
1. Introduction
Increasing evidence reveals that land cover and land management change (LCLMC) can have a substantial 
impact on climate through the biogeophysical effects resulting from modifications of the radiative, aerodynamic 
and thermodynamic properties of the land surface (Chen & Dirmeyer, 2019; De Hertog et al., 2023; de Vrese 
et al., 2016; Pongratz et al., 2021; Thiery et al., 2017). Biogeophysical effects can be local and non-local. The 
local effects are potential climatic changes in a region where LCLMC is implemented, whereas the non-local 
effects are associated with changes in atmospheric circulation caused by LCLMC implemented in outermost 
regions. For irrigation, it was found that irrigation has significantly reduced the exposure to heat extremes in the 
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past (Chen & Dirmeyer, 2019; Thiery et al., 2017, 2020). Furthermore, irrigation could also have a significant 
non-local effect on the climate by remotely affecting temperature and precipitation in other regions (de Vrese 
et  al.,  2016). However, there are still big uncertainties about the magnitude and spatial patterns of local and 
non-local effects of irrigation. Moreover, the combined effect of irrigation-induced temperature and humidity 
changes on moist heat is not well understood. For instance, in a case study for India, it was found that irrigation 
could increase the moist heat because of a higher humidity (Guo et  al.,  2022; Krakauer et  al.,  2020; Mishra 
et al., 2020). For deforestation and afforestation, temperature changes induced by forest cover changes could be 
several degrees in some regions; however, the magnitude and spatial patterns of local and non-local biogeophysi-
cal effects on climate are also highly uncertain (Boysen et al., 2020; Winckler et al., 2019). Results from an ideal-
ized sensitivity experiment on global deforestation using the model outputs from Phase 6 of the Coupled Model 
Intercomparison Project (CMIP6) show an increase in temperature in the tropics and cooling over the boreal area 
(Boysen et al., 2020). A warming due to projected deforestation over the Amazon and Congo basins was also 
found in several region-focused studies (Akkermans et al., 2014; Baker & Spracklen, 2019; Lejeune et al., 2015).

LCLMC-induced climate effects could indirectly affect economies and societies through different transmission 
channels. For example, extreme temperatures increase the risk of mortality and morbidity from cardiovascu-
lar and respiratory diseases (Gasparrini et  al.,  2015). Climate-induced sick leaves and occupational injuries 
reduce working hours (labor capacity) (Fatima et al., 2021). Moreover, extreme temperatures might also limit 
the ability to work overtime. Apart from labor capacity, heat stress could also reduce labor productivity (Dunne 
et al., 2013; Kjellstrom et al., 2009). Heat-induced reductions of labor capacity and productivity are found to be 
substantial, particularly in low-latitude regions, which are typically exposed to the risk of heat stress (Kjellstrom 
et al., 2018, 2019; Mora et al., 2017). The associated global and regional economic cost could also be considerable 
under future high warming scenarios, especially when adaptive capacity is limited (Orlov et al., 2020; Takakura 
et al., 2017). For example, the cost of human heat stress could increase regional cost of crop production by 10% or 
more in tropical regions (Orlov et al., 2021). Heat stress impacts on labor can also increase poverty in regions with 
a limited adaptive capacity (Saeed et al., 2022). While several studies investigated the heat stress impacts under 
different future warming scenarios, relatively little research has been done on quantifying the effects of LCLMC 
on heat stress, and productivity and capacity of labor. A few related studies show that LCLMC-induced heat stress 
impacts could be considerable. For example, in a field experiment study for Indonesia, Masuda and colleagues 
show that labor productivity was 8% lower in deforested area than in afforested area (Masuda et al., 2021). A high 
risk of heat stress and work capacity loss under high warming scenarios and deforestation was also found in case 
studies across Brazil (Alves de Oliveira et al., 2021; Parsons et al., 2021). However, currently there is no single 
global-scale study that investigates the local and non-local effects of LCLMC on economies and society.

The objective of this study is to address this knowledge gap, focusing on heat-induced impacts on labor capacity. 
Specifically, we investigate the effectiveness of LCLMC as adaptation strategies for reducing heat stress. Our 
global analysis builds upon the results from stylized global sensitivity experiments for three LCLMC practices (a) 
cropland expansion, (b) irrigation expansion, and (c) afforestation, which are described and analyzed in (De Hertog 
et  al.,  2023). To directly separate between local and non-local effects of LCLMC, the checkerboard approach 
developed by Winckler et al. (2017a) was applied in these simulations. Following this distinction, the local effects 
of LCLMC represent the expected local climate consequences in case the same amount and type of LCLMC is 
applied in any scenario, whereas the non-local effects are those climate consequences occurring elsewhere and 
depend on the global extent and patterns of LCLMC. The sensitivity experiments were implemented using three 
Earth System Models (ESMs), which allows to investigate modeling uncertainties. While our impact assessment is 
based on the idealized sensitivity experiments, the separation into local and non-local effects still provides valuable 
insights into a potential magnitude of LCLMC-induced impacts on human heat stress and labor capacity.

