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Abstract. Land cover and land management changes (LCLMCs) play an important role in achieving low-end warming scenar-

ios through land-based mitigation. However, their effects on moisture fluxes and recycling remain uncertain although they have

important implications for the future viability of such strategies. Here, we analyse the impact of idealised LCLMC scenarios

on atmospheric moisture transport in three different ESMs: the Community Earth System Model (CESM), the Max Planck

Institute Earth System Model (MPI-ESM) and the European Consortium Earth System Model (EC-EARTH). The LCLMC5

scenarios comprise of a full cropland world, a fully afforested world, and a cropland world with unlimited irrigation expan-

sion. The effects of these LCLMCs in the different ESMs are analysed for precipitation, evaporation and vertically integrated

moisture flux convergence to understand the LCLMC-induced changes in the atmospheric moisture cycle. Then, a moisture

tracking algorithm is applied to assess the effects of LCLMCs on moisture recycling at the local (grid cell level) and the global

scale (continental moisture recycling). Our results indicate that LCLMCs are generally inducing consistent feedbacks on mois-10

ture fluxes over land in all ESMs. Cropland expansion causes drying and reduced local moisture recycling in all ESMs, while

afforestation and irrigation expansion generally cause wetting and increased local moisture recycling. However, the strength

of this influence varies in time and space and across the ESMs and shows a strong dependency on the dominant driver: Some

ESMs show a dominance of large scale atmospheric circulation changes while other ESMs show a dominance of local to

regional changes in the atmospheric water cycle only within the vicinity of the LCLMC. Overall, these results corroborate15

that LCLMCs can induce large effects on the atmospheric water cycle and moisture recycling, but more research is needed to

constrain the uncertainty of these effects within ESMs and better evaluate land-based mitigation strategies.
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1 Introduction

Currently, about three quarters (∼100 *106 km2) of the ice-free land surface has undergone some kind of anthropogenic land

cover or land management change (LCLMC) (Luyssaert et al., 2014; Mbow et al., 2017). All these modifications are important20

drivers of climate change as they alter the carbon cycle (biogeochemical effects) and affect surface properties, which impact

the energy and water balance (biogeophysical effects) (Pongratz et al., 2010; Bonan, 2008; Pongratz et al., 2021) and feed

back on the local to global climate (Winckler et al., 2019; Boysen et al., 2020; Portmann et al., 2022; De Hertog et al., 2023).

Therefore, future LCLMCs are increasingly seen as a viable tool for land based mitigation and play a crucial role within low

warming emission scenarios (Rogelj et al., 2018; Seneviratne et al., 2018). Hence, exploring and understanding the extent to25

which LCLMCs influence climate has become key to develop effective mitigation and adaptation strategies (Lawrence et al.,

2016).

From a biogeophysical perspective, LCLMCs lead to changes in the albedo, aerodynamic conductance and the partition-

ing between the sensible and latent heat flux which has an impact on atmospheric temperature and moisture content (Bowen,30

1926; Wang et al., 2009). For example, tropical deforestation is expected to further dry and warm the regional climate (Bonan,

2008; Akkermans et al., 2014; Spracklen et al., 2018). In contrast, irrigation expansion can cause a local to regional cooling

and moistening of the atmosphere (Mahmood et al., 2014; Thiery et al., 2017, 2020; Hauser et al., 2019; Tuinenburg et al.,

2014). Evaporation, being the link between the surface energy and the water balance (Shukla and Mintz, 1982), modulates

the influence of LCLMCs on atmospheric conditions (van der Ent et al., 2010; Spracklen et al., 2012). Tracking the origins35

of precipitation back to evaporation and determining the fraction of terrestrial precipitation that originates from land — here

referred to as continental precipitation recycling (van der Ent et al., 2010) — can increase our understanding of the effects of

future LCLMCs on the climate. On the other hand, the fate of land evaporation can be determined and illustrates the reach

of local LCLMCs; the fraction of terrestrial evaporation precipitating over land is often referred to as continental evapora-

tion recycling (van der Ent et al., 2010). Even though, it is well established that LCLMC can affect these moisture recycling40

strengths (Wang-Erlandsson et al., 2018; Benedict et al., 2020) — i.e., the degree to which terrestrial precipitation depends on

land evaporation — this is rarely quantified within dedicated ESM studies. Most studies that quantify the effects of LCLMCs

on the atmospheric moisture cycle focus on the changes in moisture fluxes, but often cannot unravel the role of local and

continental moisture recycling in these differences (Tuinenburg et al., 2020; Hoek van Dijke et al., 2022; Baudena et al., 2021;

Wunderling et al., 2022; Staal et al., 2018). Those studies that do account for moisture recycling in assessing the effects of45

LCLMC generally apply reanalysis based recycling ratios (Tuinenburg et al., 2020; Hoek van Dijke et al., 2022; Baudena et al.,

2021; Wunderling et al., 2022; Staal et al., 2018) which do not include the two-way feedbacks of circulation changes and the

water cycle. By analysing dedicated ESM simulations for LCLMC we are able to address these shortcomings and include the

effects of atmospheric circulation changes on moisture recycling.

50
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Idealized or extensive implementations of LCLMCs within ESM simulations are used to cope with weather-induced noise

that dampens climatic responses (Winckler et al., 2017a; Boysen et al., 2020). Within such simulations, large-scale atmospheric

circulation changes have been shown to occur as a consequence of LCLMC (Goessling and Reick, 2011; Boysen et al., 2020;

Portmann et al., 2022; Devaraju et al., 2018; Laguë et al., 2019). However, most studies have only focused on one LCLMC type

(e.g. Boysen et al., 2020; Laguë et al., 2019; Devaraju et al., 2018)) and only used a single ESM (e.g. Portmann et al., 2022;55

de Vrese et al., 2016). Further, these studies generally cannot distinguish explicitly between the influence of local processes

(directly induced by the LCLMC) and non-local or remote processes (induced by LCLMC elsewhere, including circulation and

advection changes). The study of De Hertog et al. (2023) presented a first multi-model intercomparison using three different

ESMs and four different LCLMC types in which a clear distinction between local and non-local biogeophysical effects was

established through the checkerboard LCLMC implementation as developed by Winckler et al. (2017a). These simulations60

facilitated the comparison of the climate changes induced by different LCLMC types and to grasp the multi-model uncertainty.

