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Abstract To achieve the 1.5°C target of the Paris agreement, rapid, sustained, and deep emission reductions
are required, which often includes negative emissions through land‐based mitigation. However, the effects of
future land‐use change on climate are often not considered when quantifying the climate‐induced impacts on
human heat stress and labor capacity. By conducting simulations with three fully coupled Earth SystemModels,
we project the effects of land‐use change on heat stress and outdoor labor capacity for two contrasting future
land‐use scenarios under high‐ambition mitigation. Achieving a sustainable land‐use scenario with increasing
global forest cover instead of an inequality scenario with decreasing forest cover in the Global South causes a
global cooling ranging between 0.09°C and 0.35°C across the Earth System Models. However, the effects on
human heat stress are less strong, especially over the regions of intense land‐use change such as the tropics,
where biogeophysical effects on near‐surface specific humidity and wind speed counteract the cooling effect
under warm extremes. The corresponding influence on outdoor labor capacity is small and inconsistent across
the three Earth System Models. These results clearly highlight the importance of land‐use change scenarios for
achieving global temperature targets while questioning the adaptation potential for reduction in heat stress.

Plain Language Summary Land transformations play a significant role in Paris‐Agreement‐
compatible pathways that limit global warming to 1.5°C or 2°C. Besides altering carbon uptake and release,
land‐use changes also influence the climate by modifying the amount of evaporation, the reflection of sunlight,
and other surface properties. Earth System Models currently disagree between each other about these effects.
Here we apply three climate models to investigate the effects of two different land‐use scenarios representing
alternative future societies: (a) a sustainability scenario where tropical forests are preserved and afforestation
is implemented and (b) an inequality scenario with large‐scale tropical deforestation. We find that the
sustainability scenario results in more land‐use‐induced cooling compared to the inequality scenario, in addition
to higher land carbon storage. In contrast, Land‐use changes affect heat stress in a complex way, with
deforestation overall leading to a decreased heat stress in the tropics. These effects are however less clear during
extreme conditions and appear to affect labor capacity over those regions in a limited way. This implies that the
potential of forestation for limiting heat stress impacts of climate change is limited.

1. Introduction
Land‐use changes (LUC) are expected to play a major role toward the future, as most socio‐economic scenarios
in line with the Paris Agreement require large‐scale carbon dioxide removals (Pongratz et al., 2021; Roe
et al., 2019). Land‐based mitigation, such as enhanced carbon sequestration through af‐/reforestation and
bio‐energy plantations with carbon capture and storage (IPCC, 2022; Roe et al., 2019; Rogelj et al., 2018), will be
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required in addition to rapid, sustained, and deep fossil fuel emission reductions, to ensure that the world does not
pass the Paris agreement target of 1.5°C increase in global mean temperature (IPCC, 2021, 2022; Rogelj
et al., 2018; UNFCCC, 2015). However, the effects of the associated future LUC on the climate remain poorly
understood (Pongratz et al., 2021).

Future socio‐economic scenarios typically only consider LUC‐induced effects through changes in the carbon
cycle (biogeochemical effects), but neglect the effects on surface properties which change the surface energy and
water cycles (biogeophysical effects) (Pongratz et al., 2021). The biogeophysical effects have been shown to be
substantial regionally but remain uncertain within different Earth System Models (ESM), and frequently even
disagree on the sign of change (Boysen et al., 2020; De Hertog et al., 2023). It is crucial to better understand the
effects of LUC on the climate, in order to properly inform the current and near‐future climate policy (Duveiller
et al., 2020; Pongratz et al., 2021). ESM simulations dedicated to assess the LUC‐induced effects on climate
generally focus on historical (Boisier et al., 2012; De Noblet‐Ducoudré et al., 2012; Pitman et al., 2009; Pongratz
et al., 2010) or highly idealized simulation setups (Boysen et al., 2020; Davin & de Noblet‐Ducoudre, 2010;
De Hertog et al., 2023; Portmann et al., 2022; Winckler et al., 2017, 2019), with only few simulations explicitly
assessing LUC‐induced climate effects under future scenarios (Boysen et al., 2014; Brovkin et al., 2013; Hirsch
et al., 2018). However, as many of the relevant biogeophysical and biogeochemical processes depend on the
background climate (Pongratz et al., 2021), the entire ecosystem‐climate feedback needs to be considered. This
can be achieved by conducting dedicated future emission‐driven simulations that more accurately quantify the
LUC‐induced climate effects of low‐warming scenarios that heavily rely on land‐based climate changemitigation.

LUC‐induced climate effects have been shown to play an even larger role during heat extremes. For example,
historical deforestation caused more extreme heat in the Northern mid‐latitudes (Lejeune et al., 2018), while
afforestation over Europe has been shown to increase summer precipitation (Meier et al., 2021). This illustrates
that LUC could, besides from their mitigation potential, also modulate and thus potentially play a role in adapting
to the impacts of future climate change (Davin et al., 2014; Pongratz et al., 2021; Seneviratne et al., 2018).
However, studies assessing the adaptation potential of LUC are typically limited to single meteorological vari-
ables such as temperature, which makes it unclear how these translate to direct impacts on human beings through
heat stress (Orlov, De Hertog et al., 2023). In addition to temperature, LUC also affect near‐surface relative
humidity, wind speed and incoming surface shortwave radiation which determine the impact on heat stress
(Orlov, De Hertog et al., 2023). Future heat stress is important for health but also affects the economy through a
reduction in working hours (labor capacity) due to, for example, climate‐induced injuries (Fatima et al., 2021).
Heat‐induced reductions in labor capacity can be substantial especially over low‐latitude regions, which are
typically regions where adaptive capacity is low (Kjellstrom et al., 2018; Mora et al., 2017). While labor capacity
will be substantially afflicted as a result of future greenhouse gas emissions (Orlov et al., 2020; Orlov, Jägermeyr,
et al., 2024), it is currently unclear how this will be affected by future LUC scenarios.

Here we aim to disentangle the LUC‐induced climate effects on heat stress and labor capacity under a future low
warming scenario. To achieve this, we perform and analyze a set of dedicated ESM projections that incorporate
two recently developed LUC scenarios. These scenarios represent two different global future socio‐economic
contexts: (a) a global narrative of non‐converging socio‐economic conditions, which leads to measures to
maintain sustainable land use being only implemented in high‐income countries (inequality scenario), versus (b) a
narrative of converging socio‐economic conditions that support global measures such as greenhouse gas emission
pricing, sustainable land‐use practices, and inclusive socio‐economic development (sustainability scenario)
(Humpenöder et al., 2022). The simulations are set up under an emission‐driven, well below 2°C compatible
scenario to assess the importance of LUC‐induced climate effects on human heat stress and labor capacity in a
low‐warming future. First, we analyze these results for the effects on global and regional mean temperature. Next,
we assess the impacts of these LUC‐induced temperature changes by quantifying LUC‐induced effects on humid
heat stress and consequent changes in labor capacity.

2. Methods
2.1. Participating ESMs

This study is conducted using three state‐of‐the‐art ESMs: the Community Earth SystemModel (CESM), theMax
Planck Institute for Meteorology Earth System Model (MPI‐ESM), and the European Consortium Earth System
Model (EC‐EARTH). Here, we provide a brief technical description of each model.
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We apply CESM version 2.1.3, which is a community built open source ESM (Danabasoglu et al., 2020). The
model is run in fully coupled mode at 0.90° × 1.25° spatial resolution. The ESM includes an atmosphere model
(the Community Atmosphere Model version 6; CAM6), a land model (the Community Land Model version 5;
CLM5), an ocean model (the Parallel Ocean Program version 2; POP2), an ice sheet model (the Community Ice
Sheet Model; CISM), and a sea ice model (the Los Alamos National Laboratory Sea Ice model, CICE).

We use the Max Planck Institute for Meteorology Earth System Model version 1.2 with low resolution config-
uration (MPI‐ESM1.2‐LR) at 1.88° × 1.88° spatial resolution (Mauritsen et al., 2019). The MPI‐ESM uses
ECHAM6.3 as the atmosphere model, JSBACH3.2 as the land surface model, and a coupled ocean dynamics and
biogeochemistry model (MPIOM1.6 and HAMOCC6, respectively).

