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Abstract. Extreme heat can cause great harm to crop production, but the effects on grain yield are not always represented in
global land surface models. In this study, new functions are introduced in the Community Land Model v5 (CLMS5) to account
for heat stress effects induced by heatwaves (3 days) that can result in crop yield losses by looking at vegetation temperature and
a regionally-varying temperature trigger on a global scale. Two different heat stress implementations are tested, both targeted
to affect the reproductive stage of the growing season. In the first method, heat stress accelerates senescence of Leaf Area Index
(LAI), and in the second, heat stress directly reduces carbon allocation to grains for yield. The resulting impact on yield for
the different experiments is then evaluated for the crops wheat, maize, rice and soybean for the years 1985-2014. We show the
added value of using vegetation temperature to distinguish effects between irrigated and rainfed crops. In addition, we highlight
the need for using critical thresholds that are not static over the globe, but take into account the regional climate. Both methods
capture heat stress during specific events, but since the heat stress implementations only affect the reproductive crop stage, the
potential of an evaluation with reference data becomes limited as the exact timing of the simulated growing season becomes
another crucial modeling factor. Comparing the two different implementation methods, the heat stress impact on accelerated
LAI senescence had a larger impact in the tropics and subtropics, whereas reducing the carbon allocation to grains for yield
had a stronger impact in higher latitudes. The findings of this study advance crop sensitivity to climatic heat extremes in global

land surface models.

1 Introduction

Heat plays an important role in global food security. It has been highlighted by the United Nations as "one of the most serious
and acute hazards facing agriculture around the globe" (FAO and WMO, 2026). Several studies have reported on the negative
impact of warming temperatures and temperature extremes on global crop yields (Hu et al., 2024; Vogel et al., 2019; Zhao
et al., 2017). As the impact of heatwaves on food systems will only increase in both frequency and magnitude (Battisti and
Naylor, 2009; Martinez- Villalobos et al., 2025), it is essential to better understand how food systems are and will be affected

in the future, which requires an accurate representation of crop responses to temperature extremes in global models.



25

30

35

40

45

50

55

https://doi.org/10.5194/egusphere-2026-5484
Preprint. Discussion started: 1 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

In this regard, current state-of-the-art global gridded crop models struggle to meet the criteria to accurately represent climate
extremes on crop yields (Néia Junior et al., 2025). Two studies that evaluated several global gridded crop models (a combination
of upscaled crop models and land surface models) conclude that while most models were able to capture reduced yields from
drought and heat events for different crops, the magnitude of the impact on yield was often too low (Schewe et al., 2019;
Heinicke et al., 2022). In addition, Miiller et al. (2017) showed a low internal agreement between individual models, revealing
a much larger problem of uncertainties and inconsistencies in global gridded crop models.

These findings confirm the general understanding that agricultural systems are notoriously difficult to model at the global
level. This can be broadly attributed to two reasons. The first being the highly variable impact of heat stress on crop production,
as it depends on many factors. Crops naturally have a strong temperature-dependent physiology, in which photosynthetic
activity is optimal within a specific temperature range which varies per crop species and cultivar. But when crops are exposed
to elevated temperatures, either for a short intense period or a prolonged period of time, crop mechanisms can become damaged
(Fahad et al., 2017; Rezaei et al., 2015; Webber et al., 2022). Sensitivity to heat stress additionally varies throughout the growing
season, with mechanisms around the reproductive stage, such as flowering and pod set, being especially vulnerable (Arshad
et al., 2017; Liu et al., 2016; Siebers et al., 2015; Poudel et al., 2023; Webber et al., 2022). A meta-analysis considering >120
published studies revealed yield losses due to heat stress during the reproductive stage of around 33-48%, rising to 65% when
heat and drought stress occurred simultaneously (Cohen et al., 2021). But the reported yield impacts also showed a large
distribution, ranging from +20% to -100% for heat stress alone (Cohen et al., 2021). These findings highlight the complexity
of stress effects in crops.

A second factor complicating crop heat stress representation in models is that agricultural systems are not purely natural
systems, but instead have a strong socio-economic component (Renting et al., 2009; Urruty et al., 2016). In field-scale crop
models, information on spatiotemporal variability in crop species, cultivar and management practices is often provided or
measured, and high accuracy in model output can be achieved. But at the global level, models are generally run at coarse spatial
resolutions (0.25-2°), in which many different crop responses are lumped into a single signal. When looking at heat stress, this
introduces some additional challenges, the first being that this low spatial resolution can average out local anomalous events.
Short intense periods of extreme heat in small regions are therefore not captured. Another factor is the modeled magnitude
of heat impact, which in reality is often a combination of different factors. Despite these challenges, efforts on improving
land surface models (LSMs) and climate models continue, due to their unique capability of interconnecting energy, water, and
biogeochemical processes at the land surface to the deeper soil layers and the atmosphere. Additionally, Earth system models
(whereby LSMs are coupled to atmosphere, ocean and ice sheet models) can provide insights into future impacts under different
climate scenarios. Hence, by improving global crop simulations in Earth system models, we can get a more comprehensive
understanding of the interactions between global climatic changes and cropping systems.

In this study, the objective is to globally capture crop heat stress, for the first time, in the Community Land Model, version
5 (CLMS). CLM is the land model component of the Community Earth System Model (Lawrence et al., 2018, 2019), a key
climate model for simulating Earth system processes and contributor to climate projections as part of the Coupled Model In-

tercomparison Project (Eyring et al., 2016). Levis (2014) highlighted the need for considering crop heat stress in CLM5 during
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the crop’s sensitive stages, as the model’s simulated yield estimates often unrealistically increase under different warming
scenarios, even when excluding the CO, fertilization effect.

To achieve this objective, new functions are introduced in the CLMS5 crop module (Git release tag ctsm5.2.019) to trigger
heat stress and keep track of heat stress intensity during the most sensitive CLM5 crop stage: the reproductive grain fill stage.
The aim of these functions is to capture spatial and temporal distributions of historical heat stress events at the global level,
with an emphasis on large regional impacts on agriculture. The aim is to capture effect of heat stress lasting for several days
(i.e. heatwaves), as opposed to heat-shock events, which are more intense heat events that last for several minutes to several
hours (Jagadish et al., 2021). The motivations of model development choices are built on existing literature and available global
spatial datasets. Implemented crop heat stress impacts are explained in the methods section 2.2, and the heat stress function
is explained in 2.2.2. The experimental set up, including evaluation of the model implementations in terms of impact and
accuracy, is explained in section 2.3, after which the results are presented and discussed in section 3. The findings of the study
are aimed at progressing research on heat stress implementations on crops to consider more realistic impacts on crop yield,
both historically and for scenario projections. In section 4, an evaluation of the potential for heat stress representation in CLM5

is outlined.

2  Methods
2.1 Existing CLMS crop module

CLMS5 in BGC-Crop mode can simulate transient crop cover and management, including irrigation and fertilization (Lom-
bardozzi et al., 2020). The crop module is based on the prognostic crop module of the Agro-Ecosystem Integrated Biosphere
Simulator (Agro-IBIS) (Kucharik and Brye, 2003). Crop physiological processes are constrained by environmental factors,
including temperature. This is done by (i) defined crop growth stages in thermal time (growing degree-days) and (ii) the photo-
synthetic activity rate, which peaks at an optimum temperature, which for C4 crops is about 10°C higher than C3 crops (Bonan
et al., 2011). C3 and C4 plants differ in photosynthesis processes, where for C3 plants optimal photosynthesis temperatures
acclimate based on a 10-day running mean temperature, thereby shifting throughout the season, between 11-30°C (Lombar-
dozzi et al., 2015). In addition, drought stress is considered as plant hydraulic stress, which can originate from dry soils and dry
atmospheric conditions (Kennedy et al., 2019). CLMS5 considers four crop growth stages: planting, leaf emergence (vegetative
stage), grain fill (reproductive stage), and maturity (harvest). The model considers eight actively managed crop functional types
(CFTs)—temperate soybean, tropical soybean, temperate corn, tropical corn, spring wheat, cotton, rice, and sugarcane— which
have specific phenological parameters. Apart from the actively managed CFTs, CLMS5 contains many non-actively managed
CFTs that use parameter settings of one of these eight active CFTs. An important parameter is the growing degree-days until
maturity, GDD,,,,: (°C day), which defines the thermal time from planting to harvest and is based on the 2 m air temperature
(Lawrence et al., 2018; Lombardozzi et al., 2020). During each crop stage, carbon and nitrogen are allocated to specific pools
according to calculated C:N ratios, which are controlled by CFT-specific parameters and change over the growing season after

entering a new crop stage. The definitions of the four crop stages are briefly explained below and visualized in Fig. 2.
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Crop stage I: planting The planting date depends on several temperature-based conditions within a CFT-specific planting
window. Planting occurs on the last day of the sowing window if these conditions are not met. The planting window for CFTs
in the Southern Hemisphere is shifted 6 months later compared to the Northern Hemisphere.

Crop stage II: leaf emergence Emergence is initialized once the base temperature of the soil is exceeded. At the first time
step of leaf emergence, carbon pools for stems, leaves and roots are activated. Naturally, during this stage the leaf area index
(LAIL; m? m™) starts to grow.

Crop stage III: grain fill Grain filling starts either when maximum LAI is reached or when GDD is around 50% of GDD,,, ;.
At the start of this phase, a new pool for grain production is created. This phase marks the onset of leaf senescence, in which
LATI starts to decline.

Crop stage I'V: maturity Harvest is assumed to occur at the time step at which 100% of GDD,,,; is reached. Part of the
grain carbon is used for seed carbon for the upcoming growing season, while the remaining grain carbon is considered for
harvest.

Crop types are simulated separately from natural vegetation on managed land units, in which irrigated and rainfed CFTs have
independent soil columns. Present day cropland and crop type areas are derived from the MIRCA2000 dataset (Portmann et
al., (2010)) and extrapolated through time using the Land Use Harmonization 2 (LUH2; Hurtt et al., 2020) dataset available
through the Land Use Model Intercomparison Project (LUMIP; Lawrence et al., 2016). Further details on the CLM5 model

and its components are explained in Lawrence et al. (2018).
2.2 Implementing heat stress impacts on crops in CLMS5

In this study, two different methods are tested in which heat stress can impact crop processes. The first focuses on accelerated
LAI senescence (method 1; LAI) and the second on reduced carbon allocation to reproductive grains (method 2: REP). The
heat stress itself is described by a function which is based on a temperature trigger, i.e. the initiation of heat stress, and the
stress intensity, which increases with increasing temperatures. The focus is on elevated temperatures that last for several days
(i.e. heatwaves), while heat shock events are not considered. Heat-shock events are difficult to capture accurately at this scale
and resolution and plants can develop a protection against heat shock (Jagadish et al., 2021), which makes it hard to implement.
Because two crop impact methods are considered (LAI and REP), the heat stress function needs to be parameterized in parallel
for the two methods. An overview of all heat stress components can be seen in Fig. 1, and the individual processes are outlined

in the dedicated subsections.
2.2.1 Impact

Crops are most sensitive to heat during the reproductive stage (flowering and grain filling), in which a combination of processes
can be impacted, such as reductions in pod set, grain number, size, quality, shortening in grain filling duration, and accelerated
leaf senescence (Arshad et al., 2017; Liu et al., 2016; Webber et al., 2022). Because of these many different effects that
interplay during heat stress, there are different approaches to represent heat stress crop models. In (upscaled) field-scale process-

based crop models, crop responses to heat stress are either modeled to affect photosynthesis, flowering stage, accelerated leaf
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Figure 1. Schematic overview of the experimental set up. The CLMS5 heat stress implementation is tested in terms of high temperature
trigger, of which the experiments with constant values of 7t,.;; were abandoned after evaluation. The DV T},cqr were used for the final batch
of experiments using two different methods; 1) accelerated LAI senescence and 2) retranslocation of grainC to rootC. Both the heat stress

trigger and impact were evaluated with external datasets.

senescence, grain yield, or a combination of these (Bassu et al., 2014; Wang et al., 2017). In this study, two separate methods
are developed based on existing techniques in established crop models and evaluated to assess the impact on the CLM5 crop
module. Both these methods will affect the most heat sensitive crop stage—grain fill. Note that flowering is not a separate crop
stage in CLMS5 and will therefore not be specifically considered in this study. As shown in Fig. 2, in the first method, the heat
stress factor is applied to accelerate LAI senescence, thereby reducing the grain-filling period which can result in lower yields.
In the second approach, the crop phenology is not affected, but instead the grain production is directly reduced once heat stress
is triggered. This is done by reallocating the fraction of carbon and nitrogen for grain production to other parts of the plant.
Method 1
In CLMS, LAI senescence in crops is initialized at the start of the grain fill phase, as the inverse of background litterfall. In
the first method, heat stress is represented by a multiplicative factor >1 onto litterfall. The introduction of the heat stress factor
(Fheat1) in this function causes accelerated LAI senescence once heat stress is triggered. Because LAI senescence is computed
at every timestep, the duration of heat stress plays an important role on the final impact.
Method 2
In CLMS, the allocation fractions of the available carbon (C), and indirectly nitrogen (N), are divided over different parts of
the plant in allocation pools, whereby the demand of C and N are linked through C:N ratios specific for each plant component

(leaf, stems, fine roots) and crop stage. The portion of C allocated to the grains is calculated during the grain fill stage as the
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total C allocation, i.e. 1, minus the sum of allocation fractions from the other pools, as shown in Eq. 2. In this approach, the
carbon allocation fraction to the grain pool is reduced once heat stress is triggered by introducing a loss allocation pool (a;ss;
Eq. 1) which increases when heat stress intensity increases. This a;,s pool redirects the carbon allocation fraction from the
grain pool to the fine roots (Eq. 2), similar to Peng et al. (2018). This method was included as a secondary approach, to account
for the direct influence of heat stress on reproductive mechanisms that are not represented by phenology traits, such as reduced

pod setting or grain development.

Aloss; — (1 — Qfroot; — Qlivestem; — aleafi) * FheatQm (D)

Arepr; = 1—- (afrooti + alossi) — Qljvestem; — Qleaf; (2)

where 1 is the simulated timestep; Fheat2, 1S the heat stress factor at timestep ¢ ranging between 0 (=no stress) and 1 (full
SLIess); Arepr G froots Qlivestem» Gleaf, are the carbon allocation fractions to reproductive, fine root, live stem and leaf pools

respectively; and a;,s5 is the newly-defined carbon loss pool.
2.2.2 Heat stress factor

The heat stress factor (Fjeq¢) is defined by adopting the strategy of similar large-scale crop heat stress studies in which the
intensity of stress is described using a simple linear function between a critical onset temperature threshold (7%,.;;;°C) and a
maximum temperature threshold (7,,.), after which full heat stress is applied (Challinor et al., 2005; Deryng et al., 2014;
Lucia Martin et al., 2025; Teixeira et al., 2013). Both methods use the same linear function, but with different values of the
maximum heat stress factor, F'xj.,, where F'xj.,; for method 1 does not have an upper limit, but with method 2, Fxjeqp
cannot exceed 1. Note that also the onset of heat stress is different between the two methods (1 for method 1 and O for method
2). Heat stress will only occur when T.,;; is exceeded for three consecutive days; i.e. the first day in which heat stress is
effectively applied equals the fourth day that Tt,.;; is exceeded. Fjq,+ has an onset value, x, for the first day of effective heat
stress regardless of the temperature on that day, which is 20% of F X},.,,. Since F'zp,, is the defining parameter of the function
for heat stress magnitude, a group of experiments are done with different values for F'.X = xj,, for both methods, further
explained in section 2.3. After the first day of effective heat stress, F}.q+ depends on its position on the linear slope, where the

slope steepness is defined by the difference between 7,,.;; and 7T},,4,, as shown in Eq. 3.

F07 if T’L < Tcrit
Ti - Tcri .
Fheati == T+ (theat - 1’) * o I} lf Tcrit S Crz é Tmax (3)
' Tmaw - 71L'rit
Fxheata lfﬂ > me‘

Where Fj is no heat stress, F' X}, maximum heat stress, 7; the mean daytime temperature on day ¢, and x the onset value

on the first day of heat stress or when T == Tp.j¢.
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Figure 2. Schematic overview of crop development in CLMS, including the four crop stages and the carbon (C) allocation pools (leaf, stem,
fine roots, grain) for each crop stage. The relation between C and N, C:N, varies between crop stage and pool and is also dependent on
availability of soil N. Arrows up indicate that uptakes are increasing, while arrows down indicate a decline. The + signs in the harvest stage
represent the grain carbon at the end of the crop season divided between food harvest and seeds for the new season of the crop. A schematic
representation of LAI is presented with the green line and the two methods (Method 1: accelerated LAI senescence (LAI) and Method 2:

reduced allocation to reproductive grains (REP)) for impacting the heat stress on the crop development are indicated in orange.

2.2.3 Vegetation temperature

For this study, heat stress is tracked using the mean daytime vegetation temperature (DV'T)—i.e., the vegetation temperature
averaged over daytime hours. This means that the number of hours varies over season and latitude. The average over the
daytime hours was selected to capture persistent anomalous temperatures during a day, as opposed to short-term heat shock
events, for which a maximum temperature would be more suitable.

Vegetation temperature is considered to be a more direct measure of crop heat stress compared to 2-meter (m) air temperature,
as it considers the actual incoming radiation at the leaf level contributing to warming (Webber et al., 2016). During mid-
summer, leaf warming from shortwave radiation is high, causing the leaf temperature to be higher than the surrounding air
temperature (Jagadish et al., 2021). Siebert et al. (2014) found that air temperatures were up to 7°C lower than rye canopy
temperatures at 0.5 m height in Germany, and only when 0.2 m canopy temperatures were used could the heat stress effects

be reproduced. In addition, canopy temperatures consider the plants’ capability of self-cooling through transpiration, which
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differentiates heat stress effects on rainfed versus irrigated crops in water-limited environments. By not considering vegetation
temperature, the effects of this management practice in global climate studies is ignored (Siebert et al., 2017).
CLMS calculates vegetation temperature as part of the sensible heat balance by solving the Newton-Raphson iteration over

vegetated surfaces, as shown in equation 4:
-8, + L,(T,) + H,(T,) + AE,(T,,) =0 4

where T, is vegetation leaf temperature, S, and L, are the solar radiation and the net longwave radiation absorbed by vegeta-
tion, respectively; H, and AF, are the sensible and latent heat fluxes from vegetation, respectively; and A is the latent heat of
vaporization, with a value of 2.501 x 10° J kg *'. For further details on the calculation procedure, the reader is kindly referred
to chapter 2.5 of the CLMS technical note (Lawrence et al., 2018).

To ensure that CLMS5 modeled 7, falls within reliable ranges, an evaluation was done against satellite-based land surface tem-
perature (LST) from ESA’s Climate Change Initiative (CCI). This was done by comparing monthly modeled skin temperature
(T'SKIN), which is highly correlated to T, (Fig. B1) with ESA-CCI LST. The evaluation is described in Appendix B.

2.2.4 Heat stress trigger and intensity

T.ri+ is a fundamental parameter of the heat stress function, but the definition for 7,;; lacks consistency in literature. For
example, Deryng et al. (2014) summarizes 7,;; values from nine different studies, which for wheat varied between 22-27°C,
while other studies reported much higher critical temperatures for wheat, around 34°C (Lobell et al., 2012; Heinicke et al.,
2022; Zhao et al., 2019). These inconsistencies in literature are based on a two-fold problem. First of all, crop sensitivity to
heat is not constant over the growing season, but varies per crop stage (Poudel et al., 2023; Luo, 2011). The second issue is the
lack of consideration of regionally-varying crop cultivars and their specific heat tolerance, which is flagged as a major limitation
in global crop modeling studies by Gbegbelegbe et al. (2017) and Kachapur et al. (2023). Gbegbelegbe et al. (2017) therefore
argues for crop representation that is parameterized based on the environment within which crop types contain relatively
homogeneous cultivars due to climatological and ecological similarities.

Two approaches were tested to define the minimum and maximum temperatures for heat stress. In the first approach, ex-
periments were run with different combinations of T,,.;; (23—35°C) and T}, (45-50°C). These values remained constant
over space and between CFTs. In the second approach, the definition for 7,;; was based on variations in regional growing
season climates with associated crop cultivars. This was done by keeping track of the highest value of the daytime mean veg-
etation temperature (i.e. only considering daylight hours), and is referred to as the peak vegetation daytime temperature, i.e.
DV Tyeqr- This was tested in two separate ways, i) by tracking DV T4 during the entire growing season, and ii) by only
tracking DV T}, during the grain fill stage. For both approaches, DV T}, was tracked for the first five simulated growing
seasons for each individual CFT (1980-1985). From the second growing season on, the DV'T},.,; was compared at harvest
timestep to the DV'T,.,, of the previous year, in which only the lowest of the two values was saved. This means that, out of
the five growing seasons, 7, is based on the CFT-specific peak daytime vegetation temperature which occurred at least once

every year. Note that the onset of a heat stress event requires three consecutive days in which 7,,;; is exceeded, and only during
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the grain fill stage. To keep the thresholds of T,,;; and T},,,, within realistic boundaries for this second approach, minimum
and maximum values of DV'T,,;; are set at 23°C and 45°C, respectively. This DV'T},.,; approach was designed to include the
local climate in defining the temperature threshold while minimizing the impact on the model computation time and memory.
As the values of T,.;; in this approach vary spatially, so should T, . Colder, temperate climates have a larger variability in
seasonal temperature, while growing seasons are longer to achieve the growing-degree-days to maturity (GDD,,,4;) compared
to the subtropics and tropics (see Appendix C). This means that the warmest temperatures are often reached within a specific
window during the year. For the climates in the subtropics and tropics, DVT),.,), temperatures are less variable over the grow-
ing season, while for some warm climates temperatures can easily reach the absolute crop tolerance of 45-50°C (Appendix C).
In this study, the range between T,.;; and T, is assumed largest in cold-climate growing seasons and narrows with increas-
ing temperature, as shown in Fig. 3. Warmer growing-season climates have a steeper slope between minimum and maximum
heat stress compared to temperate regions. The maximum possible value for 7},,,, was assumed here at 49°C, meaning that

above this threshold, full stress would be applied regardless of location or CFT.

551

max

20 25 30 35 40 45 50
DVTpeak (°C)

Figure 3. Heat stress threshold values of DV'T' for Tt (orange) and Ti,q. (dark red) per DV T)eqr value, as implemented in the heat

stress function of Eq. 3.

2.2.5 Heat stress crop module workflow

The heat stress functions are described in a new module CropHeatStress.F90, and tested in a working version of CLM5
(CTSM Development Team, 2024), with git release tag ctsm5.2.019. The new module contains three main functions related to
heat stress occurrence, duration and intensity.

The heat stress factor is initialized with zero impact—i.e., Fjcq:= Fy (method 1, Fjy = 1; method 2, Fy = 0). Only when

conditions of steps 1 (tracking) and 2 (onset) are met does F},,; increase. The steps are as follows:

1. Tracking: The crop vegetation temperature (DV'T) is checked at the end of each day during the crop growing season.
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2. Onset: a Heatwave (HW) can be true or false and is initialized as false (no HW). The onset of a HW (i.e. HW= true)

occurs when the number of consecutive days in which DVT exceeds T, is three.

3. Duration: When conditions for tracking (1) and onset (2) are met, heat stress is initiated, meaning that F},..; will start to
impact LAI senescence (method 1) or carbon allocation (method 2), depending on the experiment. The magnitude of Fj,eqt
is defined by the linear function shown in Eq. 3. Fj,.,+ and HW days are tracked throughout the entire growing season for
each crop type, but can only affect the third crop stage (between grain fill and harvest), i.e. the leaf senescence mechanism

or carbon to grain allocation mechanism.

4. Reset: When DVT falls below DV T, the HW days will be reset to 0 and F},.,+ Will be set to its initial value again (i.e.,

no heat stress).
2.3 Experimental set-up

The experiments were run at a spatial resolution of 1.9° latitude x 2.5° longitude for the period of 1980-2014. Each experiment
and the control run used an initial file that was based on an 1850 initial conditions file and ran up to the year 1980. From the 35-
year simulation period, the first five years served to compute DV'T},¢qx. The results were therefore only analyzed for the years
1985-2014. CLMS5 was run in historical mode, considering transient crops. The land surface and land use changes (e.g. crop
cover) in CLMS are derived from LUH2 (Hurtt et al., 2020). The default reanalysis data of the Global Soil Wetness Project,
phase 3 vl (GSWP3v1) were used to force the meteorology (Dirmeyer et al., 1999, 2006; Kim, 2017). Implementations affect
all crops, but only four actively-managed crops were evaluated: maize (temperate and tropical), wheat, soybean (temperate and
tropical) and rice. Heat-stress intensity increases with temperature, while impacts will be more significant as the heat stress
prolongs.

For each method, six experiments were done, considering two different processes - calculation of DV'T},,; and magnitude
of F'xyeat - that affect the applied heat stress, and can be seen in Table 1.The LAI1-LAI6 experiments refer to method 1 and
REP1-REP6 refer to method 2. The first process is DVT},¢,1, which defines the value for T¢.,.;; based on the peak temperature
tracked over five seasons. In the first three experiments, DV 1.y, is tracked during the entire crop growing season (G'S)
while in the last three experiments, DV T}y, is tracked only during the crucial grain fill stage (GF'). So for GF' the value for
DVTyeaqr is tracked only during the part of the growing season during which the heat stress is considered. Note that a range of
absolute values (23°C - 35°C) for T,.;; were also tested for both methods, but these experiments produced unrealistic results,
which are outlined in section 3.1, so analysis focuses primarily on the DV'T,.,;, method of calculating T¢.;;.

The second tested process in the experiments concerns the magnitude of applied heat stress, F'xyeat. The linear heat stress
function of section 2.2.4 is applied to both methods, but as the two methods vary in the way heat stress impacts the crop, i.e.
accelerated LAI senescence or reduced grainC allocation, the magnitude of the applied stress must be tested separately as well.
For method 1 (LAI senescence) the multiplication factor of heat stress implies that F}.,; must be larger than 1, but does not
have an upper limit. For the second method (reproductive carbon to grain allocation), possible values of Fj,.,; are between O

and 1 (inclusive). For each of the two methods, a group of experiments were held with three different values for F'xyeqt, and
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therefore various degrees of heat stress magnitude. For method 2, a maximum value for F'xye, is set to 0.9 to always allow

some carbon to go to the grain pool.

Table 1. Parameter values used in the sensitivity experiments.

Method 1: LAI experiments Method 2: REP experiments
Experiment  DVTpear  FXhear | Experiment DVTjear  FTneat
LAIl GS 5 REP1 GS 0.3
LAI2 GS 15 REP2 GS 0.6
LAI3 GS 25 REP3 GS 0.9
LAI4 GF 5 REP4 GF 0.3
LAI5 GF 15 REPS GF 0.6
LAI6 GF 25 REP6 GF 0.9

2.4 Model evaluation
2.4.1 Evaluation data

ESA-CCI Land Surface Temperature

Land surface temperature (LST'; K) was used for evaluation of modeled skin temperature 7’S K I N from the ESA-CCI Mod-
erate Resolution Imaging Spectroradiometer (MODIS) on Earth Observing System — Terra version 3.0, which is available for
the years 2000-2014 (Ghent et al., 2022). This dataset provides LST at spatial resolutions of 0.01°, which were rescaled to
match the CLMS5 resolution using area-weighted averaging with the Climate Data Operator tool (CDO; Schulzweida, 2023).
Only gridcells that include at least 5% cropland and are 100% land were considered. In addition, only data in which temper-
atures were at least 278.15 K (5°C) for both datasets were included, to exclude the effect of frozen soils and snow. Finally, to
minimize the effect of bare soils, the data were filtered to include only months in which modeled LAl was above 0.2. There
was no filtering on quality flags. The LST data were provided for daytime (10 a.m.) and nighttime (10 p.m.) separately. These
were averaged to obtain the mean LST for the T'SK I N analysis in Appendix B.

The same regridded LST dataset was used to assess the anomalous monthly temperature during years in which heat stress
was triggered in section 3.1. For this analysis, daytime LST was used, as it is more consistent with the modeled daytime
vegetation temperature (DV'T). For this evaluation, the number of years in which simulated heat stress was triggered at least 5
days in the month were identified and for these years the monthly L.ST anomalies were evaluated, over the period of 2000-2014,
divided over standard deviation (i.e. the Z score). If for a specific year more than one month was identified as heat-stressed, the
mean LST anomaly was taken over those months to represent the monthly anomaly of that year. Note that simulated heat-stress
can only occur during the simulated grain fill stage.

Downscaled FAO gridded yield dataset

Yield simulations for heat-stressed years were compared against global annual statistics from the FAO, which includes har-
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vested area, production and yield, at country level, starting at 1961. To allow for a gridded spatial analysis, the dataset from
Lombardozzi et al. (2020) was used, in which the country-level FAOSTAT data were downscaled using the observed crop
distribution and yield data from Earthstat (http://www.earthstat.org/harvested-area-yield-175-crops). This dataset contains 10-
km spatial resolution production, harvest and yield data for 175 crop types for the year 2000 (Monfreda et al., 2008). The
Earthstat-FAO dataset was available at 0.9° spatial resolution and needed to be aggregated to the modeled 1.9x2.5°, which was
done with the remapping tool of the CDO software, which considers area-weighted aggregation. The yield was derived by first
computing the sum of the crop production and area over the aggregated new gridcell, and then dividing the production over the
area per crop. An important adjustment was done for crops in the Southern Hemisphere, where growing seasons for these crops
can overlap the new year. A problem with reference annual yield data is that recorded harvest might relate to the sowing year
instead of the harvest year, while CLMS5 records the harvest in the year where maturity is reached. Additionally, simulated crop
growing seasons contain a significant uncertainty, and the end of season might not always match the reality. Crops in which
the simulated end of the growing season commonly overlaps into the new year were therefore identified. If the CLMS5 grain
fill stage occurred at the start of a new calendar year, between January 1 and February 28 and shifting the FAO yield a year up
gave an improved Pearson yield correlation of R>0.3, the shifted FAO yield data was used. The areas in which this was applied

are indicated in the resulting maps for transparency.
2.4.2 Yield evaluation

The simulated yield (t ha=') was derived using the annual grain carbon to food output (GRAINC_TO_FOOD_ANN, gC m™
yr~!) and the conversion method described by Rabin et al. (2023). This conversion assumes the harvestable food grain carbon
to be 45% of the total dry weight (Monfreda et al., 2008), a harvest efficiency of 85% (Kucharik and Brye, 2003), and a
conversion from dry to wet biomass considering crop-specific dry matter fractions. Since the Earthstat-FAO yield data does
not distinguish between irrigated and rainfed crops, the CLMS irrigated and rainfed CFT yields for the same gridcell had to
be merged. This was done by first calculating the CFT-specific production using the crop area map and dividing the sum of
production per crop over the crop area sum. Only data with a presence of at least 10 years for both the simulated and reference
dataset were considered. One thing to note is that in this version of CLMS5, all wheat is planted as spring wheat. This can create

additional bias between simulated and reference wheat yields in regions where winter wheat dominates.

The focus of this study is on extreme temperature events, requiring the differentiation between anomalous and non-anomalous
growing seasons in terms of temperature. The GSWP3v1 reanalysis forcings were used to assign days in which the maximum
air temperature T, exceeded the 95th percentile, as computed using the temperature climatology between 1985-2014, with a
5-day moving window. Anomalous temperatures were masked on a minimum value of 28°C and on occurrence during the heat
stress—affected grain fill crop stage in CLMS5. This was done to analyze the impact of the crop heat stress implementations
and exclude the effect of discrepancies between simulated and actual growing seasons. The final temperature mask considers
anomalous temperatures (95th percentile) that would occur for at least 5 consecutive days during the grain fill stage, in com-

bination with negative yield anomalies of the reference Earthstat-FAO dataset. In the results, temporal comparisons between
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Figure 4. Meaning of different yield terms explained. The solid black line shows the actual yield values and the yield trend is indicated as
a hatched line. Detrended yield anomalies are the difference between the absolute yield and the trend for that year. The black caption shows
the meaning of ’detrended anomaly’, referring to the difference between the control run and trend. The orange caption shows the meaning
of difference in yield (A yield), between the control run and the experiment considering heat stress impacts. The standard deviation (SD) is
used to obtain standardized yield anomalies in Eq. 7, as it normalizes the peaky behavior of the crop yields which can be more extreme for

the reference or the model.

experiments and reference yield include this mask. For figures showing yield data for specific years, this temperature mask was
not applied, but instead locations are indicated where this condition holds using area hatching. Performance metrics, such as
Pearson’s correlation (R) or root mean square difference (RMSD), of which the equations can be found in Appendix A, always
consider all years.

Throughout the analysis, different yield terms are used of which an explanation is given in Fig. 4. The absolute yield
difference (t ha—!) refers to the difference between the experiment and the CLMS5-control run, which was needed to assess
the impact of the individual experiments on the modeled yield. The relative yield difference is calculated as the absolute yield

difference divided by the control yield (AY,,,; %), following Eq. 5

Y;a:v i Y;:on rol,i
AYppi = 22 troli s 100%, (5)

Yeontrol,i
where Y., ; is the yield for year ¢ and Y,oyr01,; 1S the yield in the control run for the same year.

The yield analysis focuses on anomalies rather than absolute yield data. To compare the CLMS5 run with Earthstat-FAO
yield anomalies, the standardized detrended yield anomalies (SY A; Eq. 7) were computed. This was done by first detrending
the yields, as can be seen in Eq. 6, to exclude long-term effects, by fitting a polynomial function of two degrees, which was
preferred over a linear function after some reference yield trends showed a decline for some years, followed by a steady
increase. The detrended standardized anomalies were then computed by dividing the detrended anomaly over the temporal

standard deviation (SD) of the residuals (after subtracting the yield). This was needed to harmonize the magnitude of temporal
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variability between simulated and reference yield. By normalizing over the SD, it becomes clear how anomalous a year was

compared to other years.
restdual; = yield; — trend; (6)

residual; — residuals
SYA; = . (7N
SDresiduals

where residual; is the detrended yield residual (anomaly) for year ¢ used to derive SY A; for the same year, in which the mean
of the residuals (residuals) is subtracted from residual; over time, which should be nearly 0. In statistical terms, SY A equals

the Z score. SD,.csiduais 1S the standard deviation of the residuals over time.

3 Results
3.1 Triggered crop heat stress

Figure 5 shows the number of years in which a heat stress event was triggered during the grain fill stage over our 30-year period
under three different definitions for T,,;;: first by an absolute threshold of DV'T' = 30°C (DV T3; Fig.5a), and two based on
peak vegetation temperature DV T eqx, in which T4 is specific for the climate and CFT, as described in section 2.2.4. In Fig.
5b, DV'T e was tracked during the entire growing season (DV Tjeakgs), whereas in Fig. Sc, it was only tracked during the
grain fill stage (DVTpexgr). Figure Sa highlights the problem of using a single temperature threshold for all climates. For
subtropical and tropical regions, a heat stress was triggered every year, while in temperate climate regions (North America,
Europe, Russia, and northeast Asia) this T,.;; threshold heat stress is simulated to occur 1-5 years out of 30,or none of the
years in the uppermost latitudes. When changing 7T.;; to different constants of DV'T in the range of 23-35°C (not shown),
this problem remained, only the boundary between all-year occurrences and no-year occurrences would shift north or south,
depending on lower or higher 7.,;; values. Figure 6 shows the median (a) and maximum (b) duration of heat stress events
for different locations, grouped per heat stress frequency over the simulation period. For the experiment with a constant 7,
threshold of 30°C, we see that the group where heat stress occurs (almost) every year also contains the largest number of
heat-stressed days—for some regions even the entire grain fill duration—which would lead to extreme heat stress impacts on
yield every year.

Using DV Tpeq to define T¢,;¢ (Fig. 5b & c) reduces the number of triggered years significantly over the domains that were
triggered each year in Fig. 5a, most notably in the Global South and lower- to mid-latitudes. In the high-latitude domains,
for which constant 7,,;; simulated no heat-stressed years, heat stress becomes triggered in the frequency of 1-5 times out of
30 years. For DV Tpeugs, the majority of heat stress frequencies remain below 6, with higher-frequency hotspot regions in
Mexico, the western USA, and southwestern Asia. The Southern Hemisphere now contains an opposite pattern, in which many

regions in Africa and South America have no triggered heat stress events during the entire simulation period. This is most
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Figure 5. Simulated frequency of heat-stressed year occurrences for rainfed crops, in which a heat stress event was initiated for more than
one day during the grain-fill crop stage, during a 30-year period (1985-2014) for the rainfed crops spring wheat, maize, rice and soybean
(rows) and for three different Tt values a) 30°C, b) DV'Tpeags and ¢) DV Teakgr. White areas show no crop grown, light blue areas indicate
the crop is cultivated but there were no heat-stressed years simulated for the entire period, and black areas show that heat stress was triggered

for every simulated year. Note the unequal bins for the number of years on the colorbar.

365 likely related to temperature peaks occurring in an earlier growing season stage, leaving the grain fill phase mostly unaffected.
This becomes more clear when we compare Fig. 5b and ¢, in which the DV T}, cr results in more occurrences of heat stress in
those same regions. With DV T .. this also results in an overestimation of heat stress event occurrences, such as the western

Sahel, southeastern Africa, and some regions in northeastern and southern South America. Overall, heat stress frequencies
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increase, as can be seen by the increase in green and black areas compared to DV Tjcxgs over all continents and for each
crop. In terms of heat stress duration (Fig. 6), simulated periods in regions with heat stress occurrences of less than 20 out of
30 years commonly have no more than ten days of heat stress, while this duration increases with each HW frequency group,
indicating that for regions where heatwave frequency is overestimated, the duration is often overestimated as well. This increase
is more visible for the maximum number of heat-stressed days per location (Fig. 6b). There is no strong difference in number
of heat-stressed days between experiments with DV T jcixgs and DV T eagr. Both DV T o methods show a reduction in heat
stress days for all categories compared to the constant 7,.;; threshold of 30°C, even during an unrealistically high heat stress

frequency of >20 years.
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Figure 6. a) Median and b) maximum amount of heat-stressed days per growing season, grouped per frequency of heat-stressed year oc-
currences in years over the 30-year simulation period of 1985-2014, for three different settings for Terit: Terie 0f 30°C ("30"), Terit of
DV Theags ("GS”), and Terit of DV Theagr (GF'). Note the difference in number of years of the categories on the x-axis.

Figure 7 shows the LST-CCI temperature anomalies for the years in which simulated heat stress was triggered for at least
five days within a calendar month, following the same T,,;; thresholds as in Fig. 5. Note that in the model implementation,
initiation of heat stress requires at least three sequential days of 7¢.;; to be exceeded. The resulting anomalies are calculated
over the period 2000-2014. Since for DV'T3p, most locations in the Global South experience heat stress every year in the
simulation, the LST-CCI SD anomalies are naturally close to 0°C (Fig. 7a). High positive LST anomalies of more than 6°C
correspond to the few domains in the Northern Hemisphere for which heat stress frequencies were simulated between 1-6 out
of 30 years. The other two experiments show an increase in positive LST anomalies, most notably for the Northern Hemisphere.
The mid- and low-latitude regions become only slightly more positive. The strongest positive anomalies are visible in Eurasia
for maize and soybean of +4°C. Rice shows no strong anomalies for any global threshold, but increase for a small region in
southern North America (> 4°C)(Fig. 7b) and (Fig. 7c). There are also regions in sub-Saharan Africa and west Asia which

remain close to 0°C. This matches with overestimation of heat stress event occurrences, as can be seen in Fig. 5, indicating that

16



https://doi.org/10.5194/egusphere-2026-5484
Preprint. Discussion started: 1 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

it likely also resembles more the mean LST anomaly instead of outliers. This effect likely comes from very high vegetation
temperatures during the entire growing season due the warm climates of those regions, in combination with the mean growing

390 season temperature being around the upper limit of 7.,;; that was set at 45°C (Appendix C).
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Mean monthly LST-CCl anomaly (°C) for heat-stressed* years between 2000-2014
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Figure 7. Mean LST — C'CI anomalies in (°C) for years in which at least one month experienced modeled heat stress of more than five days
in the calendar month and during the grain-fill crop stage of rainfed crops, calculated between the years 2000 and 2014. The experiments
presented in Fig. 5. The inland contour-lines in the maps show the crop area extent, which contain a light off-white color in case of no data.

“Note that the threshold number of five heat-stressed days in a month was used here, since the reference LST-CCI data is in monthly means.

Since the T,,;; threshold is specific to the plant type, not only different crop types but also rainfed and irrigated CFTs of

the same crop have their individual thresholds. Figure 8 shows the difference in number of heat-stress occurrences between
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rainfed and irrigated crops for the same location, where zero differences between rainfed and irrigated heat-stressed years have
been excluded. The largest difference can be observed for the method where T.,.;; is the same between irrigated and rainfed
crops, which highlights the cooling effect of irrigation on DV'T' temperatures during warm periods in line with the effects on
air temperature(Thiery et al., 2017, 2020; Yao et al., 2025). As opposed to the constant T¢,;;, for the DV T, experiments
the T¢,;; value is no longer equal between irrigated and rainfed crops, but based on historical vegetation temperatures, which
are usually lower in warm season for irrigated crops compared to the rainfed crop for the same location. The effect between
irrigated and rainfed crops therefore reduces. Despite the fact that the DV T, threshold for irrigated crops still show overall
reduced heat stress occurrences, for some cases there are more heat-stressed years simulated in irrigated crops than rainfed

crops. This is most notable for maize and in the West Sahel (not shown).

rainfed - irrigated crops
difference number of heat-stressed years
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Figure 8. Non-zero differences in heat-stressed years between rainfed and irrigated crops, in number of years over the total simulation period

wheat maize rice soybean

(30 years), for the same experiments as in Fig. 6. Plus signs (+) show outliers. The table below shows the total number of locations (gridcells)
in which rainfed and irrigated crop co-occur and the percentage of those pixels in which the difference between rainfed and irrigated heat-

stressed years are not zero (valid gridcells used in boxplots).
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3.2 Yield
3.2.1 Model accuracy

The 12 different experiments (Table 1) of the two different heat stress impact methods—accelerating LAI (LAI) and reducing
the reproductive carbon to grain allocation (REP)—were evaluated in terms of impact relative to the CLMS5-control run. To
get a better understanding of the impacts in warm years and compare the model to reference data, the Earthstat-FAO yield
data and experiment modeled yield were filtered on years with anomalously warm maximum daily air temperature during the
grain fill stage (95th percentile), while also containing negative Earthstat-FAO yield anomalies. This was necessary for two
reasons: (i) to highlight the impact on yield during the "extreme" years that are of most interest, and (ii) the implemented
changes can only impact yield during the grain fill stage. An analysis considering all years would reduce the impact of the
implementations strongly for the majority of locations, making seemingly no significant difference. The change in Pearson’s
correlation coefficient (AR) for example for maize between the SYA for all years of the experiments and the control run
with Earthstat-FAO data, remained within £0.01 for 55-97% of the pixels (not shown), with the higher impact experiments
(e.g., 3 and 6) causing larger differences. Similarly, between 63% and 98% of pixels contained an SYA ARMSD < 0.01
considering all experiments (not shown). This doesn’t mean that there were no significant changes in R or RMSD, as can
be seen in Appendix D and E. Especially for maize, R and RMSD improved mostly over the Northern Hemisphere. For the
LAI experiments, some areas in the Southern Hemisphere improved, whereas for other areas performance deteriorated, most
notably in central Africa. For experiment REPG6, there are also some stronger changes in wheat in west Asia. For REP6, the
smallest changes are found for soybean, whereas for LAI6, wheat and rice were minimally impacted (see Appendix D and E).
Figure 9 shows the relative difference in yield from the CLMS5-control run for the anomalous warm years for which the
reference SYA Earthstat-FAO data is negative, i.e. lower than normal yields. The differences in SYA between the CLM5-
control run and Earthstat-FAO are shown on the outer right plots. The evaluation with CLMS5-control show that the mean
simulated wheat for these years are in good agreement with the reference data, but the range in SYA for individual locations
is still between 2 and -2, in which the CLMS5-control shows less negative impact on yield anomalies in Europe but a more
strong negative impact on yield anomalies in North America and Asia, for the selected years. The largest differences between
the CLM5-control run and Earthstat-FAO data are found in maize and rice crops. The relative yield difference between the
experiments and the control run clearly reflect the variation in applied maximum heat stress, where the most clear impacts
are seen in LAI6 and REP6. For maize, the LAI experiments simulate stronger yield reduction in South America than in
the Northern Hemisphere, while for the REP experiments, the largest impacts are found in Europe. Similarly, the impacts on
rice are most notably in South America for the LAI experiments with some outliers, while for the REP experiments mostly
Asia is impacted. The yield impact on rice is overall stronger for the LAI experiments. The SYA difference plots between
CLMS5-control and Earthstat-FAO do not show a clear regional pattern in overestimated SYA, whereas the impacts from the
experiments are more strongly grouped by region. The experiments of the first method seem to have more impact in Asia
and Europe, whereas for the second method, there is a substantially stronger impact on yield reduction for Europe. The largest

impact for the experiments of method 1 is on soybean in East Asia and North America, whereas for method 2 this is on maize in
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Figure 9. Mean relative yield difference plots (%) between each CLMS experiment and CLMS-control run for anomalous warm years
(air temperature in the 95th percentile for five consecutive days) during the grain fill stage that coincide with negative SYA (-) values of
Earthstat-FAO data for these years. The right boxplots show the mean difference in SYA (-) between these filtered years. The colors indicate

the location as shown on the maps on the left.

Northern Eurasia. For method 2, there is a clear difference between reduced yields for maize compared the other crops, whereas

for the LAI experiments, all crops contain some extreme impacts. For the experiments of method 2, the impacts on rice and
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soybean are lower compared to the LAI experiments. For each crop and experiment, there are some positive yield differences,
which indicates that for some years and locations, the experiments simulate higher yields with the heat stress implementations

compared to the CLM5-control run.
3.2.2 Heat stress impacts

To better understand how the two methods perform for specific events, we focus on years during which severe heatwaves
occurred that significantly affected crop production. Figure 10 shows the SYA for CLM5-control and Earthstat-FAO for the
European heatwave of 2003 and the Russian heatwave of 2010. The relative yield differences for experiments LAI5 and REP5
with the CLM5-control run are shown on the left panels, to highlight the areas with the most significant impact compared
to CLM5-control. The two panels on the right show the SYA for the CLM5-control run and the Earthstat-FAO reference
yield dataset. In the summer of 2003, a severe compound heat and drought event took place, in which maize and wheat yield
anomalies in southern Europe exceeded -4 standard deviations (Ciais et al., 2005). For the Earthstat-FAO data, the computed
anomalies exceed -3 standard deviations in central and western Europe, where for maize, negative SYA also reached below
-4 standard deviations. The CLMS5-control run shows reduced yields over mainland Europe, which represents the combined
effect of drought stress and temperature-based crop phenology (GDD-based growing season and photosynthetic activity).
The affected areas generally overlap the Earthstat-FAO negative yield anomalies, but the magnitude is more variable and
underestimated, especially for maize. The yield differences from the experiments of both methods shows zero to limited
impact for wheat over central Europe. This is because the heatwave event did not take place during the simulated grain fill
phase, as can be seen by the lack of hatched areas in Fig. 10. This mismatch in growing season may originate from the fact the
growing season is strongly determined by growing degree-days, which can cause strong inter-annual variability in temperate
climate regions. A model development study by Boas et al. (2021) over agricultural sites in Germany and Belgium confirmed
occasional mismatches in CLM5 wheat simulations. When we look at the maize crop, we do see changes over a few hatched
areas, which are minimal for method 1 but notable for method 2. In REPS, some areas have lower yields compared to CLMS5-
control, which were originally not showing negative SYA, indicating that some heat-affected areas are not captured by the
existing effects in the model. The timeseries in these locations show that the LAIS barely reduced absolute yield, while the
REPS experiment shows indeed a stronger decline for maize in 2003 and other years in the time series (1994, 1997, 2006,
2013).

The Russian heatwave in the summer of 2010 was a unique event, in which a flash drought in late May and early June was
followed up by anomalously warm temperatures in August (Christian et al., 2020; Hunt et al., 2021). As the primary crop
grown in Russia (Lioubimtseva et al., 2013), both winter and spring wheat production were especially hit in western Russia
due to the timing of the drought occurred right around the wheat flowering period, causing reductions up to over 80% in the
most severely hit regions, compared to the 2008-2009 growing season (Hunt et al., 2021). Despite the fact that maize is not as
widely grown as wheat in western Russia, the impact was severe for all grain production, which was reduced by a third as a

consequence of the event (Lioubimtseva et al., 2013).

21



https://doi.org/10.5194/egusphere-2026-5484
Preprint. Discussion started: 1 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

method 1: LAI5S method 2: REP5 CLM control Earthstat -FAO

maize - 50.2°N, 7.5°E

Yield (t ha™!)

4 '\/\/\,\/\V (\—/

1985 1990 1995 2000 2005 2010 2015

= EarthStat-FAO CLM-control
method 1: LAIS method 2: REP5 CLM control Method 1 (LAl) == Method 2 (REP)
R Y e R e Y —~ o
> X2 whéat || e - — :
T yomy e y maize - 57.8°N, 47.5°E
AN Y
‘/{‘2/} ////// // i % ///) /// 4
s VZ M ﬁ ////. =
3 A
— N
g) ‘E?S’FSE/ = 2 V\] \/\/
:;T‘:é‘
A//’// 4 & !
7 ~ —~
e SO i< "¢ 1985 1990 1995 2000 2005 2010 2015
S 1 £
200  -10.0 5.0 -2.5 -1.0 00 40 -30 2.0

Avyield (%) SYA(-)

Figure 10. Yield results for two specific heat-stressed years in the Northern Hemisphere, i.e. 2003 and 2010 and for the crops wheat and
maize. Images on the left: normalized relative yield difference (%), between experiment 5 for method 1 and method 2 and the CLMS-control
run. Images on the right: SYA (-) for the CLMS5-control run and the reference dataset of Earthstat-FAO. For both events a timeseries is
shown for maize with the absolute yields of all four datasets. Location is indicated on the maps. Hatched areas show where for that year the

maximum air temperature was in the 95th percentile for at least 5 days during the grain fill phase.
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The Earthstat-FAO reference data for the year 2010 show indeed large-scale negative anomalies for wheat, but the magnitude
of the SYA is not as strong as for maize. The CLMS5-control run shows some strongly impacted regions for both crops, but
with a smaller extent compared to the reference data. Relative yield impacts in experiments LAIS and REP5 show stronger

475 yield reductions for maize, especially for method 2. Similarly to the 2003 European heatwave, some regions that did not
contain negative SYA in CLM5-control are affected with the heat stress implementation for both methods. However, there

are also several regions showing strongly negative SYA for CLMS5-control that are additionally impacted by the heat stress

implementation.
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Figure 11. Same as Fig. 10, but for the year 2005 in South America, for the crops maize and soybean. Hatched areas show where for that
year the maximum air temperature was in the 95th percentile for at least 5 consecutive days. Time series are shown for location 25.6°S and

65°W and 10.4°S and 45°W.
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To zoom in on the impacts of a different climatological region, Fig. 11, shows the same maps as Fig. 10, but over South
America for the year 2005. South America, especially Brazil, was hit by three consecutive drought years between 2003 and
2005, resulting in significant yield reductions (Ferreira et al., 2024). In 2005, a prolonged drought in combination with high
temperatures elevated the pressure on crop production. Soybean losses in Brazil were estimated to be 75%, during a period
in which canopy temperatures were 7°C above ideal conditions (Gusso et al., 2014). Figure 11 reflects the negative yield
anomalies for soybean in South America of 2005 with SYA reaching lower than -4 standard deviations below the mean. These
losses are not very well reflected in the CLMS5-control simulations. There are also only a few regions in which anomalous air
temperatures overlapped the CLMS5 grain fill phase of these crops, indicating also a likely mismatch in growing season and
limited potential impact by the heat stress implementations. There is a shift in impact between the two methods compared to
the Northern Hemisphere, in which the LAIS experiment shows stronger reductions relative to the REPS experiment. The time
series plot for location 10.4°S and 45°W in Fig. 11 shows a decline in yield for the CLM5-control run, and with experiment
LAIS, the yield reduces further due to the heat stress impacts. For REPS, no clear impact is seen for this year. The SYA for this
location is more negative for the Earthstat-FAO data (between -1.5 and -2.0 standard deviations below the mean) compared
to CLM5-control (between -0.5 and 1.0 standard deviations below the mean). This effect between experiments is not specific
for this location or year. A time series in Argentina (25.6°S and 65°W) for example shows a difference in impact between

experiments as well, where for LAIS yield reductions are more pronounced than for REPS.

4 Discussion

In this study, a new crop heat stress module was introduced in CLM5 and globally evaluated for four different crops. The
results showed the impact of different components of the heat stress implementation on the crop representation. First of all, the
definition of T,,.;; is a crucial parameter, which cannot be used as a global constant, even per crop, but also needs to represent
the different agro-climatological zones. While the T'V),c 4, analysis shows improvement compared to a constant value for 1,
direct implementation is probably challenging because of the high dependency on the starting date of the simulation, which
represents the climate of that period. This can be an advantage or a disadvantage, depending on the purpose. A threshold that
is strongly defined by climatology of the first simulation years will be significantly different for simulations in other decades.
Considering the change in environment over longer timescales, a shifting value for T,.;;, in which the cultivated crops are more
adjusted to their climatological zones, would be more realistic as opposed to assuming the same variety from decades earlier.
If time-constant thresholds are preferred, this could be realized by including the spatially-varying parameters as model input
maps, in which the CFT-specific temperature thresholds can be based on historical temperature records, agro-ecological zones
and if possible, information on common crop varieties within each region. When the focus is on climate projections, transient
T.;+ values could be linked to the characteristics deciding agro-ecological zones (e.g. climatology, soil characteristics, arid-
ity index) for different crops in literature, such as Dadrasi et al. (2023), which would then automatically shift in a changing
climate. Despite the improvements with a spatially-varying threshold for 7,;;, some areas were targeted by heat stress with

a very high frequency, which increased when T'V),c.;. was only tracked during the grain fill period. However, tracking during
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the entire growing season resulted in large regions in Africa and South America in which no heat-wave events were simulated
for any crop. This indicated that the warmest periods over these regions generally occur before the simulated grain fill phase.
The R (Appendix D) and RMSD (Appendix E) maps of the REP6 and LAI6 experiments showed that for some regions in
the Global South the performance in SYA simulations improved, whereas for other regions (central Africa and central South
America), performance went down compared to the reference SYA. Due to the growing season commonly overlapping into
the new year and the fact that actual planting date in these climates are more commonly linked to rainfall season instead of
temperature (which is the basis for the CLM growing season stages), evaluations are extra challenging over these regions. This
is combined with known inaccuracies of CLMS5 simulated growing seasons and crop parameterizations (Rabin et al., 2023).
In this regard, the sowing windows of later versions of CTSM (from 5.3 on) have been improved and could potentially show
better results. Additionally, obtaining long-term consistent high quality evaluation data remains a challenge, especially over
the Global South, where records are more sparse.

Apart from the 7,4 threshold value, the use of canopy temperatures instead of air temperatures to define heat stress is a
relatively new approach compared to existing large-scale crop heat studies. A major advantage of this approach is the differ-
entiation between rainfed and irrigated crops in terms of heat stress sensitivity. However, when basing the critical temperature
threshold on the CFT, it would be more realistic to keep the critical temperature values between rainfed and irrigated CFTs
equal. The yield evaluation showed that the CLM5 control run for some regions did not contain negative anomalous yields,
whereas adding the heat stress representation caused negative anomalous yields, matching the yield anomalies of the reference
data. For other regions, the CLMS5 control run already simulated negative yield anomalies due to hydraulic stress and high
temperature limitations mostly in the form of crop phenology and physiology (GDD, photosynthesis) and became more neg-
ative after the heat stress implementations. The question therefore remains whether additive stress responses are appropriate
representations of compound stress events The impacts become stronger in warmer climates that generally already produce
lower yields compared to temperate regions, and when both heat and drought stress occur, this might result in too much yield
reduction.

The impact of heat stress on crops was tested with two different methods. The acceleration of LAI senescence results in a more
indirect approach and had a stronger impact on yields in the Global South compared to the direct reduction in carbon to food
grains, which caused more yield reductions in the Northern Hemisphere. This difference could originate from the difference in
absolute LAI and subsequent yield between these regions. In regions where the maximum LAI reaches low values in general,
the accelerated senescence could have a much stronger impact.

Some regions saw an increase in yield, which mostly occurred after strong heat-related yield reduction in the previous year.
This effect was visible for both methods, but did not occur for the exact same years. An important part of the different imple-
mentations are its effect on the phenology, not only yield. By changing the plant processes, both the carbon and nitrogen cycles
are affected. Appendix F and G show the differences in NPP and LAI for wheat and maize in experiments LAIS and REPS.
The focus of these maps is on the difference where the experiment shows higher values compared to the control run. We see
that for both methods, NPP and LAI are (minimally) impacted, but that method 1’s LAI and NPP values show generally larger

differences from the control run compared to method 2. A possible explanation for this could be that moving more leaf carbon
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and nitrogen to the soil litter, instead of retranslocating it to the grains, adds more soil nutrients for the subsequent growing
season. For method 2, changes in the cycle of carbon and nitrogen are primarily caused by relocating C and N from the grains
to the roots, causing the root litter to increase in the soil and also providing more soil carbon and nitrogen that would otherwise
be used for food consumption, which in CLMS5 is simulated as a slow release into the atmosphere over the subsequent year
(Lawrence et al., 2018). Additionally, there could be a secondary effect—by increasing the root C and N, the roots become
larger and could take up more nutrients. However, the results show that during heat stress events, the reducing effect on the C
of the grain is greater than the increase in roots. It should be noted that during the grain fill stage, less C and N are going into
the live stem, leaf, and root pools, as the plant is slowly deteriorating. While the reallocation of the carbon to fine roots was
necessary to keep the carbon balance within the plant intact, it does not represent an actual crop response to heat. In reality,
the allocation of carbon to grains does not change, but is used inefficiently, which may be better represented by increased
respiration. However, the REP experiments did seem to slightly outperform the LAI experiments, therefore it could have more
potential for implementation, especially if the implementation considers respiration of the lost carbon instead of reallocation,
thereby minimally changing the carbon cycle.

The yield in the Southern Hemisphere was especially impacted by method 1, where some regions with simulated impact caused
reduced yields every year. The AR (Fig. D1) and ARSM D (Fig. E1) maps also showed that some areas, especially for maize
in central Africa, did not improve with method 2. For method 2, directly impacting the grain production resulted in some
improvements compared to the Earthstat-FAO dataset in the Northern Hemisphere for maize and in China for rice, but showed
limited impacts for wheat and soybean. This could also be related to the different simulated vs actual growing season, which is
common issue with CLMS5, for some regions and crops, like India (Kangari et al., 2025). Comparing the two different methods,
reducing the carbon to grain showed slightly better improvements globally. Combining method 1 and 2 could also be tested in
future research, in which the different methods could affect the crop at different times. In several studies, the grain production
is specifically targeted during the flowering period and not the entire grain fill period (Challinor et al., 2005; Lucia Martin et al.,
2025; Teixeira et al., 2013). This approach was not adopted here, not only because CLMS5 does not represent a flowering period,
but also because the flowering period is relatively short, e.g. around two weeks, which would make the correct timing of the
crop stages more crucial and difficult to evaluate. But with future improvements of CLMS5, different heat stress impacts during
flowering and grain filling could be considered, as was done by Peng et al. (2018) for maize at some specific locations. Other
opportunities to improve heat stress representation are testing other heat stress functions, such as an exponential function, and
considering not only the daytime vegetation temperature, but also increased nighttime temperature and the ratio of day and
night temperature, as these have proven to reduce plant functioning and yield (Jagadish et al., 2015; Narayanan et al., 2015;
Saini et al., 2023).

Apart from the challenges and opportunities in the model framework, the evaluation of the implementation is equally im-
portant. The yield evaluation product that was used here is based on national yield statistics from the Food and Agriculture
Organization, which is the main source of annual global level yields with long historical records of multiple decades. These
records are not perfect and are additionally processed from national level to a gridded map, which increases uncertainty. New

crop yield datasets are being published, often with the aid of satellite data (Iizami and Sakai, 2020; Tang et al., 2024), but they
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all make use of the same FAOSTAT national yield data. In addition to the data record itself, extracting from that record specific
heat-impacted events is very challenging, and other factors will always contribute to the yield anomalies. It remains unclear to
what extent farm-level decisions on management, pests, and diseases are contributing to the total yield signal in national statis-
tics. In addition, apart from heat waves occurring during the reproductive stage, there might have been other crop-damaging
processes that took place earlier in the growing season. An option would be to combine yield data with extreme events from
databases, such as the Emergency Events Database (EM-DAT) or Wikimpacts (Li et al., 2026). A common limitation of these
data records is, however, large spatial data gaps (Jones et al., 2023).

Apart from the above-mentioned challenges in crop heat stress modeling, the simple model implementations from this study
proved able to (i) identify specific heatwave events, and (ii) impact crop yields over regions that were previously not showing

negative anomalies by CLMS.

5 Conclusions

In this study, functions to account for crop heat stress were introduced in the Community Land Model v5 (CLMS5) and evaluated
globally for the first time for four different crops, combining tropical and temperate CFTs for maize and soybean, using two
different methods and a batch of parameterization experiments. In the first method, LAI senescence was accelerated causing
reduced yield in tropical climate regions. In the second method, the allocation of carbon to grains was reduced, which showed
to have a stronger impact on the Northern Hemisphere. Different critical threshold values for temperature were tested to define
the onset of heat stress, which showed that regionally varying thresholds are necessary to accurately represent crop variety.
In addition, using the vegetation temperature instead of 2m air temperature resulted in different impacts between rainfed and
irrigated crops for the same location.

The evaluation showed the most impacts on maize, with improvements in standardized yield anomalies (SYA) in the Northern
Hemisphere. The impacts were smaller for wheat and rice. The evaluation for specific years proved that large scale heatwave
events could be captured by the implementations. To define which approach is most optimal to impact crops by heat effects, the
different set-ups are to be compared in regional case studies with varying climates in future research. On the broad topic of heat
stress implementations in globally gridded crop models, this study highlighted the relevance of using vegetation temperature to
distinguish effects of high temperatures on irrigated vs non-irrigated crops and the use of region-specific temperature thresholds

for crop heat stress as opposed to a single threshold over the globe.

Code availability. The CTSMS5.2 open source code was used with git release tag 5.2.019 (CTSM Development Team, 2024). The new
model code from this study is available on Github, at https://github.com/ShannonRoos/CTSM5.2_CropHeatStress and archived on Zenodo,
at https://doi.org/10.5281/zenodo.22664312 (de Roos, 2026a). The CLMS5 bash execution script and Python postprocessing/visualization
scripts are available on Zenodo as well, at https://doi.org/10.5281/zenodo.22672865 (de Roos, 2026b).
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Appendix A: Performance metrics

Performance metrics were computed (i) to compare modeled skin temperature to satellite-based surface temperature and (ii)
compare modeled yield for different experiments with FAO standardized yield anomalies, for all years and for between CLM
experiments and reference data.

Equations for root mean square difference (RMSD):

1 n
RMSD = EZ(CLMt —~Y,)? (A1)

t=1

Where N is the number of observations and Y is the reference dataset (ESA — CCI LST or FAO SY A).

Equation for Pearson’s correlation (R):
S (CLMuy, ~ CLMy) (Y, - V)
VS (CLMay, — CTV) 0, (Y- V)

(A2)
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Appendix B: Modeled T'S K IN evaluation with ESA-CCI MODIS LST

CLMS5 computes 7'V for each individual CFT, which allows for crop-specific heat stress. The accuracy of modeled 7'V cannot
be directly verified, as there are no observational (crop-specific) T'V datasets available. We therefore made use of the modeled
skin temperature (T'SKIN), i.e. the effective outgoing radiative temperature of the land surface, which is closely related to
TV as can be seen in Fig. B1. Correlations between TV and TSKIN are especially close with high vegetation cover, as the
influence of the soil becomes less significant (not shown). T'S K TN can be directly compared to the satellite-based land surface
temperature, LST from the ESA-CCI MODIS. It should be noted that the modeled T'SKIN is based on the energy balance
calculations of both ground and vegetation, and therefore influenced by the transient land cover maps that are used as model
input.

The evaluation in Fig. B2 of months in which the simulated LAI was higher than 0.3, shows strong Pearson correlations (R)
and anomaly correlations (in which the monthly means have been subtracted from the monthly data) for most of the Northern
Hemisphere, which reduce at lower latitudes, but are still considered acceptable, as anomaly correlations are often still above
0.4, and RMSE values remain below 4 K. A likely contributing factor for reduced correlations at lower latitudes is the increased

interference from clouds, as the ESA-CCI MODIS data has not been filtered on quality flags.
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Figure B1. relation of modeled monthly vegetation temperature and skin temperature in CLMS5 for the years 2000-2014.
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Figure B2. Evaluation of correlation (R; -) anomaly correlation (anom R; -) and root mean square difference (RMSD; K) between monthly

modeled skin temperature (K) and monthly ESA-CCI MODIS LST.
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Appendix C: Mean crop temperatures
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Figure C1. Modeled climatological mean of vegetation daytime temperature (DVT; ° C), during the crop growing season for a) spring
wheat, b) maize, c) soybean and d) rice. The scatterplots show the relationship betewwn the climatological mean of the different locations
on the x-axis, and on the y-axis, the difference peak vegetation temperature and the climatological mean. The map show the rainfed crops,

scatterplots are shown for rainfed and irrigated crop.
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Appendix D: R SYA metrics experiment 6
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Figure D1. Left: Pearson correlations between simulated SYA of CLM5-control and Earthstat-FAO SYA ((Rcontroic)- Right: R differences
between experiment LAI6 or REP6 with Earthstat-FAO (Rezp), and Reontrot, Where AR = Rexp - Reontroi-
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Appendix E: RMSD SYA metrics experiment 6
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Figure E1. Left: Root mean square difference between simulated SYA bof CLMS5-control and Earthstat-FAO SYA (RM S D controt)- Right:
RM S D differences between experiment LAI6 or REP6 with Earthstat-FAO data (RM SDezp), and RM S Dcontror, where ARMSD =
RMSDeyp - RMSDcontrol.
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Appendix F: NPP difference maps between experiment and

CLM-control
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Figure F1. The maps show the maximum difference (experiment- control) in the simulated annual sum of Net Primary Production (NPP; gC

m?) for rainfed spring wheat for LAI5 on the left and REP5 on the right. Each map contains four locations with time series of annual NPP

sums of the experiment run (exp, LAIS or REPS) in pink and the CLM-control run (ref) in green.
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Figure F2. Same as Fig. F1 but for rainfed maize.
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Figure G2. Same as Fig. G1 but for rainfed maize.

34



645

650

655

https://doi.org/10.5194/egusphere-2026-5484
Preprint. Discussion started: 1 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Author contributions. All authors contributed to conceptualization of the research. WT acquired the funding. SDR and SR wrote the heat
stress model code in CLMS. SDR set up the experimental design with help from WT and SR. SDR performed the research analysis and

visualization. DL provided resources for analysis. SDR wrote the paper and all authors contributed.

Competing interests. At least one of the (co-)authors is a member of the editorial board of Geoscientific Model Development. The authors

declare no other competing interests.

Acknowledgements. The authors would like to acknowledge the Belgian Science and Policy Office (BELSPO), for funding the research
under the CropWaves STEREOIV project (grant No:SR/00/412). WT acknowledges funding from the European Research Council (ERC)
under the European Union’s Horizon Framework research and innovation programme (grant agreement No 101124572; ERC Consolidator
Grant ‘LACRIMA’) and the European Union’s Horizon Europe programme (grant agreement No. 101295156; ‘FUTURA’ project). DLL was
supported by National Science Foundation DISES Award 2409246 and the U.S. Department of Agriculture NIFA Award 2021-0455.

The CESM project is supported primarily by the National Science Foundation (NSF). This material is based upon work supported by the
NSF National Center for Atmospheric Research, which is a major facility sponsored by the NSF under Cooperative Agreement 1852977.
Computing and data storage resources on the Derecho (doi:10.5065/qx9a-pg09) supercomputer was provided by the Computational and
Information Systems Laboratory (CISL, 2023) at the National Center for Atmospheric Research (NCAR). Postprocessing was done on
the Hortense supercomputer from the Flemish Supercomputer Center (VSC), Belgium, under the Storage4Climate project, funded by the
Research Foundation - Flanders (FWO) and the Flemish Government.

We would also like to thank the steering committee members of the CropWaves project, Chiara Corbari, Jonas Jigermeyr, Juan M. Lopez,
and Han Su, for their feedback on the project. SdR would especially like to thank the Land Modeling Working Group at NCAR, as they have

been very helpful and encouraging during the conception of the research and welcoming during the visit at the institute.

35



660

665

670

675

680

685

690

695

https://doi.org/10.5194/egusphere-2026-5484
Preprint. Discussion started: 1 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

References

Arshad, M. S., Farooq, M., Asch, F., Krishna, J. S., Prasad, P. V., and Siddique, K. H.: Thermal stress impacts reproductive development and
grain yield in rice, Plant Physiology and Biochemistry, 115, 57-72, https://doi.org/10.1016/j.plaphy.2017.03.011, 2017.

Bassu, S., Brisson, N., Durand, J.-L., Boote, K., Lizaso, J., Jones, J. W., Rosenzweig, C., Ruane, A. C., Adam, M., Baron, C., Basso, B.,
Biernath, C., Boogaard, H., Conijn, S., Corbeels, M., Deryng, D., De Sanctis, G., Gayler, S., Grassini, P., Hatfield, J., Hoek, S., Izaurralde,
C., Jongschaap, R., Kemanian, A. R., Kersebaum, K. C., Kim, S.-H., Kumar, N. S., Makowski, D., Miiller, C., Nendel, C., Priesack, E.,
Pravia, M. V., Sau, F., Shcherbak, 1., Tao, F., Teixeira, E., Timlin, D., and Waha, K.: How do various maize crop models vary in their
responses to climate change factors?, Global Change Biology, 20, 2301-2320, https://doi.org/10.1111/gcb.12520, 2014.

Battisti, D. S. and Naylor, R. L.: Historical Warnings of Future Food Insecurity with Unprecedented Seasonal Heat, Science, 323, 240-244,
https://doi.org/10.1126/science.1164363, 2009.

Boas, T., Bogena, H., Griinwald, T., Heinesch, B., Ryu, D., Schmidt, M., Vereecken, H., Western, A., and Hendricks Franssen, H.-J.: Im-
proving the representation of cropland sites in the Community Land Model (CLM) version 5.0, Geoscientific Model Development, 14,
573-601, https://doi.org/10.5194/gmd-14-573-2021, 2021.

Bonan, G. B., Lawrence, P. J., Oleson, K. W., Levis, S., Jung, M., Reichstein, M., Lawrence, D. M., and Swenson, S. C.: Improving canopy
processes in the Community Land Model version 4 (CLM4) using global flux fields empirically inferred from FLUXNET data, Journal of
Geophysical Research: Biogeosciences, 116, https://doi.org/10.1029/2010JG001593, 2011.

Challinor, A., Wheeler, T., Craufurd, P., and Slingo, J.: Simulation of the impact of high temperature stress on annual crop yields, Agricultural
and Forest Meteorology, 135, 180-189, https://doi.org/10.1016/j.agrformet.2005.11.015, 2005.

Christian, J. I., Basara, J. B., Hunt, E. D., Otkin, J. A., and Xiao, X.: Flash drought development and cascading impacts associated with the
2010 Russian heatwave, Environmental Research Letters, 15, 094 078, https://doi.org/10.1088/1748-9326/ab9faf, 2020.

Ciais, P., Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V., Aubinet, M., Buchmann, N., Bernhofer, C., Carrara, A., Chevallier, F.,
De Noblet, N., Friend, A. D., Friedlingstein, P., Grilnwald, T., Heinesch, B., Keronen, P., Knohl, A., Krinner, G., Loustau, D., Manca,
G., Matteucci, G., Miglietta, F., Ourcival, J. M., Papale, D., Pilegaard, K., Rambal, S., Seufert, G., Soussana, J. F., Sanz, M. J., Schulze,
E. D., Vesala, T., and Valentini, R.: Europe-wide reduction in primary productivity caused by the heat and drought in 2003, Nature, 437,
529-533, https://doi.org/10.1038/nature03972, 2005.

CISL: Derecho: HPE Cray EX System, https://doi.org/10.5065/qx9a-pg09, 2023.

Cohen, 1., Zandalinas, S. I., Huck, C., Fritschi, F. B., and Mittler, R.: Meta-analysis of drought and heat stress combination impact on crop
yield and yield components, Physiologia Plantarum, 171, 66-76, https://doi.org/10.1111/ppl.13203, 2021.

CTSM Development Team: Community Terrestrial Systems Model (CTSM), https://doi.org/10.5281/zenodo.3739617, 2024.

Dadrasi, A., Chaichi, M., Nehbandani, A., Soltani, E., Nemati, A., Salmani, F., Heydari, M., and Yousefi, A. R.: Global insight into under-
standing wheat yield and production through Agro-Ecological Zoning, Scientific Reports, 13, 15 898, https://doi.org/10.1038/s41598-023-
43191-x, 2023.

de Roos, S.: CTSM52 CropHeatStress, https://doi.org/10.5281/zenodo.22664312, 2026a.

de Roos, S.: CLMS5 Crop Heat Stress code for running CLMS5 and postprocessing, https://doi.org/10.5281/zenodo.22672865, 2026b.

Deryng, D., Conway, D., