcing the model are listed in Table A2, and the difference between the settings of global 
and single-point simulations are listed in Table A3.
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CFTs in Jägermeyr et al. (2015) CFTs in CLM

Temperate cereals Spring wheat

Winter wheat

Barley

Winter barley

Rye

Winter rye

Rice Rice

Maize Temperate maize

Tropical maize

Tropical cereals Millet

Sorghum

Pulses Pulses

Temperate roots Sugar beet

Tropical roots Cassava

Sunflower Sunflower

Soybean Temperate soybean

Tropical soybean

Groundnut Groundnuts

Rapeseed Rapeseed

Sugarcane Sugarcane

Others Citrus

Cocoa

Coffee

Cotton

Date palm

Grapes

Oil palm

Potatoes

Managed grasslands Fodder grass

Miscanthus

Switchgrass

Table A1 
Corresponding Crop Functional Types (CFTs) in Data and in Community Land Model (CLM)
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Figure A1 shows the simulated daily root zone (0-0.6 m) soil moisture of three simulations and monthly LAI in 
the three sites (Nebraska, Castellaro and Mase). In all three sites, turning on irrigation (CTL-NOI or IRR-NOI) 
can substantially alleviate the water stress in all three sites. However, the differences between the original and the 
new irrigation module (IRR-CTL) vary. The differences are related to the irrigation technique applied (sprinkler 
in NEB, flood in CAS and paddy_3 in MAS). Figure A2 provides the observed downwelling longwave radiation 
(LWdown) and downwelling shortwave radiation (SWdown) which are used to force the single-point simulations, 
and simulated ground heat flux (GHF) and net radiation (Rnet) for different simulations over all three sites. 
Figure A3, A4, A5, and A6 show the differences in hydrological and energy variables between the simulation 
with the old irrigation module and the simulation without irrigation (CTL-NOI) and between the simulations 
with the original and the new irrigation modules (IRR-CTL). Figure A7 and A8 provide the multi-year average 
monthly simulated hydrological and energy variables for other three regions (MED, EAS and ESA).

Simulations CFTs Vegetation state Crop model Water availability limitation

Global Multi Prognostic On No

Single-point Single Prescribed Off No

Table A3 
Settings of Global and Single-Point Simulations

Table A2 
Meteorological Variables in Forcing Data

Variable Long name Unit

TBOT Temperature at the lowest atmosphere level K

PRECTmms Total precipitation mm H2O/s

FSDS Total incident solar radiation W/m 2

FLDS Incident longwave radiation W/m 2

PSRF Surface pressure at the lowest atmosphere level Pa

WIND Wind speed at the lowest atmosphere level m/s

QBOT (RH) a Specific (relative) humidity at the lowest atmosphere level kg/kg (%)

 aOnly one of these two variables is required.
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Figure A1. Daily simulated root zone (0–0.6 m) soil moisture (SM) and observed land area index (LAI) in Nebraska (NEB: 
2005–2007), Castellaro (CAS: 2009–2010) and Mase (2012). The LAI data used here is a monthly LAI climatology from 
MODIS.
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Figure A3. Impacts of irrigation with the original irrigation module (CTL-NOI) on the water cycle, including evaporation 
(a), transpiration (b), runoff (c) and total column soil water (d).

Figure A2. Multi-year average monthly observed downwelling longwave radiation (LWdown), downwelling shortwave radiation (SWdown) (black line) and simulated 
ground heat flux (GHF) and net radiation (Rnet) of NOI (red lines), CTL (blue lines) and IRR (green lines), and simulated irrigation water amount of CTL (blue bars) 
and IRR (green bars) in Nebraska (NEB), Castellaro (CAS) and Mase (MAS). The simulation periods can be found in Table 4.
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Figure A4. Impacts of irrigation with the original irrigation module (CTL-NOI) on the energy cycle, including latent heat 
flux (a), sensible heat flux (b), upwelling shortwave radiation (c) and upwelling longwave radiation (d).

Figure A5. Difference between the impacts of irrigation with two irrigation modules (IRR-NOI) on the water cycle, 
including evaporation (a), transpiration (b), runoff (c) and total column soil water (d).
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Figure A7. Multi-year average monthly simulated evaporation, transpiration, runoff and total water storage over Mediterranean (MED: a–d), East Asia (EAS: e–h), 
Southeast Asia (SEA: i–l) irrigated land. The analysis period is 1986–2015.

Figure A6. Difference between the impacts of irrigation with two irrigation modules (IRR-NOI) on the water cycle, 
including evaporation (a), transpiration (b), runoff (c) and total column soil water (d).
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Data Availability Statement
CLM5 is publicly available through the Community Terrestrial System Model (CTSM) repository: https://
github.com/ESCOMP/CTSM/. All scripts developed for this study are available at: https://github.com/
VUB-HYDR/2022_Yao_etal_JAMES/tree/0.1.0; https://doi.org/10.5281/zenodo.7104997. Finally, all data used 
in simulations and analysis are available at https://doi.org/10.6084/m9.figshare.20711392.v1.
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