2. Materials and Methods
2.1. Earth System Model Simulations

Our analysis is based on the results from three ESMs: the Community Earth System Model (CESM) version 2 
(Danabasoglu et al., 2020), the Max Planck Institute Earth System Model (MPI-ESM) version 1.2 (Mauritsen 
et al., 2019), and the European Community Earth System Model (EC-Earth 3.3.1) (Döscher et al., 2022). Below, 
we provide a short description of the conducted sensitivity experiments on LCLMC. A detailed description of the 
model simulations can be found in (De Hertog et al., 2023).
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We use the data simulated by a reference scenario and three sensitivity experiments: (a) cropland expansion 
(CROP) (a fully deforested world where crops cover all the vegetated area, only rainfed crops), (b) irrigation 
expansion (IRR) (same as CROP but with an extensive irrigation), (c) afforestation (FRST) (i.e., a fully affor-
ested world) (Figure 1). The reference scenario (i.e., control simulation (CTL)) represents the present-day land 
cover at the end of year 2014 which is based on Version two of the Land Use Harmonization (LUH2) dataset 
(Hurtt et al., 2020). Although cropland expansion includes other land cover changes, such as conversion of grass/
shrub to cropland, in the tropics, cropland expansion is mostly achieved through deforestation, and other land 
cover conversion happening in this region (grassland to cropland) does not lead to substantial climate changes 
via biogeophysical effects (Figure S1 in Supporting Information S1). For cropland expansion, the present crop 
coverage was upscaled to fill up the grid cells. Crop types differ across the ESMs; CESM has eight different crop 
types (i.e., temperate soybean, tropical soybean, temperate corn, tropical corn, spring wheat, cotton, rice, and 
sugarcane), MPI-ESM simulates C3 and C4 crops, and EC-Earth has five crop functional types, both annual and 
perennial C3 and C4 crops, and C3 N fixers (Lindeskog et al., 2013). Also, the growth periods differ by crop type 
and ESM. For irrigation expansion, CESM has a distinct seasonality for irrigation, and irrigation is turned when 
there is water stress. In EC-Earth, irrigation is prognostically determined depending on the plant water deficiency. 
MPI-ESM simulates irrigation to the soil layer directly if soil moisture content is below field capacity. Irrigation 
water is taken from an irrigation reservoir which is filled by runoff and drainage until a defined threshold value.

2.2. Local and Nonlocal Effects Decomposition

The LCLMC of cropland expansion, irrigation expansion, and afforestation are implemented in the ESMs only 
for half of all grid cells in a regular checkerboard pattern, which allows explicitly distinguishing between their 
local and non-local effects using the approach developed by Winckler et al. (2017a). The local effects represent 
the local climate changes where LCLMC are applied, while the non-local effects are shared with neighboring or 
remote areas. Importantly, the local effects should be interpreted as potential local changes over one grid cell and 
independent of how LCLMC is implemented elsewhere, whereas the non-local effects will vary depending on 
the extent and pattern of global LCLMC. While the local effects could be affected by changes in the background 
climate due to the non-local effects through the interaction between surface conditions, boundary layer dynamics 
and free atmosphere, Winckler et al. (2017a) found that the local effects are robust for changes in the background 
climate due to the non-local effects.

Figure 1. LCLMC implemented in the sensitivity experiments. The fraction of cropland expansion simulated in CROP compared to CTL is shown for CESM (a), 
MPI-ESM (b), and EC-Earth (c). The fraction of afforestation simulated in FRST compared to CTL is show for CESM (d), MIP-ESM (e), and EC-Earth (f). The 
amount of irrigation simulated in IRR compared to CROP is shown for CESM (g), MPI-ESM (h), and EC-Earth (i). Compared to CESM and MPI-ESM, in EC-Earth, 
the surface maps are dynamic, so the maximal differences are taken for this ESM. Source: De Hertog et al. (2023).
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The differences in climate responses between CROP and CTL simulations (CROP-CTL) show the effects of crop-
land expansion; IRR-CROP shows the effects of irrigation expansion in a cropland world; and FRST-CTL quan-
tifies the climate response to full afforestation starting from present-day conditions. In EC-Earth, irrigation does 
not induce any local effects on climate because irrigation implemented in the process-based vegetation model, 
LPJ-GUESS, does not affect moisture fluxes in the atmosphere due to disconnected water cycles of the land surface 
model interface to the atmospheric boundary layer (De Hertog et al., 2023). Therefore, for the sensitivity experiment 
of irrigation expansion, we only discuss results of CESM and MPI-ESM simulations. All simulations are conducted 
given the assumption of a constant anthropogenic forcing (i.e., greenhouse gases [GHG] and aerosol concentration) 
at 2015 levels. The simulations run over 160 years, of which 10 years are considered as spin-up, and the remaining 
150 years are divided into five 30-year time slices (ensemble members). The ensemble mean is used to investigate 
the average climate responses when averaging out internal climate variability, whereas the individual 30-year time 
slices are used to assess the robustness of the results by investigating their consistency across all time slices.

2.3. Heat Stress Metrics

Thermal comfort and heat stress are determined by many climatic factors, such as temperature, humidity, wind 
speed, and radiation (Parsons,  2014). Several heat indexes were developed to quantify the compound effect of 
climatic conditions on occupational health (Lemke & Kjellstrom,  2012). The most widely used heat index to 
assess heat stress impacts on capacity and productivity of labor is the Wet Bulb Globe Temperature (WBGT) index 
(Budd, 2008). In our analysis, we use the WBGT to assess the effects of LCLMC on moist heat. For indoor work 
environments (in shade, shielded from direct solar radiation), the WBGT-indoors is calculated as a weighted average 
of wet bulb temperature (WBT) and temperature (Equation 1) (Lemke & Kjellstrom, 2012). WBT is calculated using 
temperature and relative humidity (or dew point temperature), applying the Stull formula (Stull, 2011) (Equation 2).