Here, we assess the atmospheric water cycle responses to idealised LCLMC scenarios using global simulations of three dif-

ferent ESMs (De Hertog et al., 2023). The simulations comprise different idealised LCLMC scenarios — from afforestation,

over cropland expansion to irrigation expansion — and have been implemented in a checkerboard pattern. The simulation setup65

and the moisture tracking algorithm and its derived metrics are described below (Section 2). We first analyse the ESM output

for changes in the atmospheric water cycle including evaporation, precipitation, and atmospheric moisture flux convergence

(Section 3.1). Second, we analyse the moisture tracking algorithm output to assess the direct effects of LCLMCs on moisture

recycling and unravel local and remote drivers of the analysed moisture flux changes. This is done on a local scale using the

concept of ’length scales’ of moisture recycling (Section 3.2), and on a continental scale using continental recycling ratios70

(Section 3.3). Finally we highlight the most important findings and implications of this research (Section 4. and 5.).

2 Methods

2.1 ESM simulations

The ESM simulations analysed here were conducted within the LAnd MAnagement for CLImate Mitigation and Adaptation75

(LAMACLIMA) project and are presented in detail in De Hertog et al. (2023). In this project, different sensitivity experiments

were performed for three ESMs, i.e., the Community Earth System Model version 2.1.3 (CESM), the European Community

Earth-System Model 3-Veg v3.3.3.1 (EC-EARTH), and the Max-Planck Institute Earth System Model 1.2 low resolution (MPI-

ESM). See De Hertog et al. (2023) for detailed model descriptions. The experiments comprise four simulations of LCLMC

scenarios. One scenario is the control case (hereafter referred to as CTL), which is conducted with a constant land cover cor-80

responding to the year 2015. The three remaining scenarios represent an extreme case of single specific LCLMCs, namely

afforestation (FRST), cropland expansion (CROP), and irrigation expansion (IRR). Here, irrigation is applied on top of the

cropland expansion. Thus, while the impact of afforestation and cropland expansion is always evaluated with respect to the
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control simulation (i.e., differences are calculated as FRST–CTL and CROP-CTL), the impact of irrigation is evaluated with

respect to the cropland expansion simulation (IRR-CROP). All simulations cover a period of 160 years under a present-day85

climate forcing (corresponding to the year 2015).

The LCLMC scenarios are generated from the CTL scenario land cover by inducing the LCLMC in a checkerboard-like

pattern as presented in Winckler et al. (2017a). The resulting LCLMC is shown in Figure 1. This implies that the different

LCLMCs are implemented in every other pixel (i.e. only 50% of hospitable land grid cells have undergone LCLMC), while90

all other forcings (i.e. greenhouse gas, stratospheric aerosols,...) remain identical to the initial CTL scenario configurations.

Even though, a structured approach was taken to implement the LCLMCs in the different ESMs, the geographical extent of

irrigation and afforestation differs strongly among different ESMs due to each model’s native schemes on irrigation and the

transition to forest. This is especially the case for the EC-EARTH afforestation simulation, in which the afforestation simulated

was extremely low compared to the other ESMs (Figure 1d,e,f). Therefore, the afforestation scenario from EC-EARTH is not95

considered in this study. Likewise, large discrepancies regarding the simulated irrigation expansion are related to different

irrigation parameterisations being implemented in the different ESMs (see appendix B in De Hertog et al., 2023). Within the

model version of EC-EARTH used in this study, irrigation does not cause any biogeophysical feedbacks such that it does

not induce any feedbacks on atmospheric moisture. Hence, the irrigation expansion scenario from EC-EARTH is also not

considered in this study.100

Figure 1. Land cover and land management changes as implemented in the three different ESMs. Cropland expansion (CROP-CTL ; a, b,

c), afforestation (FRST-CTL ; d, e, f), and irrigation expansion (IRR-CROP ; g, h, i) implemented in CESM, MPI-ESM, and EC-EARTH,

respectively. Both, cropland expansion and afforestation, are shown as a change in area fraction (%) while irrigation expansion is shown

through the irrigation flux in mm/year.
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This checkerboard-like implementation of the LCLMCs enables a signal separation of the ESM response into local and

non-local components (Winckler et al., 2017a; De Hertog et al., 2023). The local effects refer to changes directly induced by

the LCLMC within the grid cell while the non-local effects refer to changes induced by LCLMC elsewhere through changes

in atmospheric circulation or advection. This separation is only applicable to (near-)surface variables and not to variables rep-

resenting processes that extend higher into the atmosphere, as there is mixing between different grid cells above the surface.105

Therefore, the signal separation is not applied to the results for which atmospheric variables were used. Instead, we analyse

the ESM output directly which represents an extreme case of LCLMC applied in a checkerboard pattern. For the variables

where signal separation can be applied, we provide the figures in Appendix A to support interpretations of these signals. All

calculations are applied at each ESM’s native spatial resolution (latitude x longitude) (MPI-ESM: 1.88° x 1.88°, CESM: 0.90°

x 1.25°, EC-EARTH: 0.7°x 0.7°).110

2.2 LCLMC-induced impact on the net water fluxes

To understand the net change in the atmospheric water cycle induced by the different LCLMCs, we first analyse their effects

on evaporation and precipitation and compare them to the reference simulation of each LCLMC scenario. In addition, the

vertically integrated moisture flux convergence (MFC) is computed using the basic principles of conservation of water vapor115

(Banacos and Schultz, 2005; Cook, 2009; Thiery et al., 2016; Van de Walle et al., 2020), as shown in Eq. 1 below.

P −E ≈− 1
gρw

pTOA∫

ps

(∇ · qv)dp (1)

Where g is the gravitational acceleration [m/s2], ρw is the density of water (1000 kg/m3), ps and pTOA is the pressure at

surface level and top of the atmosphere respectively, q represents the specific humidity of an air parcel [kg/kg], v its horizontal

wind vector [m/s], P is the precipitation flux per unit area [m/s], E is the surface evaporation flux per unit area [m/s]. ∇· (qv)120

is the atmospheric moisture convergence from the surface to the top of the atmosphere (TOA). The MFC is computed based on

6-hourly data along the available pressure levels of each ESM. For EC-EARTH, only eight atmospheric levels were available,

which is insufficient to compute MFC. Hence, P−E is used as a proxy for the MFC in EC-EARTH. Over land, MFC or P−E

are often used a proxy for water availability (Van de Walle et al., 2020; Thiery et al., 2016), and changes of these measures can

help understand the impacts of LCLMCs on the redistribution of water over land.125

The comparison of P , E, and MFC changes with respect to the corresponding reference simulation is performed for the

three different LCLMC scenarios, i.e., cropland expansion, afforestation, and irrigation. We focus on annual mean values for

the analysis. However, seasonal means (DJF: December, January, February; JJA: June, July, August) are shown in Appendix

B.
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2.3 Moisture tracking analysis130

To further quantify the direct influence of LCLMCs on precipitation and unravel the reach of locally-induced LCLMC on

precipitation and water availability, we perform a moisture tracking analysis. Here, we apply the Eulerian moisture tracking

model WAM-2layers (van der Ent et al., 2014; Benedict et al., 2020) to identify the origin of precipitation and the fate of

evaporation in the ESM simulations and to evaluate the impact of LCLMC-induced evaporation changes on precipitation and

water availability. The output of WAM-2layers is then used to compute several metrics relevant to moisture recycling, which135

can help uncover LCLMC-induced effects within the different ESMs. In this study, we focus on two spatial scales of moisture

recycling: (i) local recycling and (ii) continental recycling. Further, as local moisture recycling is defined on the grid-cell

area of each ESM, which differs by definition (see Sect. 2.1), additional scale-independent metrics are used. Evaporation and

precipitation length scales (van der Ent et al., 2010) illustrate the distance that moisture travels on average to or from a given

grid cell. In the following, all recycling metrics are presented at annual time scales. Details on the setup of WAM-2layers and140

the definition of moisture recycling metrics are presented in more detail in the following sections.

2.3.1 WAM-2layers

A moisture tracking algorithm, the Water Accounting Model - 2 layers (WAM-2layers, van der Ent et al. (2014)), is applied

to analyse the effects of the different LCLMCs on moisture recycling. We use a recent version of this algorithm, which was

modified to ingest climate model data with limited vertical levels (Benedict et al., 2020). This moisture tracking algorithm uses145

a Eulerian approach to solve the atmospheric moisture balance over each grid cell and a specified time step (van der Ent et al.,

2014). Model outputs comprise the origins of precipitation or evaporation at the local scale or continental scale depending on

which tracking is performed, and facilitate the quantification of local and continental moisture recycling measures (van der

Ent et al., 2010; van der Ent et al., 2014, see below). The algorithm has been applied numerous times in recent years for ESM

output (Benedict et al., 2020; Guo et al., 2020; Findell et al., 2019; Bosmans et al., 2020). Since for tracking the moisture, the150

computational power required does not depend on the size of the region, it is specifically suitable for moisture recycling of

climatologies in contrast to the Lagrangian tracking schemes, whose computational demand scales linearly with the size of the

region of interest (Van der Ent et al., 2013).

Here, the surface and atmospheric data from all ESM simulations at the original spatial resolution (see Sect. 2.1) and the

finest temporal resolution (CESM: 6 hours, MPI-ESM: 3 hours for surface variables and 6hr for atmospheric variables, EC-155

EARTH: 6 hours for surface variables and daily for atmospheric variables) are used as (offline) inputs for WAM-2layers. To

avoid stability problems related to the numerical discretisation in WAM-2layers (van der Ent et al., 2014), all ESM forcings are

linearly interpolated to 15-min time steps. The moisture tracking is applied to the last 30 years within the 160-year simulation

period.

160
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2.3.2 Local moisture recycling

Here, two definitions of moisture recycling are used. First, the local precipitation recycling ratio ρr, i.e. the fraction of precipi-

tation over a region r that originates from evaporation over the same region (see Eq. 2), is calculated. The remaining fraction

of precipitation over that region (i.e., 1−ρr) originates from evaporation upwind that is advected into the region r, and can be

of either land or oceanic origin. Second, the local evaporation recycling ratio ϵr, i.e. the fraction of evaporation from a region165

r that falls as precipitation over the same region (see Eq. 3), is used. The remaining fraction of local evaporation (1− ϵr) is

transported away from the region and falls downwind of that region as precipitation.

Using the output from WAM-2layers, precipitation over the region r with area Ar, here referred to as P , can be separated

into the precipitation originating from the same region (Pr) and the remaining precipitation that originates from upwind regions

(Pa), so that P = Pr + Pa. Using these outputs, the local precipitation recycling ratio can be calculated as170

ρr =
Pr

P
. (2)

Similarly, the local evaporation recycling ratio can be calculated using evaporation from the region r, here referred to as E,

and the evaporation that falls as precipitation over the same region (Er), i.e.

ϵr =
Er

E
. (3)

Both local recycling definitions are subject to the area of the region considered (Ar). Here, local recycling is defined on the175

area of a grid cell. It is noted that this area varies with latitude per definition and, in addition, varies for the ESM simulations

employed here (see Sect. 2.1). The differences between local recycling ratios thus need to be interpreted with caution and

are not comparable across different data sources or ESMs. To overcome these shortcomings we compute length ratios and

continental recycling ratios.

2.3.3 Precipitation and evaporation length scales180

To assess local moisture recycling independently of the ESM, we compute the length scale of moisture recycling as introduced

by van der Ent and Savenije (2011). Length scales overcome one of the major shortcomings of regional recycling ratios, which

are strongly dependent on the shape and scale of the source region they are computed over (van der Ent and Savenije, 2011).

Length scales of local moisture recycling are scale-independent and give an indication of a process-based distance over which

moisture will travel on average to or from a given grid cell. Length scales can be linked to the strength of land–atmosphere185

feedback and they are comparable to other metrics of land atmosphere feedback (e.g. Seneviratne et al., 2010; Santanello Jr

et al., 2018). A short length scale indicates that moisture does not travel far and that local land-atmosphere feedbacks may play

a role. On the other hand, a long length scale indicates that moisture originates from far away or travels far once evaporated,

and that local recycling is lower. Like local recycling ratios, the length scales can be calculated from a precipitation- or an

evaporation-centric perspective (i.e., precipitation recycling ratios λρ or evaporation recycling ratios λϵ). Both length scales190
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(km) can be derived from the local recycling ratios presented above (see section 2.3.2), which are computed at the grid scale

level, and the distance travelled along an atmospheric streamline (Dominguez et al., 2006). For the complete derivation of how

length scales are defined we refer to van der Ent and Savenije (2011).

2.3.4 Continental moisture recycling

To study the continental contribution to moisture recycling, we compute the continental recycling ratios. Analogous to previous195

studies (e.g. Brubaker et al., 1993; van der Ent et al., 2010; Gimeno et al., 2012; Findell et al., 2019; Gimeno et al., 2020), we

define continental precipitation recycling ratio ρc as the fraction of precipitation over land that originates from land evaporation.

The precipitation recycling ratio answers the question ’how much of the moisture precipitating over land originates from land?’.

The remaining fraction (1− ρc) of the precipitation over land originates from evaporation over oceans. Similarly, continental

evaporation recycling ratio ϵc is defined as the fraction of land evaporation that falls as precipitation over land. In contrast to200

the local recycling ratios, continental recycling ratios refer to the same area, i.e. the area of all continental land regions Ac,

which facilitates a direct comparison of recycling ratios between the ESMs with different spatial resolution employed here.

Continental evaporation and precipitation are computed by tracking all continental moisture fluxes at the same time, which

differs from how this metric is computed in Lagrangian moisture tracking algorithms.