The European Consortium Earth System Model version 3 (EC‐EARTH‐CC) is a state‐of‐the‐art Earth system
model developed by the EC‐Earth consortium (Döscher et al., 2022). The model is run in fully coupled mode at
a 0.7° × 0.7° spatial resolution. It uses the Integrated Forecast System (IFS) as an atmosphere model, which
includes a component to handle surface and water energy exchanges from the surface: the Hydrology Tiled
ECMWF Scheme for Surface Exchanges over Land (HTESSEL). HTESSEL couples the atmosphere model to
the land model: Lund‐Potsdam‐Jena General Ecosystem Simulator (LPJ‐GUESS). The oceanic component
is modeled through the Nucleus for European Modeling of the Ocean (NEMO) model (v3.6) and the
Pelagic Interactions Scheme for Carbon and Ecosystem Studies volume 2 (PISCES) that models the oceanic
biogeochemistry.

These ESMs have participated in several multi‐model intercomparison projects focusing on the effects of LUC on
the climate (e.g., LUMIP, Boysen et al., 2020). Each of the ESMs have been evaluated for their capacity to model
LUC‐induced temperature effects (De Hertog et al., 2023) and have been shown to perform reasonably well for
LUC‐induced changes in annual mean surface temperature.

2.2. Simulation Setup

We conduct four simulations for every ESM: one for the present‐day and three future simulations (Figure 1). For
the present‐day simulations, we conduct a short 35‐year simulation (presCTL; 1980–2014) which branches off in
1980 from the first three members of the esm‐hist simulations, performed with the respective ESMs within the
context of the Coupled Model Intercomparison Project Phase 6 (CMIP6) (Eyring et al., 2016). Thus, each of the
three ESMs produced an ensemble of three present‐day simulations. For CESM, only two members of esm‐hist
were available, hence the third ensemble member was generated through a slight initial condition perturbation in
the atmospheric temperature field of the first member for this ESM. The future climate (2015–2100, futCTL) is
simulated by branching off from the three presCTL simulations per ESM. We first perform a simulation of the
future climate (2015–2100) under a low‐warming scenario (RCP1.9) without LUC. In both the futCTL and
presCTL ensemble, the land use is kept constant at present‐day levels (representing the end of 2014 conditions).
Next to the futCTL, two additional experiments with transient LUC are conducted under RCP1.9 forcing, with
details provided below.

All ESMs run in an emission‐driven mode, meaning that atmospheric CO2 concentration is a prognostic variable
during the runtime of the simulation. In emission‐driven mode, the atmospheric CO2 concentration is computed
from anthropogenic fossil and industrial emissions as well as from terrestrial and ocean C exchange. This CO2
concentration change in the atmosphere then affects the energy and water cycle (biogeophysical effects) which in
turn alters the terrestrial and ocean C exchange (biogeochemical effects) with a feedback to atmospheric CO2
concentrations. In our study, the applied LUC scenarios additionally affect terrestrial C exchange, which in turn
alters the atmospheric CO2 concentration and thus adds to the overall feedback mechanisms of the Earth System.

The future LUC scenarios driving the two simulations with transient land use are derived from the agro‐economic
land‐use model MAgPIE (Model of Agricultural Production and its Impact on the Environment) and were first
presented in Humpenöder et al. (2022). They represent two starkly different futures with regard to socio‐
economic development, environmental protection, and land‐based mitigation. In the sustainability scenario
(SUST), the world undergoes a transition in which mitigation in the Agriculture, Forestry and Other Land Use
(AFOLU) sector is strongly incentivized via carbon pricing mechanisms and generalized environmental
protection measures. Moreover, socio‐economic development is assumed to follow an even more sustainable
trajectory than in the SSP1 scenario (Soergel et al., 2021), resulting in less pressure on land ecosystems due to
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reduced demand for land‐based products (Riahi et al., 2017). In contrast, the Inequality scenario (INEQ) follows
the narrative of the SSP4 scenario (Riahi et al., 2017). In this scenario, the developments characterizing SUST are
also observed in countries part of the Organisation for Economic Cooperation and Development (OECD), while
the rest of world undergoes a continuation of current socio‐economic trends and no additional carbon pricing or
environmental protection measures are implemented (Humpenöder et al., 2022). For a full description of these
land‐use scenarios we refer to Humpenöder et al. (2022).

These land‐use scenarios, derived with MAgPie, are implemented in the ESMs following the same procedure
used in CMIP6 by harmonizing them with historical land‐use reconstructions using the Land Use Harmonization
2 (LUH2) (Hurtt et al., 2020) methodology. In addition, LUH2 provides a consistent data format for use in ESMs
comprising 12 different land‐use types, computes all transitions between land‐use types (including wood harvest
and shifting cultivation), provides area, age, and biomass of secondary land, and also provides land management
data layers including irrigation, synthetic nitrogen fertilizer usage, and areas of afforestation (planted trees). For
this project the LUH2methodology was expanded to also include three different categories of protected land areas
(on primary forest, secondary forest, and non‐forest) that were excluded from agricultural expansion and wood
harvesting. Secondly, we apply an ESM‐specific translation scheme to translate the LUH2 land‐use categories
into native land‐use maps and related Plant Functional Type definitions for each ESM (Lawrence et al., 2016).
The LUH2 LUC for the INEQ and SUST scenarios by the end of the century are shown in Figure 2. The
implementation of these LUH2 land‐use patterns within the MPI‐ESM and CESM is shown in Appendix A while
EC‐EARTH uses the LUH2 data directly as an input. In the sustainability scenario, there is a general decrease in
cropland due to population changes and dietary changes. These abandoned croplands are then often afforested,
such as across the US, while there is also afforestation occurring at the expense of grasslands. In the Inequality
scenario, there is a strong increase in cropland area at the expense of previously forested and grassland areas,
especially in the tropics. In Europe and North America, there is some afforestation even in this scenario. These
different socioeconomic scenarios lead to clearly different LUC throughout the future period, especially over the
tropics.

Figure 1. Schematic highlighting the simulation setup: Two control simulations, one for a present‐day period (1985–2014;
presCTL) and one for a future period (2015–2100; futCTL)) using RCP1.9 forcing. For both control simulations, land use is
kept constant at the 2014 levels. The two additional future simulations are performed using land‐use scenarios from
Humpenöder et al. (2022), one representing land use following the inequality scenario (INEQ) and the other representing
land use following the sustainability scenario (SUST).
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Within the ESMs used here, only CESM includes irrigation‐induced effects on the climate (Thiery et al., 2017,
2020; Yao et al., 2022). In CESM, the different scenarios thus also affect irrigation extent (see Appendix B). In
EC‐EARTH, irrigation is modeled within the land surface component but is not coupled to the atmosphere and
therefore has limited effects on the climate, even in extreme irrigation scenarios (De Hertog et al., 2023). Irri-
gation is not implemented in the default model version of MPI‐ESM used here. To summarize, in both EC‐
EARTH and MPI‐ESM the LUC scenarios only affect land cover changes, while in CESM, changes in irriga-
tion extent are included within the different scenarios and cause biogeochemical and biogeophysical effects on
climate.

The simulation setup (Figure 1) enables the analysis of the climate effects between the two alternative future
scenarios (SUST‐INEQ) as well as the climate effects of the sustainability land‐use scenario (SUST‐futCTL) and
the inequality land‐use scenario (INEQ‐futCTL) individually. In addition, the climate effects as a response to
RCP1.9 forcing in absence of any LUC (futCTL‐presCTL) can also be derived and is used as a benchmark for the
importance for the LUC‐induced climate effects. Three ensemble members are run for each of the experiments to
smooth out the effect of internal variability. All climatological variables are analyzed as averages over 30‐year
time slices (1985–2014 for presCTL, 2070–2099 for future experiments) and are tested for statistical signifi-
cance (Sig.) using a two‐sided Wilcoxon signed rank test of lumped ensemble members at the 0.05 significance
level (Wilks, 2006). Additionally, for the spatial maps, we test for field significance using the false discovery rate
to take spatial autocorrelations into account (Lorenz et al., 2016; Vanderkelen et al., 2021).

The version of CESM used in this study (CESM2.1.3) has, prior to this study, never been run under RCP1.9
forcings. This implies that under the default configuration of CESM (using the Community Atmosphere Model as
the atmosphere component), certain atmospheric forcings are not available for the RCP1.9 scenario, as these are
generally derived from computationally more expensive simulations using the Whole Atmosphere Community
Climate Model (WACCM) (Danabasoglu et al., 2020). The fields which are generally defined from these more
complex runs include nitrogen deposition on land and the ocean surface as well as stratospheric ozone, aerosols,

Figure 2. Land‐use patterns showing the amount of forest (a) and cropland (b) as a grid cell fraction (%) within the CTL simulations (2014 land‐use extent). The change
for the sustainability (c, d) and inequality scenarios (e, f) are shown for forest (c, e) and cropland (d, f) by the end of the century.
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methane oxidation and, tropospheric oxidants. To remain as consistent as possible to the RCP1.9 forcing, we
apply these non‐greenhouse gas forcing fields from the nearest scenario available (RCP2.6) in CESM.

2.3. Quantification of Heat Stress

Heat stress is determined by several climatic variables including temperature, relative humidity, incoming surface
shortwave radiation and wind speed. Several diagnostic indices have been proposed to calculate heat stress based
on climate variables (J. Buzan et al., 2015; Lemke & Kjellstrom, 2012). These approaches are often limited to
empirical fittings of meteorological variables and can therefore be biased and often neglect important processes,
such as the effects of incoming surface shortwave radiation or wind speed (J. R. Buzan & Huber, 2020). Wet Bulb
Globe Temperature (WBGT) is a physically based diagnostic of heat stress that takes these processes into account
by using the principles of heat and mass transfer (Yaglou & Minard, 1957; Liljegren et al., 2008; J. R. Buzan &
Huber, 2020). The WBGT is an ISO standard metric and is widely used for quantifying heat stress in the health
literature (Budd, 2008; Liljegren et al., 2008; J. R. Buzan & Huber, 2020). In a recent systematic review covering
the 230 known heat stress metrics (Ioannou, Mantzios, et al., 2022), the WBGT was found to be the most suitable
indicator for assessing the effects of occupational heat stress (Ioannou, Tsoutsoubi, et al., 2022). Here we apply
the WBGT using the approach presented in Liljegren et al. (2008). WBGT is computed from three temperatures;
dry bulb (ambient) temperature (Ta) , natural wet‐bulb temperature (Tw) , which is the temperature that a freely
evaporating surface is able to approach (e.g., sweaty skin), and black globe temperature (Tg) , which is a metric for
radiant heat of the environment, including direct sunlight, infrared radiation, and the temperature of surrounding
objects.

WBGT = 0.7Tw + 0.2Tg + 0.1Ta (1)

Where Ta is directly available from the ESM output, Tw and Tg need to be calculated in postprocessing. The
equations of Tw and Tg need to be solved iteratively (Liljegren et al., 2008). We compute these values and the
resulting WBGT using the recent python implementation of Liljegren's model by Kong and Huber (2022).

As these equations require an iterative solution it becomes computationally highly expensive to calculate WBGT
for large climate data sets. Therefore, several previous studies have relied on derivative metrics such as simplified
wet bulb globe temperature (sWBGT) and Environmental Stress Index (ESI) as a substitute for WBGT. A recent
study found that ESI performs reasonably well as a substitute for WBGT, especially for assessing annual and
seasonal mean effects on heat stress (Kong & Huber, 2022). However, a systematic review on occupational heat
stress found that ESI was among the least performing metrics (Ioannou, Tsoutsoubi, et al., 2022). Despite this ESI
and other simplified approximations remain used in scientific studies analyzing heat stress impacts on labor
capacity (e.g., Orlov, De Hertog et al. (2023); Kamal et al. (2024)).

Several recent studies have found formulations of WBGT that are physically based and do not require an iterative
solution (e.g., Brimicombe et al. (2022)). However, a recent study found that these alternative formulations still
have some biases compared to the iterative solution (Kong & Huber, 2024b). For the analysis in this study, we
focus on the iteratively computed WBGT but also quantify ESI (see Appendix F) and assess the validity of this
empirical substitute for heat stress. The equation of ESI is provided below:

ESI = 0.63 ∗Ta − 0.03 ∗RH + 0.002 ∗ Sdown + 0.0054 ∗Ta ∗RH −
0.073

0.1 + Sdown
(2)

Where RH is relative humidity in %. All computations were performed using 3‐hourly ESM output data to account
for diurnal variations in the input variables.

2.4. Labor Capacity

To quantify the effects on labor capacity, defined as the occupational capacity to safely perform work under heat
stress (Dunne et al., 2013), we apply the Physical Work Capacity Model presented in Havenith et al. (2024). The
physical work capacity function was estimated through laboratory experiments simulating treadmill‐regulated
workloads, involving 982 participants. These experiments were conducted under varying conditions, including
air temperature, humidity, wind speed, solar radiation, and types of clothing. The loss of physical work capacity
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was measured as the total energy generated during hot trials compared to cool conditions. For the complete
description of the model we refer to Havenith et al. (2024).

The labor capacity then is quantified as the percentage of a work hour that the worker is able to perform.We focus
on high intensity jobs which are generally performed outside in the sun (such as construction and agriculture). We
apply the calculatio”n based on the “low clothing” model presented in Havenith et al. (2024) to represent an upper
boundary of the effects of the meteorological conditions on workers.

To ensure intercomparability with previous studies, among which a study analyzing effects of idealized land
cover change simulations using the same three ESMs (Orlov, De Hertog et al., 2023), we also quantify the often
used metric based on the National Institute for Occupational Safety and Health (NIOSH) standards (Kjellstrom
et al., 2009; NIOSH, 1986). These standards describe the frequency and duration of breaks from work required to
avoid heat‐induced illnesses. Here we use the limits recommended for a “standard” acclimatized worker of 70 kg.
The values of labor capacity based on this approach are added in appendix G.

The effects on labor capacity for each method are computed from the WBGT metric at a 3‐hourly temporal
resolution. The 3‐hourly heat stress values are first linearly interpolated to hourly data and converted to local
time, then the effect on labor capacity is considered as the mean over a 12hr work day which is taken from 7 a.m.
to 7 p.m.

3. Results
3.1. Climate Effects of Land‐Use Scenarios

The effect of the very aggressive mitigation scenario (RCP1.9) without any LUC (futCTL‐presCTL) causes a
clear global warming in all three ESMs by the end of the century. However, the magnitude of this warming is less
consistent across the ESMs (Figure 3). CESM is the warmest model with an increase in Global Mean Temperature
(GMT) of 1.05°C [statistically significant at 95% (sig.), Confidence Interval (CI): 1.02 to 1.08] relative to
presCTL (1.83°C compared to pre‐industrial era 1850–1900), EC‐EARTH shows a warming of 1.02°C [sig.,
CI:0.99 to 1.05] (1.80°C compared to pre‐industrial era), and MPI‐ESM shows the lowest warming of only
0.35°C [sig., CI:0.33 to 0.38] by the end of the century (1.13°C compared to the pre‐industrial era). In MPI‐ESM
the GMT does not exceed the Paris Agreement target of 1.5°C global warming compared to pre‐industrial era,
while it is exceeded in both EC‐EARTH and CESM in their futCTL ensembles. The warming shown for CESM
and EC‐EARTH is relatively high for a RCP 1.9 scenario. This is related to both being relatively “warm” models
due to their high equilibrium climate sensitivity (i.e., the equilibrium amount of warming after a doubling of CO2)

Figure 3. Boxplots representing the changes in Global Mean Temperatures (GMT) in °C within the CESM, MPI‐ESM and
EC‐EARTH simulations for monthly data of the three ensemble members for futCTL, Inequality and Sustainability scenarios
by the end of the century (2069–2099). The left axis highlights the GMT changes compared to the mean GMT in the presCTL
period (1985–2015), while the right axis highlights those against the pre‐industrial GMT (1850–1900) taken from
HadCRUT5 (Morice et al., 2021). The gray lines indicate the Paris Agreement thresholds of 1.5°C and 2°C.
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of 5.2°C for CESM (Gettelman et al., 2019) and 4.3°C for EC‐EARTH (Wyser et al., 2020) which both fall
outside of the best estimate range of 2.5–4.0°C (Arias et al., 2021). The high climate sensitivity in this CESM
version is largely caused by changes in cloud feedbacks over the tropical and Southern oceans (Bacmeister
et al., 2020; Meehl et al., 2020), while in EC‐EARTH it appears that the improved representation of aerosols,
affecting cloud micro‐physics would be the main cause (Meehl et al., 2020; Wyser et al., 2020). MPI‐ESM, in
contrast, has been tuned to a lower equilibrium climate sensitivity of 3°C in order to better match observations
(Mauritsen & Roeckner, 2020).

The different LUC scenarios have a noticeable impact on GMT (Figure 3). The inequality scenario (INEQ‐
futCTL) consistently shows an additional warming across all ESMs, with CESM showing a warming of 0.29°C
[sig., CI:0.27 to 0.31], EC‐EARTH of 0.30°C [sig., CI:0.27 to 0.32] and MPI‐ESM a warming of 0.17°C [sig.,
CI:0.15 to 0.19]. In both CESM and EC‐EARTH, the 2°C global warming level is exceeded by the end of the
century under the inequality scenario. The sustainability scenario (SUST‐futCTL), in contrast, shows a slight
cooling for CESM of − 0.07°C [sig., CI:‐0.04 to − 0.09] and a slight warming of 0.05°C [sig., CI:0.04 to 0.08] in
EC‐EARTH and 0.06°C [sig., CI:0.04 to 0.09] in MPI‐ESM.

These patterns in GMT can be further interpreted by analyzing the maps of near‐surface air temperature by the end
of the century (Figure 4). The RCP1.9 scenario (futCTL‐presCTL) is causing a warming globally except for the
North Atlantic Ocean in CESM and MPI‐ESM, as well as over Central Africa in MPI‐ESM where a cooling
occurs (Figures 4a–4c). The North Atlantic cooling is a well‐known feature within CESM where several simu-
lations with moderate warming amounts show strong changes in Atlantic Meridional Overturning Circulation
(AMOC) strength (Boysen et al., 2020; De Hertog et al., 2023; Portmann et al., 2022).

The sustainability scenario in CESM shows a slight global cooling effect except for some regions (e.g., Eastern
USA) which show a warming (Figure 4d). In contrast, MPI‐ESM and EC‐EARTH (Figures 4e and 4f) show
no clear global pattern with some regions showing a cooling (e.g., Central Europe in MPI‐ESM) and some a
warming (e.g., Eastern USA in EC‐EARTH). The inequality scenario, in contrast, is causing a consistent

Figure 4. Changes in annual mean near‐surface temperature (°C) by the end of the century (2070–2099) between the futCTL and presCTL scenarios, the sustainability
and futCTL scenarios, the inequality and futCTL scenarios, and the sustainability and inequality scenarios, for CESM (a, d, g, j), MPI‐ESM (b, e, h, k) and EC‐EARTH
(c, f, i, l), respectively. Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon signed rank test of lumped ensemble members and
field significance using the false discovery rate test).
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temperature increase across all ESMs (Figures 4g, 4h, and 4i). However, for all three ESMs there is an
enhanced warming over areas of intensive land use change such as Central Africa which goes up to local warming
of 3°C in CESM. These global effects are likely a consequence of the increased LUC emissions as a consequence
of the large‐scale deforestation in this scenario (biogeochemical effect). While the temperature increase
over areas of intensive LUC are likely dominated by local biogeophysical effects. The local biogeophysical
effects have been analyzed for these three ESMs in a previous study (De Hertog et al., 2023). Deforestation was
shown to cause warming over the tropics (as clearly apparent here over Central Africa in CESM). Over the
northern hemisphere high latitudes, afforestation caused a warming, which is consistent with the results
shown here.

Avoiding the inequality land‐use scenario in favor of a sustainability land‐use scenario (SUST‐INEQ) is simu-
lated to lead to a clear global cooling (Figures 4j, 4k, and 4l). This effect is apparent for all ESMs but is generally
more pronounced in CESM and EC‐EARTH, with local decreases up to 3°C in CESM and 1°C in EC‐EARTH.
This annual mean cooling is present in all seasons (see Appendix C). During northern hemisphere summer, the
global cooling signal is least pronounced with even some regional warming of up to 1°C in CESM and EC‐
EARTH due to biogeophysical effects, such as albedo‐induced warming over parts of the USA (Figure C4).
The local biogeophysical cooling over the tropics is present throughout the year in all ESMs and is most pro-
nounced during the northern hemisphere summer season.

3.2. Effects of Future Land‐Use Scenarios on Heat Stress

The effects of the RCP1.9 scenario (futCTL‐presCTL) on WBGT largely follow the same patterns as near‐
surface air temperature, with a global WBGT increase over land which is largest in CESM (1.2°C) and EC‐
EARTH (1°C) and lowest in MPI‐ESM (0.37°C) (Figures 5a, 5b, 5c). In some regions, however, the changes
to the other variables included in heat stress (near‐surface wind, incoming surface shortwave radiation and
relative/specific humidity) counteract the temperature effect. The annual mean maps for these variables are
included in Appendix D. For CESM andMPI‐ESM, the temperature cooling over the North Atlantic is causing the

Figure 5. Changes in annual mean wet bulb globe temperature (°C) by the end of the century (2070–2099) between the futCTL and presCTL scenarios, the sustainability
and futCTL scenarios, the inequality and futCTL scenarios, and the sustainability and inequality scenarios, for CESM (a, d, g, j), MPI‐ESM (b, e, h, k) and EC‐EARTH
(c, f, i, l), respectively. Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon signed rank test of lumped ensemble members and
field significance using the false discovery rate test).
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nearby regions such as Northwestern Europe and Greenland to show no change in WBGT (Figures 5a and 5b).
In the sustainable land‐use scenario, areas with afforestation in higher latitudes, like Eastern USA, suffer from
more heat stress, mirroring the patterns of warmer temperatures (Figures 5d, 5e, and 5f). The inequality scenario
shows a global increase in heat stress (Figures 5g, 5h, and 5i), however the magnitude of th is increase inWBGT is
lower than for near‐surface air temperature. This is especially clear over Central Africa, where the strong local
warming in near‐surface temperature (Figures 4g, 4h, and 4i) is not directly translated to increased heat stress in
CESM and EC‐EARTH and even shows a decrease of locally up to 0.5°C in MPI‐ESM. Although irrigation has
been shown to play an important role for moist heat stress (Mishra et al., 2020; Yao et al., 2024) the changes in
irrigation extent in the LUC scenarios presented here (Figure B1) do not appear to translate into changes in heat
stress. This could be explained by a prevalence of more humidity weighed metrics in studies on the impacts of
irrigation on heat stress (a.o. wet bulb temperature), in contrast to the WBGT metric used here (Chakraborty
et al., 2024).

Both CESM and EC‐EARTH show a clear increase in heat stress in the RCP1.9 scenario which is in line with the
geographic patterns of the temperature increase. In contrast, MPI‐ESM shows less heat stress increases over low
latitudes (Figures 5b and 5c). Interestingly, EC‐EARTH shows a reduction in incoming surface shortwave ra-
diation in Central Africa, while for CESM, there is a global increase in incoming surface shortwave radiation
(Figure D4). MPI‐ESM has the lowest value of Equilibrium Climate Sensitivity across the three ESMs and,
consequently, shows the lowest influence of temperature on heat stress. Moreover, compared to the two other
ESMs, MPI‐ESM shows a WBGT cooling during northern hemisphere summer (JJA) in MPI‐ESM of 0.5°C in
some parts of Central Africa (Figure C5).