WBGTindoors = 0.67 ∗ WBTstull + 0.33 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡 (1)

WBTstull = ��� ∗ atan(�1 ∗
√

ℎ��� + �2) + atan(��� + ℎ��) − atan(ℎ��� − �3)

+ �4 ∗
(

ℎ���
3
2

)

∗ atan(�5 ∗ ℎ���) − �6
 (2)

𝐸𝐸𝐸𝐸𝐸𝐸 = 0.63 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡 − 0.03 ∗ ℎ𝑢𝑢𝑢𝑢𝑡𝑡 + 0.002 ∗ 𝑢𝑢𝑡𝑡𝑟𝑟𝑡𝑡 + 0.0054 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡 ∗ ℎ𝑢𝑢𝑢𝑢𝑡𝑡 −

(

0.073

0.1 + 𝑢𝑢𝑡𝑡𝑟𝑟𝑡𝑡

)

 

where tas is the near-surface air temperature in Celsius, hurs is the near-surface relative humidity in percentages, 
atan is the inverse tangent of a number, c1, c2, c3, c4, c5, and c6 are the constant coefficients in Stull formula.

For outdoor work environments (in the sun), the calculation of WBGT-outdoors also requires the data on solar 
shortwave downwelling radiation as solar radiation causes an additional heat stress impact. Some sophisticated 
approaches to calculate the WBGT-outdoors also include wind speed (Liljegren et al., 2008). There are different 
methods to calculate the WBGT; some are based on thermodynamic heat exchange mechanisms, and others are 
based on statistical models' calculations (Lemke & Kjellstrom, 2012). A simplified method for WBGT-outdoors 
is widely used in climate literature (Buzan et al., 2015; Fischer & Knutti, 2013; Willett & Sherwood, 2012). 
However, some validation studies found that this method could largely overestimates the response of moist 
heat at the mean level but underestimate the extreme heat stress particularly under strong radiation and calm 
wind (Kong & Huber, 2022; Lemke & Kjellstrom, 2012). More accurate and sophisticated methods to calculate 
WBGT-outdoors require iterative solutions, which are computationally intensive. In our analysis, for outdoor work 
environments, we use the Environmental Stress Index (ESI) as a substitute for the WBGT-outdoors (Equation 3).

𝐸𝐸𝐸𝐸𝐸𝐸 = 0.63 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡 − 0.03 ∗ ℎ𝑢𝑢𝑢𝑢𝑡𝑡 + 0.002 ∗ 𝑢𝑢𝑡𝑡𝑟𝑟𝑡𝑡 + 0.0054 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡 ∗ ℎ𝑢𝑢𝑢𝑢𝑡𝑡 −

(

0.073

0.1 + 𝑢𝑢𝑡𝑡𝑟𝑟𝑡𝑡

)

 (3)

where rsds is the shortwave downwelling solar radiation in Watt per m 2.

Both metrics are found to be highly correlated, while the computation of ESI requires less climate variables, 
and is computationally less intensive while preserving satisfactory accuracy (Moran & Epstein, 2006; Moran 
et al., 2001). Kong and Huber (2022) found that ESI, although subject to biases in representing severe heat stress, 
performs reasonably well in representing mean-level heat stress and the integrated impact over a long period (i.e., 
seasonal labor capacity). Using the sub-daily data on the near-surface temperature, relative humidity, and solar 
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radiation, we calculate the WBGT-indoors and ESI for four simulations CTL, 
CROP, IRR, and FRST conducted by the three ESMs.

2.4. Impacts on Labor Capacity

To quantify the heat-induced impacts on labor capacity, we apply the widely 
used heat assessment metric based on the National Institute for Occupational 
Safety and Health (NIOSH) standards (Kjellstrom et al., 2009; NIOSH, 1986). 
Labor capacity is defined as the occupational capacity to safely perform 
physical work under heat stress (Dunne et al., 2013). The NIOSH standards 
describe the frequency and duration of rest breaks, which are recommended 
to avoid heat-induced illnesses, for different metabolic rates (i.e., levels of 
work intensity). The recommended heat stress exposure limits apply for a 
“standard” acclimatized worker of 70 kg. Labor capacity is quantified as the 
percentage of a working hour that a worker performs (i.e., rest/work ratios) 

(Table 1). For example, if no rest break due to heat stress is needed, then the labor capacity is 100%, and if a 25% 
rest break at work is needed to prevent heat-related health risk,  then  the labor capacity is 75% of total working 
hours (Kjellstrom et al., 2009). The recommended rest/work ratios presented in Table 1 are linearly interpolated 
for different levels of WBGT-indoors/ESI.

Work intensity is an important vulnerability factor determining heat stress because physical work increases the 
metabolic heat in the body. As we primarily focus on the sectors which are mostly exposed to heat stress, we quan-
tify the heat-induced impacts on labor capacity for high-intensity jobs (e.g., agriculture and construction). The 
levels of labor capacity are calculated using WBGT-indoors and ESI at the native spatial and temporal (sub-daily) 
resolution of the ESMs. Then, we calculate the multi-year monthly and sub-daily mean values of labor capacity 
over multiple years for each 30-year time slice. For CESM and EC-Earth, the temporal resolution is 3-hourly and 
for MPI-ESM, it is 6-hourly. Finally, the local and non-local components of LCLMC-induced impacts on moist 
heat stress (WBGT-indoors/ESI) and labor capacity are disentangled using the checkerboard approach developed 
by Winckler et al. (2017a). The signal-separated monthly sub-daily responses of ESI and labor capacity are linearly 
interpolated to hourly and then converted from Universal Time Coordinated (UTC) to local time. To analyze the 
annual and seasonal average responses of ESI and labor capacity, we calculate the mean values of a 12-hr workday 
from 7 a.m. to 7 p.m. This time range aims to include the core work hours across all regions. The robustness of 
the results for each ESM is indicated by the consistency in terms of the sign of the effects across five 30-year time 
slices. Although we computed the labor responses for indoor (using WBGT-indoors) and outdoor work (using 
ESI) environment, below we present the results for outdoor work, which is more exposed to heat stress. Overall, 
we found that the labor responses under these two heat indexes are similar but more pronounced when using ESI.

3. Results
3.1. Local Effects

3.1.1. Cropland Expansion

In CESM, the local effects of cropland expansion result in an increase of annual average near-surface air temper-
ature (hereafter: temperature) in the tropics due to decreased evapotranspiration rates, whereas the boreal regions 
experience an albedo-induced cooling (De Hertog et al., 2023) (Figure S2 in Supporting Information S1). For low 
latitudes, the absolute increase of ESI is less pronounced than the temperature increase, because of a reduction in 
(relative and specific) humidity. CESM also shows a small reduction in specific humidity in low latitudes and an 
increase in shortwave solar radiation in particular in high latitudes. There are substantial differences in the seasonal 
and especially sub-daily responses of ESI. For example, for East Asia (mostly China), the local effects of cropland 
expansion cause an ESI warming mostly in fall and winter, while in summer, the local warming effect is modest 
(Figure 2). The seasonal difference likely occurs because of the Asian summer monsoon, which causes more evap-
oration due to more ample water and thus weaken the warming in summer. Regarding the diurnal cycle, the local 
effects of cropland expansion lead to a higher (lower) ESI in the night-time (day-time) in the tropics (Figure 3). In 
CESM, day-time temperature is mostly only affected in high northern latitudes, whereas during night-time many 
other regions are affected as well. Despite an increase in temperature and solar radiation, a reduction in humidity 
leads to a small ESI cooling during day-time in low latitudes (Figure S3 in Supporting Information S1). Overall, 

Table 1 
Recommended Rest/Work Ratios for ESI Exposure Levels (°C) for an 
Average Acclimatized Worker Wearing Light Clothing, for High Work 
Intensive Jobs Outdoors With a Metabolic Rate of 400 W

Rest/work ratios WBGT-indoors/ESI (°C)

0% rest/hour (continuous work) 27

25% rest/hour 27.5

50% rest/hour 29.5

75% rest/hour 31.5

100% rest/hour (no work) 36

Source: Kjellstrom et al. (2009).
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cropland expansion induces a local increase of seasonal average ESI in low latitudes. However, due to non-linearities 
of labor responses, a reduction of day-time ESI results in a higher seasonal average capacity of outdoor labor in 
the Amazon and Congo regions (Figure 4 and Figure S6 in Supporting Information S1). In contrast, in Australia 
(in DJF) and Iran (in JJA), the local effects of cropland expansion result in a lower capacity of outdoor labor. For 
South-East Asia countries, such as Myanmar, Thailand, Cambodia, and Indonesia, the results are mixed.

In MPI-ESM, the local effects of cropland expansion lead to a less pronounced and less widespread local cooling 
in the boreal forest regions and less local warming in the tropics compared to CESM (Figure S2 in Supporting 
Information S1). This is because the albedo-induced effects in MPI-ESM are weaker than in CESM (De Hertog 
et al., 2023) Similar to CESM, in MPI-ESM, cropland expansion results in an increase in shortwave solar radi-
ation (Figure S2 in Supporting Information S1). MPI-ESM shows different seasonal patterns in the responses 
of ESI. For example, the local effects of cropland expansion result in a reduction of ESI in the Amazon region 
in JJA, while there is an ESI warming in DJF (Figure 2). Furthermore, MPI-ESM shows a different sub-daily 
response of ESI compared to CESM. In MPI-ESM, cropland expansion causes a local ESI cooling the first half 
of the day in the Amazon and Congo regions, while afternoon, the local effect is dominated by an ESI warming 
(Figure 3). In MPI-ESM, the diurnal variation of ESI is largely consistent with the diurnal variation of temper-
ature, while changes in humidity are relatively small (Figure S4 in Supporting Information S1). The impacts on 
the capacity of outdoor labor are mixed across regions and seasons (Figure 4 and Figure S6 in Supporting Infor-
mation S1). Similar to CESM, in MPI-ESM, the local effects of cropland expansion in Africa causes an increase 
in the seasonal average capacity of outdoor labor, especially in SON. In contrast to CESM, the seasonal average 
capacity of outdoor labor also increases in the Northern Australia in SON and DJF due to less moist heat. The 
Amazon region (in DFJ and MAM), South-East USA (in JJA), and South-East Asia (in JJA) experience a reduc-
tion in the seasonal average capacity of outdoor labor because of an ESI warming.

EC-Earth, compared to CESM and MPI-ESM, does not show any significant local cooling in the boreal regions 
(Figures S2 in Supporting Information S1), which is likely because of a weak albedo response and a strong local 
warming over the permafrost areas in this model (De Hertog et al., 2023). Yet, in line with CESM and MPI-ESM, 
the local effects of cropland expansion induce a moderate local warming effect in the tropics due to decreased 
evapotranspiration (De Hertog et al. (2023)). The increase of ESI in the tropics is substantially less pronounced 

Figure 2. Ensemble-mean absolute changes (in Celsius) of seasonal average Environmental Stress Index (ESI) for a 7 a.m. to 
7 p.m. workday, which result from the local effects of cropland expansion. The dots indicate the consistency in terms of the 
sign of local effects across five 30-year time slices.
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Figure 3. Ensemble-mean absolute changes (in Celsius) of sub-daily (local time) average Environmental Stress Index (ESI), which result from the local effects of 
cropland expansion.
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than the temperature response because of decreased humidity (Figure S2 in Supporting Information S1). Thus, 
the changes of seasonal average ESI are also moderate in EC-Earth (Figure 2). Similar to CESM, in EC-Earth, 
cropland expansion in low latitudes leads to a smaller increase in temperature in day-time compared to night-time. 
Moreover, the day-time temperature increase is turned into a day-time ESI cooling due to a reduction in humid-
ity (Figure S5 in Supporting Information S1). So, cropland expansion leads to a local increase (decrease) in the 
night-time (day-time) ESI (Figure 3). Because of non-linearities in labor response functions, the reduction of 
day-time ESI results in an increase in the seasonal average capacity of outdoor labor in the Amazon and Congo 
regions, especially in JJA (Figure 4 and Figure S6 in Supporting Information S1). In contrast, South-East of China 
and USA experience a reduction in the capacity of outdoor labor due to more moist heat in JJA.

Changes of monthly average capacity of outdoor labor are larger than the seasonal average changes. For instance, 
across three ESMs, in some locations (grid cells), the changes in the monthly average capacity of outdoor labor 
could reach −8.4 and +14.8% points (Figure S7 in Supporting Information S1).

3.1.2. Irrigation Expansion

While both CESM and MPI-ESM show an irrigation-induced reduction of annual average temperature due to 
increased evaporation, the models show different spatial patterns and magnitudes of local effects (Figure S9 in 
Supporting Information S1). For example, compared to MPI-ESM, CESM reveals a strong and consistent reduc-
tion of temperature in India and East Africa, where the annual average temperature could decrease by more than 
1°C (Figure S9 in Supporting Information S1). This is likely because, in MPI-ESM, irrigation water availability is 
constrained by the amount of runoff and drainage, whereas, in CESM, the availability of irrigation water is unlim-
ited. An irrigation-induced decrease of temperature indicates an evaporative cooling effect, which could poten-
tially reduce heat stress in low latitudes. However, irrigation also causes additional humidity, which is another 
important factor determining thermal comfort and heat stress. For instance, a high humidity prevents the evapora-
tion of sweat from the body. Both CESM and MPI-ESM show that the local effects of irrigation lead to an increase 
of relative humidity (Figure S9 in Supporting Information S1). As a result, in CESM, the evaporative cooling 
effect of reduced temperature is largely offset by an increase of humidity. This is indicated by substantially less 
pronounced absolute changes of ESI compared to the temperature response. CESM and MPI-ESM show different 

Figure 4. Ensemble-mean absolute changes (in percentage points) of the seasonal average labor capacity of high 
work-intensive jobs in outdoors for a 7 a.m. to 7 p.m. workday, which result from the local effects of cropland expansion. The 
dots indicate the consistency in terms of the sign of local effects across five 30-year time slices.
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evaporative cooling effects. While MPI-ESM simulates a slight reduction of ESI, which is consistent with the 
temperature response, in CESM, irrigation expansion leads to a relatively larger increase of humidity. Relative 
humidity is closely correlated with temperature, while specific humidity can vary independently of temperature. 
In CESM, irrigation expansion also causes an increase in specific humidity (Figure S9 in Supporting Informa-
tion S1). Moreover, MPI-ESM shows a larger local increase in cloud cover due to irrigation expansion compared 
to CESM (De Hertog et al., 2023), which could potentially explain a reduction in shortwave solar radiation. As a 
result, MPI-ESM has a more pronounced and widespread ESI cooling. Overall, the local effects of irrigation on 
moist heat stress are modest (Figures 5 and 6). The consequential impact of heat stress on the seasonal capacity 
of outdoor labor are also moderate in most regions, though there are some hotspots regions with relatively strong 
responses of labor capacity (Figure 7 and Figure S10 in Supporting Information S1). For example, CESM shows 
a reduction in the seasonal average capacity of outdoor labor in India in MAM. In MPI-ESM, the local effects of 
irrigation expansion lead to an increase in the seasonal average capacity of outdoor labor in Asia, South-East USA, 
and Latin America. Globally, for some locations (grid cells), the monthly average changes in the labor capacity in 
CESM and MPI-ESM could reach −11.1 and +7.2% points (Figure S11 in Supporting Information S1).

3.1.3. Afforestation

In contrast to cropland expansion, the local effects of afforestation implemented in CESM and MPI-ESM lead to 
a local warming in high-latitude regions due to changes in turbulent heat fluxes induced by changes in land cover 
(Figure 8, Figures S13 in Supporting Information S1 and Figure 9 in De Hertog et al. (2023)). In CESM, the 

Figure 5. Same as Figure 2 but for the sensitivity experiment of irrigation expansion.
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albedo changes completely determine the climate response, whereas in MPI-ESM, the albedo effect is less strong 
and thus the surface roughness and in turn the changes in turbulent heat fluxes also play an important role. The 
magnitude and spatial patterns of the local effects largely differ between CESM and MPI-ESM. In CESM, the 
local effects of afforestation are associated with cooling in some low-latitude regions due to increased evapotran-
spiration rates and turbulent exchange of sensible heat (Figure 9 in De Hertog et al. (2023)). The absolute changes 
of ESI in the tropics are slightly less pronounced than the temperature response because of changes in relative and 
specific humidity (Figure S13 in Supporting Information S1). CESM also shows a reduction in shortwave solar 
radiation. Furthermore, in CESM, afforestation leads to a local decrease (increase) of nigh-time (day-time) ESI 
in low latitudes, which is the reverse effect compared to cropland expansion (Figure 9). As a result of a higher 
day-time ESI, the seasonal average capacity of outdoor labor declines in some regions of Africa, Middle East, and 
West Australia (Figure 10 and Figure S14 in Supporting Information S1). In contrast, East Australia (in DJF) and 
Thailand (in JJA) show an increase in the capacity of outdoor labor in DJF.

Figure 6. Same as Figure 3 but for the sensitivity experiment of irrigation expansion.
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Similar to CESM, afforestation causes an increase in annual average temperature and a reduction in shortwave 
solar radiation in high latitudes (Figure S13 in Supporting Information S1). In low latitudes, MPI-ESM shows 
considerably smaller responses of temperature and humidity compared CESM. Moreover, MPI-ESM reveals a 
different diurnal cycle variation. For example, compared to CESM, MPI-ESM shows an ESI warming in the 
night-time and cooling in the day-time. For MPI-ESM, the labor responses are most pronounced in JJA and 
mixed in terms of the size of local effects (Figure 10). For example, the local effects of afforestation results in 
an increase in the capacity of outdoor labor in India, East and South-East Asia, and South-East USA during JJA, 
whereas some regions of Africa and Middle East experience a reduction of outdoor labor capacity. In EC-Earth, 
compared to CESM and MPI-ESM, the local effects of afforestation induce a smaller and less widespread impact 
on moist heat and labor capacity in most regions. Some countries of Africa, such as Sudan and Chad, South-East 
of China, and USA experience an increase in the seasonal average capacity of outdoor labor due to less moist 
heat.

Overall, across three ESMs, in some locations (grid cells), the changes in the monthly average capacity of outdoor 
labor range from −13.6 to +14.8% points (Figure S15 in Supporting Information S1).

3.1.4. Indoor Versus Outdoor Labor

Above, we presented and discussed the LCLMC-induced impacts on the capacity of outdoor labor. To investigate 
the impact on indoor labor (i.e., outdoor in shade, shielded from direct solar radiation), we calculated the capacity 

Figure 7. Same as Figure 4 but for the sensitivity experiment of irrigation expansion.
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of indoor labor based on the WBGT-indoors, which require only the data on temperature and relative humidity 
without solar radiation (Section 2.2). When comparing the responses of outdoor and indoor labor, we find that 
the changes in the capacity of indoor labor are substantially less pronounced (Figures S8, S12, S16 in Supporting 
Information S1). The differences in the responses of indoor and outdoor labor capacity are especially apparent for 
the sensitivity experiment of cropland expansion. For example, for CESM and EC-Earth, the local effects of crop-
land expansion cause a substantially smaller impact on the capacity of indoor labor in the Amazon and especially 
Congo regions compared to the response of outdoor labor (Figure S8 in Supporting Information S1). For exam-
ple, for the Congo region, changes in indoor labor capacity due to cropland expansion do not exceed 1% point.

3.2. Non-Local Effects

3.2.1. Cropland Expansion

Overall, the non-local effects of cropland expansion are inconsistent across the ESMs. In CESM, the non-local 
effects of cropland expansion cause a strong global ESI cooling (Figure 11), which is associated with increases 
in the vegetation albedo and snow albedo feedback (Appendix D in De Hertog et al. (2023)). In other words, the 
local albedo changes cause the non-local ESI cooling through atmospheric circulation. Due to a lower temper-
ature, the snow persists longer over open cropland than in afforested areas. Moreover, the increased albedo 
effect is stronger in a snow-covered cropland or bare soil area than for snow covered afforested area (Davin & 
Noblet-Ducoudré,  2010). The nonlocal global cooling leads to a relatively strong increase in the capacity of 
outdoor labor in the tropics, especially in West Africa, Middle East, and North Australia (Figure 12).

In contrast to CESM, in MPI-ESM, the non-local effects of cropland expansion cause an increase of ESI in 
the polar and temperate zone (Figure  11) because other biogeophysical effects (i.e., changes in cloud cover) 
compensate a relatively small albedo effect (De Hertog et al., 2023). However, for most high-latitude regions, 
the non-local effects are inconsistent across five 30-year time slices of MPI-ESM. Some low-latitude regions, 

Figure 8. Same as Figure 2 but for the sensitivity experiment of afforestation.
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Figure 9. Same as Figure 3 but for the sensitivity experiment of afforestation.
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such as the Amazon, Central Africa, South-East Asia, and Australia, experience an ESI cooling, which leads to a 
moderate increase in the capacity of outdoor labor (Figure 12).

Similar to CESM, in EC-Earth, the non-local effects of cropland expansion result in a reduction of ESI in the 
boreal regions, which is, however, less spatially widespread and less pronounced compared to CESM. Further-
more, in contrast to CESM and MPI-ESM, in EC-Earth, the non-local effects of cropland expansion induce 
an increase in the annual average ESI in Africa, Middle East, and Amazon area. In EC-Earth, a local warming 
induced by cropland expansion in the tropics is amplified by atmospheric circulation processes. As a result of 
ESI warming, the capacity of outdoor labor decreases in North and Central Africa, Middle East, South-East Asia, 
and especially the Amazon region.

3.2.2. Irrigation Expansion

In CESM and EC-Earth, the non-local effects of irrigation on moist heat are small and largely inconsistent 
between these two ESMs. Moreover, the robustness across five 30-year time slices is generally lower than for the 
local effects, potentially because of the interannual variability of atmospheric circulation patterns. Both models 
indicate a modest increase in moist heat in the Saharan and Sahel regions, leading to a lower capacity of outdoor 
labor (Figures 11 and 12). CESM also shows a small decrease of ESI in high latitudes (e.g., North America). 
By contrast, in MPI-ESM, the non-local effects of irrigation expansion result in a strong global decrease of ESI 
because of a non-local increase in cloud cover. As a result of a global ESI cooling, the capacity of outdoor labor 
increases in the tropics and especially in South-West USA (Figure 12). For most regions except the USA, the 
changes in the annual average capacity of outdoor labor do not exceed 2% points.

3.2.3. Afforestation

Afforestation-induced albedo decreases lead to a local warming in the boreal region. The non-local effects 
of afforestation results in an ESI warming in the tropics through atmospheric circulation, which transports a 

Figure 10. Same as Figure 4 but for the sensitivity experiment of afforestation.
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Figure 11. Ensemble-mean absolute changes (in Celsius) of the annual average Environmental Stress Index (ESI) for a 7 a.m. to 7 p.m. workday, which result from the 
non-local effects of cropland expansion, irrigation expansion, and afforestation. The dots indicate the consistency in terms of the sign of local effects across five 30-year 
time slices.

Figure 12. Ensemble-mean absolute changes (in percentage points) of the annual average labor capacity of high work-intensive jobs in outdoors for a 7 a.m. to 7 p.m. 
workday, which result from the non-local effects of cropland expansion, irrigation expansion, and afforestation. The dots indicate the consistency in terms of the sign of 
local effects across five 30-year time slices.
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warmer air from high latitudes. The magnitude and spatial patterns of warming strongly differ across the ESMs 
(Figure 11). For instance, in CESM, the non-local effects are largely inconsistent across five 30-year time slices 
for Eurasia and a large part of Africa, while North America is shown to experience a consistent increase of ESI. 
In MPI-ESM, the ESI warming is especially strong in China, USA, and Russian Far East. As a result of increased 
heat stress, the capacity of outdoor labor declines in the tropics (Figure 12). In CESM, the reductions in the capac-
ity of outdoor labor are especially strong in Latin America and North Australia, while, in MPI-ESM, the decline 
of labor capacity is most pronounced in Middle East. In EC-Earth, the heat-induced reductions of the  annual 
average capacity of outdoor labor in the tropics do not exceed 1% point.

4. Discussion
Most existing epidemiological studies on heat-related mortality and morbidity use only ambient temperature as 
the main climatic explanatory variable to assess health impacts. More sophisticated heat indexes, which include 
humidity and other climate variables, are rarely used (Heo et al., 2019; Ma et al., 2018). Results of our analysis 
show that humidity is an important factor when analyzing the biogeophysical effects of irrigation expansion on 
moist heat and labor capacity. We found that the irrigation-induced local decline in air temperature could be 
opposed by a local increase in humidity. In CESM, irrigation expansion even leads to a reduction of labor capac-
ity because of more moist heat (Figure 7), whereas, in MPI-ESM, the local effects are dominated by an increase 
of labor capacity due to an ESI cooling. Observation-based studies found that irrigation could lead to an increase 
of moist heat in India (Guo et al., 2022; Mishra et al., 2020). However, they use a different index to measure  moist 
heat and investigate the effects of current irrigation while our idealized sensitivity experiment applies 0% and 
100% irrigation. Therefore, the results of our analysis are not directly comparable with Mishra et  al.  (2020). 
For cropland expansion and afforestation, we also found that the absolute changes of ESI are less pronounced 
compared to the temperature responses due to concomitant changes of humidity.

Furthermore, we found several sources of disagreement across the ESMs which hinder from drawing robust 
conclusions. One aspect is the divergent responses of moist heat during day-time and night-time. For instance, 
CESM and EC-Earth show that cropland expansion causes an increase in moist heat during night-time and a 
decrease during day-time, while MPI-ESM has rather a reverse response. It should be noted that MPI-ESM model 
output data have a relatively coarse temporal resolution (6-hourly), which affects the estimates of labor responses 
for a 7 a.m. to 7 p.m. workday. In both CESM and EC-Earth, cropland expansion in low latitudes induces a 
substantially smaller increase in temperature during day-time compared to night-time. Moreover, the increase in 
day-time temperature in low latitudes is counteracted by a reduction in humidity, the combination of both result-
ing in a decrease in ESI. Due to a lack of data needed for an entire energy balance decomposition, it is difficult to 
fully explain the diurnal cycle variation of temperature in our ESM simulations. Overall, in MPI-ESM, the spatial 
distribution of surface heat fluxes agrees well with temperature responses (except for the high northern latitudes), 
which implies that the diurnal variation of temperature responses can be largely explained by variations in surface 
heat fluxes. Generally, an increase in sensible heat flux or a decrease in latent heat flux causes an increase in 
near-surface temperature and vice versa (Figure S17 in Supporting Information S1). However, in CESM and 
EC-Earth, changes in sensible and latent heat fluxes do not agree with temperature response, meaning that other 
variables play a determining role. For example, in CESM, the largest reduction in latent heat flux due to cropland 
expansion occurs in the afternoon; however, the temperature increase is substantially smaller in magnitude and 
spatial coverage in day-time compared to night-time. Potentially, albedo changes might explain a smaller temper-
ature response in day-time as especially an albedo increase due to cropland expansion leads to a higher fraction 
of reflected incoming solar radiation and thus less warming. In CESM and MPI-ESM, cropland expansion results 
in a stronger incoming solar radiation; however, both sensible and latent heat fluxes decrease between 09:00 and 
15:00. This indicates that roughness reductions due to cropland expansion might also be an important deriver 
of temperature responses by reducing both sensible and latent heat fluxes. In both CESM and EC-Earth, the 
diurnal cycle variation of temperature responses is rather counter-intuitive, while observations support the results 
of MPI-ESM (Figure S18–S19 in Supporting Information S1). Observation-based studies show that deforesta-
tion (afforestation) leads to cooling (warming) during night-time and warming (cooling) during daytime, which 
contradicts the results of CESM and EC-Earth (Alkama & Cescatti, 2016; Duveiller et al., 2018; Lee et al., 2011). 
This is especially true for surface temperature; however, changes of near-surface climate variables (relevant 
for the calculation of ESI and other moist heat indices) are subject to more uncertainty and inconsistencies 
across models. For instance, results from the applied ESMs show that the response of near-surface temperature to 
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LCLMC is found to be substantially less pronounced and less consistent across the models compared to surface 
temperature (De Hertog et al., 2023; Winckler et al., 2019).

Moreover, LCLMC-induced effects on cloud cover and albedo changes are inconsistent and highly uncertain 
across the ESMs. For instance, CESM shows a stronger albedo response compared to MPI-ESM. Overall, future 
research on this topic would strongly benefit from more observation-based studies as well as model development 
to better understand how LCLMC-induced biogeophysical effects will affect the diurnal variation of temperature, 
humidity, and moist heat, but also how changes in surface climate responses transfer into near-surface responses.

The nonlocal effects of LCLMC are found to have a more pronounced and spatially wide-spread impact on 
moist heat and labor capacity. Yet, the magnitude and spatial patterns of non-local effects, which are driven 
by atmospheric circulation processes, are highly inconsistent across the ESMs. In contrast to local effects, the 
non-local effects are scenario-dependent and therefore, for more realistic LCLMC scenarios, the non-local effects 
are expected to be smaller.

There are several limitations and caveats to this analysis. The main methodological challenges and limitations 
to the implementation of the conducted sensitivity experiments are well described in (De Hertog et al., 2023). 
To summarize the main limitations, the checkerboard approach introduces an interpolation error (up to 0.3 K 
for temperature); and, due to differences in land cover changes and modeling of biogeophysical processes in 
the ESMs, the conducted simulations are not perfectly consistent and comparable across the ESMs. The sensi-
tivity experiments are highly idealized, while less extreme and more policy feasible LCLMC would lead to 
less pronounced impacts than estimated, especially for the non-local effects. In addition, specifically for the 
sensitivity experiment on irrigation expansion, the implementation of irrigation in the ESMs does not distin-
guish between different types of irrigation methods, which could have different biogeophysical effects (Yao 
et al., 2022). For example, drip irrigation will likely have a smaller effect on the climate compared to sprinkler 
or flood irrigation. Investigating the biogeophysical effects of different types of irrigation systems is a relevant 
avenue for future research. Also, the duration of irrigation-induced effects is uncertain, depending on the type 
of irrigation and climatic and soil conditions. Furthermore, the effects of LCLMC have been identified for the 
present-day climatic conditions, while the magnitude of local and non-local LCLMC-induced effects could differ 
under future high warming scenarios. For example, Winckler et al. (2017b) showed that deforestation-induced 
biogeophysical effects on local temperatures increase substantially under global warming, even reaching, in some 
scenarios, a strength similar to that of the present-day LCLMC effect itself. While future climate change could 
exacerbate LCLMC effects on climate, also the relationship between climate change and labor capacity itself 
could change. Due to nonlinearities in the exposure-response relationship between heat stress and labor capacity 
(Kjellstrom et al., 2018), the effects of LCLMC are expected to lead to more pronounced heat stress impacts 
under future high warming scenarios. In our analysis, we use high-end exposure-response functions (i.e., NIOSH 
recommendations), so the estimated impacts on labor capacity can be considered as upper bounds. Furthermore, 
our analysis focuses solely on the adverse heat stress impacts on labor capacity, while cold-related impacts on 
labor capacity are not included. A more comprehensive analysis on the LCLMC-induced climate effects on 
health, productivity and capacity of labor is an important avenue for future research.

5. Conclusions
There has been little evidence on how LCLMC would affect human heat stress and labor capacity. Previous 
studies lack a comprehensive perspective that impedes their comparability, which calls for a global, multi-model, 
multi-LCLMC approach as pursued in this study. Our analysis is based on results from three idealized sensitiv-
ity experiments considering (a) cropland expansion, (b) irrigation expansion, and (c) afforestation, which were 
conducted by three ESMs, namely CESM, MPI-ESM, and EC-Earth. We found that the local LCLMC-induced 
effects on climate are substantial but differ in space, magnitude, and sign across the ESMs. In CESM, the local 
effects of irrigation expansion result in a higher humidity, which largely diminishes the concomitant cooling  effect 
of reduced temperature. Similarly, for cropland expansion, a reduction of humidity largely diminishes warming 
due to increased temperature in low latitudes, so the absolute changes of ESI are substantially smaller than the 
temperature response. Moreover, CESM and EC-Earth show that cropland expansion causes a local increase 
(decrease) of ESI in the night-time (day-time), which leads to a higher labor capacity in the Amazon and Congo 
regions due to less moist heat. In contrast, MPI-ESM, for which the response of the diurnal cycle of near-surface 
temperature agrees better with observations than for CESM and EC-Earth, tends to show a reversed local effect 
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of cropland expansion on moist heat during night- and day-time. The local effects of cropland expansion also 
differ by season and are inconsistent across the ESMs for some regions. For afforestation, the local effects on 
moist heat and labor capacity are mixed. Overall, the local LCLMC-induced effects could lead to non-negligible 
impacts on labor capacity in low-latitude regions during the warmest seasons. We found that, in some locations, 
the LCLMC-induced changes in the monthly average capacity of outdoor labor across all grid cells within a 
region could reach −14 and +15% points relative to the levels of labor capacity under current climate conditions 
and land use. Our results thus highlight that these effects may be of real significance locally but are at the same 
time uncertain and would benefit from more observational studies as well as from further model evaluation and 
development.

Finally, we found that the non-local effects of LCLMC could also affect the labor capacity through changes in 
heat stress. These effects are substantial but differ across the ESMs in our idealized experiments. The non-local 
effects are scenario-dependent, and these would therefore be substantially smaller in more policy feasible 
LCLMC scenarios. Despite the mentioned limitations and inconsistencies across the ESMs, results of our anal-
ysis show that the LCLMC-induced impacts on human heat stress and labor capacity should be considered in 
LCLMC-related policies to enhance sustainable development.
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