3 Results205

3.1 Changes in atmospheric moisture fluxes due to LCLMC

All ESMs generally show a decrease in evaporation over land due to cropland expansion and an increase in evaporation due

to afforestation and irrigation expansion (Figure 2). However, some of the ESMs’ regional signals deviate from this general

pattern. For cropland expansion (Figure 2a,d,g), CESM and MPI-ESM simulate a quasi-global decrease in evaporation over

all land areas. However, some regions also show an increase such as central U.S. in CESM, as well as East Africa and western210

Australia in MPI-ESM. The effects over the mid-latitudes exhibit a strong seasonality, with an increase in evaporation in JJA

and a decrease in DJF. This impact is clearly visible in CESM and also slightly visible in MPI-ESM (Figure B1 and Figure

B2). In EC-EARTH, the annual patterns are less clear, with a strong decrease in evaporation following cropland expansion over

tropical forests and a slight decrease over the mid-latitudes, but a clear increase over sub-tropical and tropical regions, such as

the Sahel, East Africa, India and Australia. Moreover, all models clearly distinguish between feedbacks over deforested grid215

cells and those that have remained unaltered, following the checkerboard implementation of LCLMC (see Sect. 2.1). There

are deforested patches that show a distinct decrease in evaporation while the nearby unaltered grid cells instead show a strong

increase. This is also confirmed by Figure A1 which shows the signal-separated effects of evaporation for the cropland expan-

sion simulations. Using the checkerboard implementation to separate local and non-local effects, EC-EARTH simulates a clear

local decrease in evaporation due to cropland expansion, while the non-local effect cause an increase in evaporation over the220

tropics, resulting in attenuated net effects as shown in Figure 2. This dampening effect from non-local feedbacks on locally
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induced evaporation decreases is also present to a much smaller extent in MPI-ESM in eastern US, the boreal latitudes, and

parts of the tropics as well as in CESM in few parts of the tropics (see Figure A1).

Figure 2. The mean annual impacts of land cover and land management changes on evaporation (mm/day), for cropland expansion (CROP-

CTL; a,d), afforestation (FRST-CTL; b,e) and irrigation expansion(IRR-CROP; c,f) for CESM and MPI-ESM respectively. Cropland expan-

sion for EC-EARTH is shown in (g).

Regarding afforestation, CESM and MPI-ESM show opposite patterns compared to cropland expansion, with mostly an225

increase in evaporation (Figure 2b,e). However, in CESM the Northern-Hemisphere extra-tropics and the Sahel show a clear

increase in annual evaporation due to afforestation, whereby the increase in the extra-tropics is clearly seasonal (JJA) (Figure

B1 and Figure B2). Over the North Atlantic, CESM simulates a wide-spread and strong decrease of evaporation, which may

be linked to the widespread cooling of the North Atlantic in this ESM (De Hertog et al., 2023).

230

Regarding irrigation expansion, both models (CESM and MPI-ESM) strongly agree on the sign of evaporation change over

land and simulate a global increase (Figure 2c,f). Differences between both ESMs are mostly related to the extent to which

irrigation is applied within the different ESMs (see Figure 1). Moreover, in some regions such as the boreal latitudes, the

Sahel and Central Europe, MPI-ESM simulates a decrease in evaporation over unaltered grid cells due to the non-local effects

induced by irrigation expansion (see Figure A3).235
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Figure 3. The mean annual impacts of land cover and land management changes on precipitation (mm/day), for cropland expansion (CROP-

CTL; a,d), afforestation (FRST-CTL; b,e) and irrigation expansion(IRR-CROP; c,f) for CESM and MPI-ESM respectively. Cropland expan-

sion for EC-EARTH is shown in (g).

The effects of LCLMC on precipitation are less distinct across the models, but some regionally consistent patterns emerge

(Figure 3). Globally, cropland expansion causes a decrease in precipitation while afforestation and irrigation expansion cause

an increase. Under the cropland expansion scenario, there is a decrease of precipitation over land in MPI-ESM (Figure 3b),

mostly generated by locally-induced feedbacks (Figure A4). CESM also simulates a decrease of precipitation over most land

areas, except for Central America, the Congo basin and Eastern Africa (Figure 3a), which are mostly influenced by non-local240

feedbacks of cropland expansion (Figure A4). The patterns of precipitation changes around the tropics in CESM are similar to

those found in Portmann et al. (2022). In their study, Portmann et al. (2022) showed that deforestation in CESM is cooling the

Northern extra-tropics, which leads to changes in the intensity of the Hadley cell and the position of the intertropical conver-

gence zone, which could also explain the simulated pattern here. In line with CESM, the cropland expansion simulation with

EC-EARTH simulate the largest changes in precipitation over the ocean and forest areas within the tropics. However, there is a245

shift of these changes that is causing less precipitation north of Australia and more precipitation over the tropical Pacific. The

strongest feedbacks are again found over the tropical forests, where local feedbacks cause a decrease in precipitation in central

South America in all ESMs. However, EC-EARTH also simulates a strong increase of precipitation in neighboring, unmodified

grid cells due to non-local feedbacks (Figure A4).

250
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Afforestation is causing widespread increases in precipitation over land (Figure 3b,e). This increase is quasi-global in MPI-

ESM, while in CESM some areas show a precipitation decrease, such as the Indian subcontinent, the Sahel, and Europe. In

CESM, the afforestation-induced precipitation differences over the intertropical convergence zone are again similar to those

found by Portmann et al. (2022), indicating that shifts of the large-scale circulation determine the precipitation patterns in this

ESM. This finding is corroborated by the fact that afforestation-induced feedbacks are again more local in MPI-ESM while the255

feedbacks simulated by CESM are almost completely non-local (see Figure A5).

Figure 4. The mean annual impacts of land cover and land management changes on Moisture Flux Convergence (MFC) in mm/day, for

cropland expansion (CROP-CTL; a,d), afforestation (FRST-CTL; b,e) and irrigation expansion(IRR-CROP; c,f) for CESM and MPI-ESM

respectively. For EC-EARTH the P-E plots are available in Appendix C.