Both CESM and EC‐EARTH show a moderate but widespread WBGT warming under the inequality scenario
relative to the RCP1.9 scenario (Figure 5, for seasonal impacts see Figure C8). In both CESM and EC‐EARTH,
the increased heat stress over the tropics is consistent with an increase in both temperature and specific humidity
(Figure D1) despite CESM becoming more windy (Figure D3). In contrast, MPI‐ESM shows a heat stress
reduction in some regions of Africa and Latin America (Figure 5h). This is consistent with the heat stress reducing
effect due to an increase in wind speed and decreased specific humidity over those regions in MPI‐ESM which
counteract the increase in temperature and incoming surface shortwave radiation. For the sustainability scenario,
all three ESMs show relatively small impacts on heat stress compared to the RCP1.9 scenario (Figures 5d, 5e, and
5f). Overall, the results show that achieving the sustainability scenario in favor of the inequality scenario (SUST‐
INEQ) leads to a general decrease in heat stress, expect for the tropics inMPI‐ESMwhere there is a slight increase
in heat stress (Figures 5j, 5k, and 5l).

3.3. Impact on Labor Capacity

The increased heat stress for the RCP1.9 scenario (Figures 5a, 5b, and 5c) causes an increased impact on labor
capacity over tropical regions (Figures 6a, 6b, and 6c). This spatial pattern is consistent with previous studies of
higher warming scenarios (Orlov et al., 2020). Out of the three ESMs, CESM shows the largest and most
widespread reduction in labor capacity. For instance, in some locations, the seasonal average labor capacity could
decrease by up to 7%. In contrast to the other ESMs, MPI‐ESM shows only small decreases with seasonally (JJA)
even increases in average labor capacity of 2% over Central Africa (Figure C9).

Under the inequality scenario, both CESM and EC‐EARTH show a reduction in labor capacity in low latitudes
(Figures 6g and 6i). However, this reduction in labor capacity is small compared to changes under the RCP1.9
scenario, representing only 18% for CESM and 30% for EC‐EARTH over the tropical latitudes (between 20°N
and − 20°S). In CESM, the reductions in the seasonal average labor capacity (Figure C11) are most pronounced in
Latin America and Northern Australia (in DJF), and in the Sahel (in JJA). For EC‐EARTH, Southeastern USA,
China, and the Sahel experience relatively strong reductions in labor capacity during the northern hemisphere
summer season (JJA). For MPI‐ESM, in contrast, there is a clear increase in labor capacity as a consequence of the
inequality scenario's deforestation in that region. In some locations in Africa, the seasonally averaged labor
capacity could increase by even up to 4% points (Figure C11).

The sustainability scenario does not show any clear patterns for annual mean labor capacity (Figures 6d, 6e, and
6f) as the majority of the LUC in this scenario take place in the mid‐latitudes (where labor capacity thresholds are
less often exceeded). Remarkably, EC‐EARTH shows a relatively strong and widespread reduction in labor
capacity in Southeastern USA and China during the northern hemisphere summer season (JJA) of up to 2.5%
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(Figure C10), which is likely caused by an afforestation‐induced increase in temperature (Figure C2) and a
reduction in wind speed over that region (Figure D3).

Overall, the difference between the LUC scenarios (SUST‐INEQ) causes contrasting responses over the tropics
depending on the ESM, with a slight increase in labor capacity for EC‐EARTH and CESM and a decrease for
MPI‐ESM (Figures 5g, 5h, and 5i). Hence, despite the consistent LUC‐induced effects on temperature on a global
scale (Figure 3) there are large differences in local impacts on labor capacity. This is further explained through the
difference between warm extreme conditions (here illustrated by the 90th percentile) and mean conditions for
near‐surface air temperature and WBGT. These differences are illustrated here for Central Africa (Figure 7), as
this region experiences large‐scale LUC (Figure 2) and large responses in heat stress (Figure 5).

The effects on mean annual near‐surface temperature (blue) and WBGT (orange) across all ESMs and land‐use
scenarios are similar with a slightly smaller magnitude on the effect for WBGT compared to near‐surface tem-
perature (Figures 7a, 7c, and 7e). There is the notable exception of MPI‐ESM where the mean magnitude of the
effect of near‐surface temperature (which was negligible) increases when considering WBGT. However, when
considering the warm extreme changes (90th percentile), it is clear that the effect of WBGT decreases in
magnitude compared to the temperature response (i.e., there is a larger discrepancy between the temperature
response and WBGT response). For the LUC scenarios, the difference in magnitude of extreme near‐surface
temperature and WBGT tends to be larger than the difference in magnitude of the monthly mean near‐surface
temperature and WBGT. This is likely related to the LUC‐induced climate effects (local biogeophysical ef-
fects) being more pronounced during warm extreme conditions. The temperature effect is counteracted by an
increase in wind speed (Figure D3). These effects appear to largely cancel each other out in CESM and EC‐
EARTH, causing the extreme WBGT effects to be close to zero. In MPI‐ESM, in contrast, the specific humid-
ity shows a decrease which counteracts the temperature effect, changing the sign and thus causing an increased
labor capacity for deforestation under the inequality scenarios in that ESM (Figures 7c and 7d).

Figure 6. Changes in annual mean labor capacity (%) using the method presented in Havenith et al. (2024). Values were computed from WBGT over a 12hr work day
(7a.m.‐ 7p.m.) by the end of the century (2070–2099) between the futCTL and presCTL scenarios, the sustainability and futCTL scenarios, the inequality and futCTL
scenarios, and the sustainability and inequality scenarios, for CESM (a, d, g, j), MPI‐ESM (b, e, h, k) and EC‐EARTH (c, f, i, l), respectively.
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4. Discussion
4.1. Implications for Mitigation and Adaptation Potential of Future LUC

The land use scenarios investigated in this study significantly impact GMT, revealing that future land use tra-
jectories may determine whether the global warming levels of 1.5°C and 2°C will be exceeded or not, if fossil fuel
emissions remain limited to levels compatible with these targets. Within the simulations presented here, the
ensemble mean response of two ESMs exceed the 1.5°C threshold averaged over the period 2069–2099 and in the
inequality scenario even the 2°C warming threshold is surpassed in those ESMs. The sustainability LUC scenario
is simulated to a lower future warming compared to the inequality LUC scenario in each ESM (Figure 4),
highlighting the importance of well‐informed land‐based mitigation decisions for reaching global temperature
targets.

In contrast to the GMT mitigation potential of the different LUC scenarios, our ESM simulations highlight more
uncertainty in the potential to mitigate local heat stress and downstream effects on labor capacity in the tropical
regions. There exist clear differences between the LUC‐induced effects on heat stress and those for temperature,
especially over regions of large‐scale LUC such as Central Africa. This can be explained by the canceling out of
different biogeophysical effects (e.g., temperature vs. specific humidity) during extremes when the exposure to

Figure 7. Probability Density Functions for annual average near‐surface air temperature (T) and wet bulb globe temperature (WBGT) over Central Africa for all
scenarios (futCTL‐presCTL, SUST‐futCTL, INEQ‐futCTL, SUST‐INEQ) for CESM (a), MPI‐ESM (c) and EC‐EARTH (e) and for the annual 90th percentile over
Central Africa for CESM (b), MPI‐ESM (d) and EC‐EARTH (f). The violin plots show the median and the first and third quantile in stippled lines. Central Africa is defined
between 20°N and 20°S and 10°E to 40°E as is shown in panel a.
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heat stress is especially strong (Figure 7). This clearly highlights that the
adaptation potential of LUC might be more limited than previously suggested
due to biogeophysical effects (Chausson et al., 2020; Jia et al., 2019).

These implications are only valid for the end of the century period. However,
as the LUC scenarios include LUC throughout the century, the differences in
LUC and thus their climate effects were simulated to be even smaller around
the mid‐century period (see Appendix E). While at the same time global
warming will peak over the mid‐century within RCP1.9 scenarios (see Table
E1) (Rogelj et al., 2018). The delayed response of the LUC‐induced climate
effects further highlights the limited adaptation potential of LUC for Paris
Agreement compatible scenarios as the LUC‐induced climate effects would
possibly only become substantial after the warming peak has already passed.

In general, our results highlight greater importance of avoiding tropical
deforestation compared to NH afforestation. In fact, compared to futCTL, the
sustainability scenario does not show substantial climate benefits related to
temperature or heat stress in most ESMs used in this study. This is in line with
a previous study analyzing these simulations for temperature‐related mor-

tality (Orlov, De Hertog et al., 2024). However, beyond climate‐induced effects, the assumptions embedded
within the scenario clearly indicate that pursuing the path of the sustainability scenario provides several important
co‐benefits for the socio‐economic development of low‐ and middle‐income countries as well as to nutrition,
ecosystem conservation, nitrogen pollution and agricultural water use (Humpenöder et al., 2022).

4.2. Local Biogeophysical Interactions Influence Heat Stress

Our results clearly show the importance of including variables beyond temperature for assessing LUC impacts on
heat stress, as the LUC‐induced biogeophysical effects on specific humidity and wind speed substantially
determine the effect on WBGT. These biogeophysical effects are dependent on the type of LUC and the region
where they are applied, with important discrepancies between the mid‐latitudes and the tropics (De Hertog
et al., 2023; Duveiller et al., 2018). The future LUC scenarios presented here, show two main LUC patterns:
northern hemisphere afforestation (mostly sustainability scenario) and tropical deforestation (inequality sce-
nario). With regard to heat stress, the temperature increase due to tropical deforestation (Figure 4) is counteracted
by an increase in wind speed which is consistent across all ESMs and by a decrease in humidity in MPI‐ESM.
Regarding northern hemisphere afforestation, the effects on both specific humidity and wind speed are less
consistent across the ESMs and thus also less consistent for the effects on heat stress. The different variables
incorporated in the WBGT calculation and their sign of change are summarized in Table 1. These changes in the
biogeophysical variables can give an indication of their potential role in the resulting heat stress. However, to fully
quantify the importance of the changes in these different variables a systematic analysis should be performed, for
instance following the framework proposed by Kong and Huber (2024a). However, this is beyond the scope of the
present study.

The representation of LUC‐induced biogeophysical effects remains uncertain across ESMs (Boysen et al., 2020;
De Hertog et al., 2024). For example, CESM overestimates the albedo change following deforestation in boreal
latitudes (De Hertog et al., 2023). Another feature of this ESM is a strong sensitivity of the Atlantic Meridional
Overturning Circulation (AMOC) to temperature changes (e.g., Portmann et al., 2022). Furthermore, CESM and
EC‐EARTH do not capture the diurnal cycle of LUC‐induced effects well compared to observational data
(Duveiller et al., 2018), which could lead to a misinterpretation of the severity of heat stress and the downstream
labor capacity effects as these are computed over the local daytime (Orlov, De Hertog et al., 2023).

In this study we assessed heat stress through the WBGT using the Liljegren method (Liljegren et al., 2008).
However, we also calculated a commonly used proxy, which is the computationally less expensive ESI. This
metric has been shown to be a valid approximation for annual or seasonal mean heat stress (Kong &Huber, 2022).
For the futCTL scenario (RCP1.9), the ESI heat index is comparable in the magnitude with WBGT and consistent
in terms of sign across ESMs. However, when using ESI, the effects on heat stress and associated impacts on labor
capacity strongly differ over the areas of large‐scale LUC, such as Central Africa (Figure F1 and F2). When
considering ESI instead of WBGT, the inequality scenario does not show any increase in labor capacity for MPI‐

Table 1
Overview of the Biogeophysical Effects Across the ESMs for the Two Main
LUC Patterns: Tropical Deforestation and Northern Hemisphere (NH)
Afforestation

Scenario Inequality Sustainability

Land‐Use Change Tropical deforestation NH afforestation

T Clear increase Rather increase

Q Inconsistent Inconsistent

RH Clear decrease Inconsistent

U Clear increase Clear decrease

Sdown Inconsistent Inconsistent

WBGT Rather increase Clear increase

Note. The variables considered are those relevant for heat stress as computed
by the Wet Bulb Globe Temperature (WBGT): near‐surface temperature (T),
Specific Humidity (Q), Relative Humidity (RH), Wind speed (U) and
incoming surface shortwave radiation (Sdown).
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ESM (Figure F2). These results indicate that the notion that ESI is a good alternative to WBGT does not hold for
LUC‐induced climate effects. This is likely due to the complex interactions between the various biogeophysical
effects (such as on wind speed and specific humidity) caused by the LUC. Our findings underline the need to use
more sophisticated heat stress indices, such as WBGT, when analyzing the heat stress impacts of LUC‐based
scenarios.

4.3. Limitations and Future Research

Our analysis is subject to several limitations, which can be addressed in future research. Firstly, we focus only on
the impact on heat stress and labor capacity, while a LUC‐induced local climate change could also affect health,
crop productivity, biodiversity, and livestock productivity among others (Orlov, Aunan, et al., 2023). Future
research should take a broader perspective to assess the total cost and the distributional impacts of different LUC
scenarios on the society. The method for computing labor capacity by Havenith et al. (2024) provides a data based
estimate of the relationship between heat stress and impacts on labor. This likely represents a more accurate
representation of labor capacity impacts than the safety standards based on NIOSH as is often used in ESM‐based
studies on the topic (a.o. De Lima et al., 2021; Orlov, De Hertog et al., 2023). The NIOSH recommendations tend
to be more cautious for high WBGT values, therefore leading to generally higher impacts on labor capacity (see
Figure G1). However, despite using an empirically based relationship between WBGT and labor capacity this
quantification remains merely an indication of actual impacts, as local temperatures at the site of work can vary
considerably from grid scale averages of 100 × 100 km as produced by ESMs. Finally, only impacts on labor
capacity due to humid heat are considered here while effects due to increased/decreased cold are neglected
(Orlov, De Hertog et al., 2023).

Moreover, LUC does not only affect the climatic conditions through biogeochemical and biogeophysical effects
(i.e., hazard) but can also affect the exposure and vulnerability to heat stress. Specifically, in our scenario setting,
a more sustainable LUC assumes more afforestation by the cost of less areas for crop production (Figure 2), which
also implies that less people will be working in crop production and consequently be exposed to heat stress.
Furthermore, our global sustainability narrative assumes inclusive socio‐economic development and a rapid
technological diffusion in low‐ and middle‐income countries, which also imply agricultural intensification and a
reduction in the vulnerability to heat stress impacts (e.g., mechanization deployment) (Orlov et al., 2020, 2021).

ESMs as a modeling tool that are run at a low spatial resolution are limited in their representation of fine scale
processes which could be highly relevant for assessing heat stress. For example, the effects of LUC on nearby
urban areas is not explicitly represented at this scale, despite urban areas being hotspots for heat stress (Oleson
et al., 2015; Wouters et al., 2017). The use of more fine‐scale modeling tools such as regional climate models for
this type of research could help narrow down the remaining uncertainties, although they would have to be applied
over multiple domains. Additionally, we only performed the dedicated simulations with three ESMs while
previous research suggests that inter‐ESM variability related to LUC‐induced climate effects is substantial, both
relating to biogeophysical and biogeochemical effects (Boysen et al., 2020).

The scenarios and simulations presented here provide yet another illustration of the importance of considering
LUCwhen studying the future climate. In particular, this is to our knowledge the first study demonstrating that the
future global land‐use trajectory that societies will embark on could play a crucial role in determining whether the
long‐term temperature goal of the Paris Agreement will be exceeded or not, even if fossil fuel emissions are kept
at levels previously assessed to be compatible with this outcome. However, our analysis is limited to temperature‐
induced climate effects and does not cover a full description and interpretation of all processes driving the
biogeochemical and biogeophysical LUC‐induced temperature effects presented here. These scenarios could also
be analyzed for their development over time in order to asses potential characteristics such as temperature
overshoot and how these might be affected by different LUC‐scenarios. In addition, other climate‐relevant
variables such as terrestrial carbon and water storage and their respective land‐atmosphere exchange and at-
mospheric teleconnections could be considered to further constrain potential impacts categories such as droughts
and heat waves. Finally, these simulations can act as training and validation material for computationally light
emulators such as MESMER (Beusch et al., 2020; Nath et al., 2022) and the recently developed component for the
local biogeophysical effects of LUC (Nath et al., 2023, TIMBER) which allows for a more flexible assessment of
different LUC scenarios under different climate scenarios.
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5. Conclusion
Here we present Earth System Model (ESM) simulations dedicated to disentangling the effects of Land Use
Change (LUC) under the low‐warming RCP1.9 scenario. We use two contrasting LUC scenarios developed by
Humpenöder et al. (2022) with vastly different socioeconomic assumptions: a sustainable future, where forests
are preserved and planted, and a global inequality scenario, where large‐scale tropical deforestation occurs due to
cropland expansion. The climate projections are generated with the Community Earth SystemModel (CESM), the
Max‐Planck Institute Earth System Model (MPI‐ESM) and the European Consortium Earth System Model (EC‐
EARTH). The ESMs are run in fully coupled, emission‐driven mode, and the experiments were designed such
that they can disentangle the LUC‐induced climatic effects toward the end of the century as well as their impacts
on human heat stress and labor capacity.

We show that avoiding the inequality land‐use scenario and achieving the sustainability land‐use scenario sub-
stantially alters global climate with a global mean temperature decrease of 0.10°C–0.35°C by the end of the
century. Due to these global changes in temperature, an almost global reduction in heat stress over land is visible
by the end of the century. However, the LUC impacts on labor capacity do not consistently mirror the changes in
heat stress. Specifically over the tropical regions local biogeophysical effects on specific humidity and wind speed
affect the LUC‐induced effects on heat stress and even cause a decreased labor capacity according to one ESM.
During warm extremes, the LUC‐induced cooling gets counteracted by the biogeophysical feedbacks on wind
speed and humidity which cause the effect on heat stress and consequent impacts such as labor capacity to be
small.

These results are a clear illustration of the importance of LUC‐induced climate responses for achieving the Paris
Agreement goals of limiting global temperature to “well below 2°C and pursuing efforts to limit it to 1.5°C”
(UNFCCC, 2015). However, when considering LUC for adapting to climate change effects locally, their potential
is more uncertain and more limited due to local biogeophysical effects limiting the heat stress reduction, espe-
cially during extreme conditions when it matters most.

Appendix A: Land Use Implementations in ESMs
Figure A1

Figure A1. Land‐use changes implemented in CESM showing the amount of cropland (a–c), forest (d–f) and grassland (g–i) changes as a grid cell fraction (%) within the
inequality scenario (a, d, g), sustainability scenario (b, e, h) at the end of the century compared to the 2014 land use, and between the sustainability and inequality
scenarios at the end of the century (c, f, i).
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Figure A2

Figure A2. Land‐use changes implemented inMPI‐ESM showing the amount of cropland (a–c), forest (d–f) and grassland (g–i) changes as a grid cell fraction (%) within
the inequality scenario (a, d, g), sustainability scenario (b, e, h) at the end of the century compared to the 2014 land use, and between the sustainability and inequality
scenarios at the end of the century (c, f, i).
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Appendix B: Changes in Irrigation Extent in CESM
Figure B1

Figure B1. Irrigation extent during the CTL simulation in CESM (year 2015) and the changes in extend by the end of the
century (2100) under the sustainability and inequality scenarios.
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Appendix C: Seasonal Maps of Near‐Surface Temperature, Wet Bulb Globe
Temperature and Labor Capacity
Figure C1

Figure C1. Seasonal averaged near‐surface air temperature for the three ESMs for the RCP1.9 scenario (futCTL‐presCTL). For CESM, MPI‐ESM and EC‐EARTH
respectively the northern hemisphere spring (MAM) seasonal average (a, b, c), summer (JJA) seasonal average (d, e, f), fall (SON) seasonal average (g, h, i) and the
winter (DJF) seasonal average (j, k, l). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon signed rank test of lumped
ensemble members and field significance using the false discovery rate test).
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Figure C2

Figure C2. Seasonal averaged near‐surface air temperature for the three ESMs for the sustainability scenario (SUST‐futCTL). For CESM, MPI‐ESM and EC‐EARTH
respectively the northern hemisphere spring (MAM) seasonal average (a, b, c), summer (JJA) seasonal average (d, e, f), fall (SON) seasonal average (g, h, i) and the
winter (DJF) seasonal average (j, k, l). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon signed rank test of lumped
ensemble members and field significance using the false discovery rate test).
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Figure C3

Figure C3. Seasonal averaged near‐surface air temperature for the three ESMs for the inequality scenario (INEQ‐futCTL). For CESM, MPI‐ESM and EC‐EARTH
respectively the northern hemisphere spring (MAM) seasonal average (a, b, c), summer (JJA) seasonal average (d, e, f), fall (SON) seasonal average (g, h, i) and the
winter (DJF) seasonal average (j, k, l). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon signed rank test of lumped
ensemble members and field significance using the false discovery rate test).
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Figure C4

Figure C4. Seasonal averaged near‐surface air temperature for the three ESMs for the SUST‐INEQ case. For CESM, MPI‐ESM and EC‐EARTH respectively the
northern hemisphere spring (MAM) seasonal average (a, b, c), summer (JJA) seasonal average (d, e, f), fall (SON) seasonal average (g, h, i) and the winter (DJF)
seasonal average (j, k, l). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon signed rank test of lumped ensemble members
and field significance using the false discovery rate test).
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Figure C5

Figure C5. Seasonal averaged wet bulb globe temperature for the three ESMs for the RCP1.9 scenario (futCTL‐presCTL). For CESM, MPI‐ESM and EC‐EARTH
respectively the northern hemisphere spring (MAM) seasonal average (a, b, c), summer (JJA) seasonal average (d, e, f), fall (SON) seasonal average (g, h, i) and the
winter (DJF) seasonal average (j, k, l). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon signed rank test of lumped
ensemble members and field significance using the false discovery rate test).
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Figure C6

Figure C6. Seasonal averaged wet bulb globe temperature for the three ESMs for the inequality scenario (INEQ‐futCTL). For CESM, MPI‐ESM and EC‐EARTH
respectively the northern hemisphere spring (MAM) seasonal average (a, b, c), summer (JJA) seasonal average (d, e, f), fall (SON) seasonal average (g, h, i) and the
winter (DJF) seasonal average (j, k, l). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon signed rank test of lumped
ensemble members and field significance using the false discovery rate test).
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Figure C7

Figure C7. Seasonal averaged wet bulb globe temperature for the three ESMs for the sustainability scenario (SUST‐futCTL). For CESM, MPI‐ESM and EC‐EARTH
respectively the northern hemisphere spring (MAM) seasonal average (a, b, c), summer (JJA) seasonal average (d, e, f), fall (SON) seasonal average (g, h, i) and the
winter (DJF) seasonal average (j, k, l). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon signed rank test of lumped
ensemble members and field significance using the false discovery rate test).
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Figure C8

Figure C8. Seasonal averaged wet bulb globe temperature for the three ESMs for the SUST‐INEQ case. For CESM, MPI‐ESM and EC‐EARTH respectively the
northern hemisphere spring (MAM) seasonal average (a, b, c), summer (JJA) seasonal average (d, e, f), fall (SON) seasonal average (g, h, i) and the winter (DJF)
seasonal average (j, k, l). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon signed rank test of lumped ensemble members
and field significance using the false discovery rate test).
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Figure C9

Figure C9. Seasonal averaged labor capacity (%) using the method presented in Havenith et al. (2024) for the three ESMs for the RCP1.9 scenario (futCTL‐presCTL).
For CESM, MPI‐ESM and EC‐EARTH respectively the northern hemisphere spring (MAM) seasonal average (a, e, i), summer (JJA) seasonal average (b, f, j), fall
(SON) seasonal average (c, g, k) and the winter (DJF) seasonal average (d, h, l).
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Figure C10

Figure C10. Seasonal averaged labor capacity (%) using the method presented in Havenith et al. (2024) for the three ESMs for the sustainability scenario (SUST‐
futCTL). For CESM,MPI‐ESM and EC‐EARTH respectively the northern hemisphere spring (MAM) seasonal average (a, e, i), summer (JJA) seasonal average (b, f, j),
fall (SON) seasonal average (c, g, k) and the winter (DJF) seasonal average (d, h, l).
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Figure C11

Figure C11. Seasonal averaged labor capacity (%) using the method presented in Havenith et al. (2024) for the three ESMs for the inequality scenario (INEQ‐futCTL).
For CESM, MPI‐ESM and EC‐EARTH respectively the northern hemisphere spring (MAM) seasonal average (a, e, i), summer (JJA) seasonal average (b, f, j), fall
(SON) seasonal average (c, g, k) and the winter (DJF) seasonal average (d, h, l).
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Figure C12

Figure C12. Seasonal averaged labor capacity (%) using the method presented in Havenith et al. (2024) for the three ESMs for the SUST‐INEQ case. For CESM, MPI‐
ESM and EC‐EARTH respectively the northern hemisphere spring (MAM) seasonal average (a, b, c), summer (JJA) seasonal average (d, e, f), fall (SON) seasonal
average (g, h, i) and the winter (DJF) seasonal average (j, k, l).
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Appendix D: Maps of Specific/Relative Humidity, Wind Speed, Incoming Surface
Shortwave Radiation
Figure D1

Figure D1. Changes in annual mean near‐surface specific humidity (g/kg) by the end of the century (2070–2099) under the RCP1.9 scenario with constant present‐day
land use for CESM (a), MPI‐ESM (b) and EC‐EARTH (c), the differences between the sustainability scenario and futCTL for CESM (d), MPI‐ESM (e) and EC‐EARTH
(f), the differences between the inequality scenario and futCTL for CESM (g), MPI‐ESM (h) and EC‐EARTH (i), and finally the differences between the sustainability
and inequality scenario for CESM (g), MPI‐ESM (h) and EC‐EARTH (i). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon
signed rank test of lumped ensemble members and field significance using the false discovery rate test).

Earth's Future 10.1029/2024EF005021

DE HERTOG ET AL. 30 of 41

 23284277, 2025, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024E

F005021, W
iley O

nline L
ibrary on [21/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Figure D2

Figure D2. Changes in annual mean near‐surface relative humidity (%) by the end of the century (2070–2099) under the RCP1.9 scenario with constant present‐day land
use for CESM (a), MPI‐ESM (b) and EC‐EARTH (c), the differences between the sustainability scenario and futCTL for CESM (d), MPI‐ESM (e) and EC‐EARTH (f),
the differences between the inequality scenario and futCTL for CESM (g), MPI‐ESM (h) and EC‐EARTH (i), and finally the differences between the sustainability and
inequality scenario for CESM (g), MPI‐ESM (h) and EC‐EARTH (i). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon
signed rank test of lumped ensemble members and field significance using the false discovery rate test).
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Figure D3

Figure D3. Changes in annual mean near‐surface wind speed (m/s) by the end of the century (2070–2099) under the RCP1.9 scenario with constant present‐day land use
for CESM (a), MPI‐ESM (b) and EC‐EARTH (c), the differences between the sustainability scenario and futCTL for CESM (d), MPI‐ESM (e) and EC‐EARTH (f), the
differences between the inequality scenario and futCTL for CESM (g), MPI‐ESM (h) and EC‐EARTH (i), and finally the differences between the sustainability and
inequality scenario for CESM (g), MPI‐ESM (h) and EC‐EARTH (i). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon
signed rank test of lumped ensemble members and field significance using the false discovery rate test).
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Figure D4

Figure D4. Changes in annual mean incoming surface shortwave radiation (W /m2) by the end of the century (2070–2099) under the RCP1.9 scenario with constant
present‐day land use for CESM (a), MPI‐ESM (b) and EC‐EARTH (c), the differences between the sustainability scenario and futCTL for CESM (d), MPI‐ESM (e) and
EC‐EARTH (f), the differences between the inequality scenario and futCTL for CESM (g), MPI‐ESM (h) and EC‐EARTH (i), and finally the differences between the
sustainability and inequality scenario for CESM (g), MPI‐ESM (h) and EC‐EARTH (i). Only statistically significant changes are shown (0.05 significance level, two‐
sided Wilcoxon signed rank test of lumped ensemble members and field significance using the false discovery rate test).
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Appendix E: Effects Over Mid Century
Figure E1

Figure E1. Land‐use patterns showing the amount of forest (a) and cropland (b) as a grid cell fraction (%) within the CTL simulations (2014 land‐use extent). The change
for the sustainability and inequality scenarios respectively are shown for forest (c, d) and cropland (d, f) by the year 2050 (middle of the century).
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Figure E2

Table E1

Figure E2. Changes in annual mean near‐surface temperature (°C) by the middle of the century (2035–2065) under the RCP1.9 scenario with constant present‐day land
use for CESM (a), MPI‐ESM (b) and EC‐EARTH (c), the differences between the sustainability scenario and futCTL for CESM (d), MPI‐ESM (e) and EC‐EARTH (f),
the differences between the inequality scenario and futCTL for CESM (g), MPI‐ESM (h) and EC‐EARTH (i), and finally the differences between the sustainability and
inequality scenario for CESM (g), MPI‐ESM (h) and EC‐EARTH (i). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon
signed rank test of lumped ensemble members and field significance using the false discovery rate test).

Table E1
Table Summarizing the Differences in Global Mean Temperature (GMT) Between the Simulations Performed With the Three
ESMs for the Mid‐Century (2035–2065) and End Century (2070–2100)

GMT CESM MPI‐ESM EC‐EARTH

mid‐century end century mid‐century end century mid‐century end century

futCTL‐presCTL 1.08 1.05 0.57 0.35 1.20 1.02

INEQ‐futCTL 0.23 0.29 0.05 0.17 0.15 0.30

SUST‐futCTL 0.12 − 0.07 0.05 0.06 − 0.05 0.06

SUST‐INEQ − 0.10 − 0.35 − 0.09 − 0.10 − 0.10 − 0.23
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Appendix F: ESI
Figure F1

Figure F1. Changes in annual mean environmental stress index (°C) by the end of the century (2070–2099) under the RCP1.9 scenario with constant present‐day land use
for CESM (a), MPI‐ESM (b) and EC‐EARTH (c), the differences between the sustainability scenario and futCTL for CESM (d), MPI‐ESM (e) and EC‐EARTH (f), the
differences between the inequality scenario and futCTL for CESM (g), MPI‐ESM (h) and EC‐EARTH (i), and finally the differences between the sustainability and
inequality scenario for CESM (g), MPI‐ESM (h) and EC‐EARTH (i). Only statistically significant changes are shown (0.05 significance level, two‐sided Wilcoxon
signed rank test of lumped ensemble members and field significance using the false discovery rate test).
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Figure F2

Figure F2. Changes in annual mean labor capacity (%) using the method presented in Havenith et al. (2024) and computed from ESI over a 12hr work day (7a.m.–7p.m.)
by the end of the century (2070–2099) under the RCP1.9 scenario with constant present‐day land use for CESM (a), MPI‐ESM (b) and EC‐EARTH (c), the differences
between the inequality scenario and futCTL for CESM (d), MPI‐ESM (e) and EC‐EARTH (f), the differences between the sustainability scenario and futCTL for CESM
(g), MPI‐ESM (h) and EC‐EARTH (i), and finally the differences between the sustainability and inequality scenario for CESM (g), MPI‐ESM (h) and EC‐EARTH (i).
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Appendix G: NIOSH Based Labor Capacity Effects
Figure G1

Data Availability Statement
CESM is an open source model which can be freely downloaded here (https://www.cesm.ucar.edu/models/
cesm2/release_download.html). The scripts used for this analysis can be accessed through GitHub (De Her-
tog, 2024b). The postprocessed ESM data used for the figures in this manuscript is available through Doku (De
Hertog, 2024a). The raw simulation data of the ESMs used in this paper (more than 130 TB for CESM only) will
be made available through the Deutsches Klimarechenzentrum (DKRZ), for those interested in using these data
please contact the authors.
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