For the irrigation expansion scenario, all models simulate a global increase in precipitation. In CESM, it is apparent that

Southeast Asia is an exception to this pattern and shows a clear reduction of precipitation despite being an area of large-scale

irrigation. This finding might be linked to the hypothesis that the regional temperature decreases as a consequence of irrigation260

expansion (De Hertog et al., 2023), further causing a weakening of the Indian summer monsoon and a decrease of precipitation

over large parts of the continent, a feedback mechanism that has also been documented in previous studies (de Vrese et al.,

2016; Guimberteau et al., 2012; Thiery et al., 2017). This decrease in precipitation over India is to some extent also present in

MPI-ESM, although it is not as strong as in CESM. However, for both ESMs it is clear that the response over this region is

mostly non-local (see Figure A6) and occurs mainly during JJA (Figure B3 and Figure B4).265

The effects of LCLMCs on MFC show substantial regional difference between CESM and MPI-ESM (Figure 4). Under

cropland expansion, there is a clear influence of the shifts in precipitation bands for CESM as shown in Figure 3. These
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shifts in precipitation cause a decrease in MFC over the Amazon and India, while Central South America and Central Africa

show a clear increase in MFC. In MPI-ESM, there is generally a decrease in MFC as a consequence of cropland expansion270

(Figure 4a,c), which appears to be related to changes in the areas where the largest LCLMC occurred. In EC-EARTH, we see

a general increase of P −E, used here as proxy for MFC, over the unaltered patches while the deforested patches show a clear

decrease over the tropics (see Figure C1g). Regarding afforestation (Figure 4b,e), the patterns in MFC are less strong in CESM

with an increase over Brazil and parts of East Africa and a decrease over the Sahel and southern Africa. In MPI-ESM, there

is generally an increase in MFC over land. Following irrigation expansion (Figure 4c,f), there is generally a decrease in MFC275

over land for both ESMs, which is likely due to the strong cooling induced by irrigation (De Hertog et al., 2023). This decrease

in MFC is especially strong over Southeast Asia in CESM but is also apparent for MPI-ESM.

3.2 Changes in local precipitation and evaporation length scales due to LCLMC

To unravel the direct impact of LCLMC-induced evaporation changes on the precipitation over land (and the other way around),

we evaluate the outputs from WAM-2layers and illustrate local evaporation and precipitation length scales for each model and280

LCLMC scenario. Even in their control simulations, the different ESMs show very different magnitudes of length scales of

moisture recycling, both for the precipitation length scale (Figure 5) and the evaporation length scale (Figure 6). CESM shows

the largest length scales indicating that the importance of local recycling is relatively small. EC-EARTH, in contrast, generally

shows very low values of the length scale indicating that local recycling is more important within this ESM. Despite the large

differences in magnitude between the length scales of the different ESMs, the spatial patterns are quite similar. The precipita-285

tion length scale is smallest over tropical rainforests and mountain ranges (see for example the Tibetan Plateau) indicating that

these locations mostly get precipitation from nearby evaporation. These patterns also occur for the evaporation length scale,

although here locations with a dry and continental climate such as Siberia and Greenland also show very low values. This

implies that evaporation occurring within these locations generally precipitates nearby.

290
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Figure 5. The annual mean precipitation length scale (km) for the control (CTL) simulation in CESM (a), MPI-ESM (b) and EC-EARTH

(c). The effect of cropland expansion (CROP-CTL) on the annual mean precipitation length scale is shown for CESM (d), MPI-ESM (e)

and EC-EARTH (f). The effect of afforestation (FRST-CTL) is shown for CESM (g) and MPI-ESM (h) and finally the effect of irrigation

expansion (IRR-CROP) is shown for CESM (i) and MPI-ESM (j). Note that in the difference plots in (d)–(j), the areas with a reference

evaporation length scale higher than 10000 km are cropped out.
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Figure 6. The annual mean evaporation length scale (km) for the CTL simulation in CESM (a), MPI-ESM (b) and EC-EARTH (c). The effect

of cropland expansion (CROP-CTL) on the annual mean evaporation length scale is shown for CESM (d), MPI-ESM (e) and EC-EARTH (f).

The effect of afforestation (FRST-CTL) is shown for CESM (g) and MPI-ESM (h) and finally the effect of irrigation expansion (IRR-CROP)

is shown for CESM (i) and MPI-ESM (j). Note that in the difference plots in (d)–(j), the areas with a reference precipitation length scale

higher than 10000 km are cropped out.

In general, both the precipitation and evaporation length scale increase as a consequence of cropland expansion (see Fig-

ures 5d,e,f and 6d,e,f). In MPI-ESM, it seems that the Congo Basin is an exception with no clear changes in local recycling

occurring there. In EC-EARTH, the patterns are more blurred than in the other ESMs with a decrease in length scales in some

regions, such as South Africa and spots over the Central U.S. . However, over regions where the largest cropland expansion

occurred (such as Amazon basin and China, see also Figure 1), the patterns are consistent with the other ESMs. Over Latin295

America, a dipole pattern of the change in the evaporation length scale in both EC-EARTH and CESM appears, showing an

increase in the West and a decrease in the East. The general increase in length scale due to cropland expansion implies that the

LCLMC induces a decrease in local recycling.

Afforestation (Figures 5g,h and 6g,h), induces a pattern that is opposite to the cropland expansion case, with a decrease in300

length scale for both precipitation and evaporation. However, in some areas, the patterns diverge from the general trend, e.g.

afforestation causes an increase of the evaporation length scale over the Amazon in CESM, and an increase of the precipitation
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length scale over the tropics in MPI-ESM. In general, the changes in both length scales are stronger for the extra-tropics, which

is particularly visible for the evaporation length scale. This feedback on the evaporation length scale may be explained by the

fact that the tropics are already densely forested in the CTL scenario and thus the additional trees do not alter the local recycling305

favouring conditions, in contrast to the sparsely forested extra tropics (Figure 1).

Regarding irrigation expansion (Figures 5i,j and 6i,j), the effects on the evaporation length scale are less clear and generally

of small magnitude. Irrigation-induced differences show a tendency towards a decreased evaporation length scale, which is

rather consistent in MPI-ESM but in CESM this pattern is less clear. The effects on the precipitation length scale in both ESMs310

are larger and more consistently decreasing due to irrigation expansion. The change in precipitation length scale is small over

the tropics due to the small amount of irrigation applied in this region (Figure 1). We even observe a slight increase in length

scale over the tropical forest in CESM and over some areas in the U.S. in MPI-ESM, which might imply circulation changes

in those regions.

3.3 Changes in continental moisture recycling due to LCLMC315

While there are substantial differences in the local feedbacks of LCLMC on the water cycle, their net impact on water avail-

ability over land might be the same. Here, we evaluate how LCLMC impacts E, P and P-E over land, and we identify the direct

impact of LCLMC-induced feedbacks on these fluxes via continental moisture recycling (see Section 2.3.4). The values of total

annual precipitation (P ), continental precipitation (Pc), continental precipitation recycling (ρc), evaporation (E), continental

evaporation (Ec) and continental evaporation recycling (ϵc) are included in Appendix D. Cropland expansion causes a net320

decrease of evaporation from land in CESM and MPI-ESM, while EC-EARTH simulates a small net increase of continental

evaporation (Figure 7a). Through this decrease of evaporation in CESM and MPI-ESM, less moisture is available for conti-

nental moisture recycling (dark bars in Figure 7a) and for precipitation over oceans (light bars in Figure 7a). Analogously,

cropland expansion is causing a net decrease of precipitation over land in CESM and MPI-ESM, but a net increase in EC-

EARTH, which is due to contrasting signs of change in different parts of the globe (Figure D2). In the former two models, the325

simulated decrease of precipitation is mainly results from decreased moisture imports from the ocean (light bars in Figure 7b),

and only 42% and 26% respectively of the precipitation deficit is estimated to be of continental origin (dark bars in Figure 7b).

The effects on evaporation from land due to afforestation are consistent in sign and generally cause an increase for both

ESMs. A large part of this increase is available for continental moisture recycling (dark bars in Figure 7a) in CESM (48%), but

is negligible for MPI-ESM (2%). In MPI-ESM the increase in land evaporation mainly rains out over the oceans (light bars in330

Figure 7a). Evaluated over all land regions, afforestation increases precipitation over land in both MPI-ESM and CESM Fig-

ure 7b). The magnitude is much smaller in CESM due to the large spatial heterogeneity in precipitation feedbacks (Figure D1),

which cancel each other out causing only a small net increase of precipitation over land. For MPI-ESM, there is a large hetero-

geneity within the signal of change (Figure D1), causing diverging contributions of moisture for continental precipitation from

ocean and land. Atmospheric circulation changes in this model cause an increase in precipitation of oceanic origin on land,335
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while less precipitation is estimated to be of continental origins.

Regarding irrigation expansion, there is a strong increase of evaporation from land in CESM, of which most rains out over

the oceans (light bar in Figure 7a), and only a small fraction (17%) is available for continental moisture recycling (dark bar in

Figure 7a). In MPI-ESM, the effect is smaller due to some areas of decreased recycling (Figure D2) but the results still show an340

overall increase in evaporation of which most rains out over the ocean. For precipitation over land, the effect is not consistent

across the ESMs. In CESM there is an increase in precipitation over land of which 34% is available for continental recycling.

In contrast, for MPI-ESM there is a global decrease of continental precipitation, of which 12% stems from the precipitation

deficit over land.

345

Figure 7. The global change in annual mean evaporation (a) and precipitation (b) on land is shown for CESM in blue, MPI-ESM in orange

and EC-EARTH in green for cropland expansion (CROP-CTL), afforestation (FRST-CTL) and irrigation expansion (IRR-CROP). The con-

tribution of continental moisture recycling changes is shown in a darker shade of the ESMs respective colours.
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Figure 8. The total annual mean P-E on land (a) and change in P-E on land (b) is shown for CESM in blue, MPI-ESM in orange and EC-

EARTH in green for cropland expansion (CROP-CTL), afforestation (FRST-CTL) and irrigation expansion (IRR-CROP). The contribution

of continental moisture recycling changes is shown in a darker tone of the ESMs respective colours.

Finally, we can quantify the global effects of LCLMC on global water exports from land towards the ocean by analysing

the feedbacks on P-E. In general, P −E is positive for all three ESMs, being substantially larger in CESM than in MPI-

ESM and EC-EARTH (Figure 8a), indicating that the land receives more water from the atmosphere, and of oceanic origin,

than it provides through evaporation. Both evaporation and precipitation decreases for MPI-ESM and CESM due to cropland

expansion (Figure 7), but the decrease in evaporation is larger causing a net surplus of water at the land surface (i.e., ∆(P −350

E) > 0). There is also a net surplus of water for EC-EARTH although this is mostly due to increased continental precipitation

(Figure 7). In EC-EARTH and CESM, the contribution due to continental recycling is 16% and 20% respectively (light bars

in Figure 7 and Figure 8b), but the majority comes from changes in oceanic moisture. This differs from MPI-ESM, where less

moisture is recycled (dark bar in Figure 8b). Afforestation, in turn, is causing a net loss of water at the land surface for both

ESMs. CESM simulates an increase in water export from land through an increase of land evaporation that rains out over the355

ocean (Figure 8b). In contrast MPI-ESM shows a slight increase in water availability over land due to oceanic moisture, with

the effect of continental moisture changes dominating the global decrease in water availability. Following irrigation expansion,

both CESM and MPI-ESM simulate a decrease in water available on land. In both simulations, enhanced evaporation through

irrigation from land (see Figure 7a) mostly rains out over the ocean (light bars in Figure 8b), thus a loss of water on land to the

ocean with the contribution of continental recycling being 8% and 5% for CESM and MPI-ESM, respectively.360

4 Discussion

LCLMC can have substantial effects on atmospheric moisture fluxes and the local and continental recycling of moisture that

determine water availability on land. Common patterns emerge from our multi-model analysis, despite strong differences in

the implementation of LCLMC and the simulation of the hydrological response in the different ESMs. For cropland expansion,

all three ESMs agree that there is a general decrease over land in evaporation and precipitation over most regions as well365
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as a decreased local recycling strength. In contrast, afforestation and irrigation expansion show an opposite pattern of both

increased precipitation and evaporation over most regions with enhanced local recycling strength. Here we will discuss some

of the discrepancies between the different ESMs and their implications on moisture fluxes and moisture recycling.

4.1 Different hydroclimatic responses of ESMs to LCLMC

The effects of LCLMC within the different ESMs have strong regional variations (e.g., Figure 2 and Figure 3). The differing370

length scales between ESMs (Figure 6 and Figure 5) illustrate that different processes dominate within the different ESMs:

EC-EARTH shows a stronger importance of local processes in contrast to CESM, where atmospheric circulation seems to dom-

inate the feedbacks. This difference is also clear from the effects on moisture fluxes as EC-EARTH simulates strong mesoscale

feedbacks (10 to 100 km), while in CESM global circulation changes appear to dominate. CESM is known to be an ESM with

a strong natural variability, as was shown in several other studies (Deser et al., 2012, 2020). It has also been shown to simulate375

large-scale circulation shifts as a consequence to land cover change (Portmann et al., 2022; Devaraju et al., 2018).

Discrepancies in the CTL length scales estimated for each ESM could also stem from the different spatial resolutions employed

here (CESM:0.90°x1.25°, MPI-ESM:1.88°x1.88° and EC-EARTH:0.7°x0.7°). Although the concept of length scales is inde-

pendent of the spatial resolution (van der Ent and Savenije, 2011), the capability of ESMs to resolve processes explicitly is

resolution-dependent. This implies that certain processes, such as mesoscale convection, are potentially better resolved within380

EC-EARTH than in CESM and MPI-ESM.

The way LCLMC is implemented in the different ESMs also causes some discrepancies. Some of the ESMs only represent

crops by few generic crop types (such as MPI-ESM) while others have different crop types representing different biophysical

properties. CESM has eight different crop types representing common crops around the world (Lombardozzi et al., 2020). In385

CESM, maize has high evaporation rates which might explain why afforestation over the Northern Hemisphere extra-tropics is

causing a decrease in evaporation, with particularly strong feedbacks during summer Figure B1. The discrepancy between the

effects due to afforestation and cropland expansion can be partially explained by a saturation effect, as the effects of adding

trees are likely non-linear (Winckler et al., 2017b). For example, in the tropics, extreme deforestation will have larger impacts

on the hydrological cycle than adding trees in an already densely forested region. This effect could explain some differences390

between these simulations such as the smaller precipitation length scale changes in afforestation over the tropics.

The implementation of irrigation also causes substantial differences in climatic responses among the ESMs, as the maps of

irrigation extent and amounts differ strongly (Figure 1). Both MPI-ESM and CESM show an increase in precipitation, except

for the Indian subcontinent where both ESMs show a decrease in precipitation. As there is a cooling over all irrigated areas (De395

Hertog et al., 2023), there is a lower land–ocean temperature contrast, which reduces convection over land and therefore pre-

cipitation (Figure 3 and Figure 4). This occurs despite the increases in evaporation (Figure 2) and enhanced local precipitation

recycling (Figure 5). Considering all the above, it is likely that the reduced precipitation shown here is caused by a weakened

Indian Summer Monsoon as was highlighted by previous studies (Puma and Cook, 2010; de Vrese et al., 2016; Thiery et al.,
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2017, 2020).400

4.2 Implications of changes in moisture recycling due to LCLMC

LCLMC strongly affects the redistribution of moisture over land in the ESMs. While the absolute length scales of moisture

recycling differ among the ESMs, LCLMC-induced changes are consistent across the ESMs, with cropland expansion causing

decreased recycling and afforestation and irrigation expansion mostly causing enhanced local recycling (Figure 6 and Figure 5).405

The effects of LCLMC on continental recycling and the continental contribution to precipitation over land and evaporation from

land are less consistent across ESMs (Figure 7 and Figure 8), but also geographically more heterogeneous within the ESMs

(Figure D1 and Figure D2). This is due to the complex interactions of local feedbacks with non-local feedbacks, such as ad-

vection and circulation changes, which all affect the redistribution of water globally.

410

Although the effects of LCLMC on the precipitation and evaporation changes are substantial, they are not as large as previ-

ously assumed within literature (Tuinenburg et al., 2020; Hoek van Dijke et al., 2022; Baudena et al., 2021; Wunderling et al.,

2022; Staal et al., 2018). This could partially be the case due to the less extensive scenarios considered here (only 50% change

due to checkerboard approach). However it is likely also because these studies base themselves on reanalysis-based recycling

ratios, which do not include the two-way feedbacks of circulation changes and changed recycling strengths due to LCLMC,415

which are shown to be substantial. As LCLMC becomes increasingly relevant as a climate mitigation strategy it is important to

include the potential side effects of these strategies on the water cycle. More research is needed to better constrain the effects

of LCLMC on moisture recycling in order to support science that can guide future land cover planning.

4.3 Circulation effects induced by checkerboard LCLMC implementation420

The specific setup of these simulations, with a checkerboard pattern LCLMC, also has limitations and causes some artefacts

within the results. This is, for example, illustrated in the patterns of evaporation (Figure 2) and precipitation changes (Figure 3)

from EC-EARTH, especially over the tropics. Due to the scale dependence of the effects of land cover changes on moisture

fluxes (Spracklen et al., 2018), mesoscale circulation effects occur in EC-EARTH but do not appear in the other (coarser) ESMs.

This checkerboard-like feedback would likely not occur if a full land cover change was simulated instead of the checkerboard425

implementation of the LCLMC. This implementation could have some important implications, as the non-local effects for

EC-EARTH do not represent the effects one would get in a full land cover change simulation, implying that the assumptions

behind the checkerboard approach are not met (Winckler et al., 2017a; De Hertog et al., 2023). Moreover, the LCLMC-

induced feedbacks on atmospheric circulation and moisture fluxes also affect other climate variables, such as temperature.

These checkerboard-induced circulation changes could also explain the differences between the temperature effects found in430

De Hertog et al. (2023): here, the checkerboard-implementation of cropland expansion in EC-EARTH caused tropical warming,

and the simulations from Boysen et al. (2020) with EC-EARTH that simulated full deforestation changes (forest to grass
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conversion), showed tropical cooling. Further research is required to completely understand the implications of checkerboard-

induced climate effects. For example, the LCLMC could be implemented in different densities (1/8, 1/4, 1/2) next to a full

deforestation experiment to assess whether these effects are true artefacts of the LCLMC patterns. However, this might imply435

that the checkerboard approach for signal separation requires a rough spatial implementation to avoid mesoscale circulation

feedbacks as seen here for EC-EARTH.

5 Conclusions

In this study, we analysed the effects of land cover and land management changes (LCLMC) on the atmospheric water cycle in

a slate of idealised simulations (cropland expansion, afforestation and irrigation expansion) performed by three different Earth440

System Models (ESMs). We showed that the effects on moisture fluxes are substantial with, generally, decreased evaporation

and precipitation over land due to cropland expansion and the opposite effects for afforestation and irrigation expansion. How-

ever, substantial discrepancies between the different ESMs exist, with EC-EARTH displaying important local recycling and

mesoscale circulation effects, while CESM shows a dominance of large-scale atmospheric circulation shifts. These differences

can have various causes, such as model parameterisations of crucial processes (e.g., convection) or the extent to which different445

land cover types are implemented within the ESMs on a global scale. Because some of these effects might have been indirectly

influenced by the checkerboard LCLMC pattern used in this study, we advocate for more research to assess the implications of

possible checkerboard-induced climate effects and the applicability of this approach for signal separation into local and non-

local effects. Despite the strong differences between ESMs, the effects on local recycling are generally consistent in sign, with

cropland expansion causing a decreased recycling strength, and afforestation and irrigation expansion generally causing an450

increased recycling strength. Overall we find that cropland expansion causes a net increase in water availability on land while

afforestation and irrigation expansion cause a net decrease. Our simulations show that changes due to atmospheric circulation

patterns play an important role in explaining these patterns and should be taken into account when assessing the effects of

LCLMC on moisture recycling.

455

This is the first study – to our knowledge – to explicitly consider moisture recycling when assessing the LCLMC effects on

moisture fluxes using multiple ESMs. Our results show that the effects of LCLMC on moisture recycling are substantial both

on the local and global scale, with clear implications for water availability on land. The potential effects of LCLMC on the

atmospheric water cycle should therefore be considered in future land cover planning.

Code and data availability. The scripts used for the analysis of the moisture fluxes and the adapted version of WAM-2layers can be found460

on the GitHub page of the Department of Hydrology and Hydraulic Engineering of VUB (https://github.com/VUB-HYDR/2023_DeHertog_

etal_ESD). The simulation data used in this paper will be made available through the DKRZ, for those interested in using these data until

publication please contact the authors.
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Appendix A: Signal separated plots evaporation and precipitation

Figure A1. Annual mean evaporation response in mm/day to cropland expansion (CROP-CTL) of CESM, MPI-ESM and EC-EARTH. The

local effect in CESM (a), the non-local effect (b) and the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and

total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same as (a-d), but for EC-EARTH. The stippling on the maps

shows grid cells where all the sign of change is consistent throughout the simulation.
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Figure A2. Annual mean evaporation response in mm/day to afforestation (FRST-CTL) of CESM and MPI-ESM. The local effect in CESM

(a), the non-local effect (b) and the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and total (green) signals

of CESM (d). (e-h): same as (a-d), but for MPI-ESM. The stippling on the maps shows grid cells where all the sign of change is consistent

throughout the simulation.

Figure A3. Annual mean evaporation response in mm/day to irrigation expansion (IRR-CROP) of CESM and MPI-ESM. The local effect

in CESM (a), the non-local effect (b) and the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and total (green)

signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. The stippling on the maps shows grid cells where all the sign of change is

consistent throughout the simulation.
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Figure A4. Annual mean precipitation response in mm/day to cropland expansion (CROP-CTL) of CESM, MPI-ESM and EC-EARTH. The

local effect in CESM (a), the non-local effect (b) and the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and

total (green) signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. (i-l): same as (a-d), but for EC-EARTH. The stippling on the maps

shows grid cells where all the sign of change is consistent throughout the simulation.

Figure A5. Annual mean precipitation response in mm/day to afforestation (FRST-CTL) of CESM and MPI-ESM. The local effect in CESM

(a), the non-local effect (b) and the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and total (green) signals

of CESM (d). (e-h): same as (a-d), but for MPI-ESM. The stippling on the maps shows grid cells where all the sign of change is consistent

throughout the simulation.

23

https://doi.org/10.5194/egusphere-2023-953
Preprint. Discussion started: 22 May 2023
c© Author(s) 2023. CC BY 4.0 License.



Figure A6. Annual mean precipitation response in mm/day to irrigation expansion (IRR-CROP) of CESM and MPI-ESM. The local effect

in CESM (a), the non-local effect (b) and the total effect (c). The latitudinal average of the local (blue), non-local (yellow) and total (green)

signals of CESM (d). (e-h): same as (a-d), but for MPI-ESM. The stippling on the maps shows grid cells where all the sign of change is

consistent throughout the simulation.
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Appendix B: Seasonal effects on evaporation and precipitation465

Figure B1. The seasonal mean (JJA) effects on evaporation in mm/day as a consequence of cropland expansion (CROP-CTL) in CESM (a),

MPI-ESM (d) and EC-EARTH (g), for afforestation (FRST-CTL) in CESM (b) and MPI-ESM (e) and irrigation expansion (IRR-CROP) for

CESM (c) and MPI-ESM (f).
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Figure B2. The seasonal mean (DJF) effects on evaporation in mm/day as a consequence of cropland expansion (CROP-CTL) in CESM (a),

MPI-ESM (d) and EC-EARTH (g), for afforestation (FRST-CTL) in CESM (b) and MPI-ESM (e) and irrigation expansion (IRR-CROP) for

CESM (c) and MPI-ESM (f).
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Figure B3. The seasonal mean (JJA) effects on precipitation in mm/day as a consequence of cropland expansion (CROP-CTL) in CESM (a),

MPI-ESM (d) and EC-EARTH (g), for afforestation (FRST-CTL) in CESM (b) and MPI-ESM (e) and irrigation expansion (IRR-CROP) for

CESM (c) and MPI-ESM (f).
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Figure B4. The seasonal mean (JJA) effects on precipitation in mm/day as a consequence of cropland expansion (CROP-CTL) in CESM (a),

MPI-ESM (d) and EC-EARTH (g), for afforestation (FRST-CTL) in CESM (b) and MPI-ESM (e) and irrigation expansion (IRR-CROP) for

CESM (c) and MPI-ESM (f).
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Appendix C: P-E as proxy for moisture flux convergence

Figure C1. The annual mean effects on P-E in mm/day as a consequence of cropland expansion (CROP-CTL) in CESM (a), MPI-ESM (d)

and EC-EARTH (g) for afforestation (FRST-CTL) in CESM (b) and MPI-ESM (e) and irrigation expansion (IRR-CROP) for CESM (c) and

MPI-ESM (f).
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Appendix D: Moisture fluxes of continental origin

Figure D1. The annual mean continental evaporation is shown in mm/day for the CTL simulation in CESM (a), MPI-ESM (b) a,d EC-

EARTH (c). The effect of cropland expansion (CROP-CTL) on the annual mean continental evaporation is shown for CESM (d), MPI-ESM

(e) and EC-EARTH (f). The effect of afforestation (FRST-CTL) is shown for CESM (g) and MPI-ESM (h) and finally the effect of irrigation

expansion (IRR-CROP) is shown for CESM (i) and MPI-ESM (j).
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Figure D2. The annual mean continental precipitation is shown in mm/day for the CTL simulation in CESM (a), MPI-ESM (b) a,d EC-

EARTH (c). The effect of cropland expansion (CROP-CTL) on the annual mean continental precipitation is shown for CESM (d), MPI-ESM

(e) and EC-EARTH (f). The effect of afforestation (FRST-CTL) is shown for CESM (g) and MPI-ESM (h) and finally the effect of irrigation

expansion (IRR-CROP) is shown for CESM (i) and MPI-ESM (j).

Table D1. Summary of annual total values of P , Pc, ρc, E, Ec, ϵc for the different simulations and ESMs. The absolute values are given in

km3/year.

CESM P Pc ρc E Ec ϵc

CTL 4359380 677025 0.155 2519998 659515 0.262

CROP 4244858 628946 0.148 2329935 599010 0.257

FRST 4356876 688149 0.158 2544179 671143 0.264

IRR 4300741 647669 0.151 2492105 626196 0.251

MPI-ESM P Pc ρc E Ec ϵc

CTL 3304814 468189 0.141 2065653 434761 0.210

CROP 3193252 438837 0.137 1942738 413053 0.213

FRST 3411430 43719 0.133 2168825 437156 0.201

IRR 3130711 431297 0.138 1988772 410919 0.207

EC-EARTH P Pc ρc E Ec ϵc

CTL 3597150 749179 0.208 2437720 72247 0.296

CROP 3625020 754114 0.208 2433458 720834 0.296
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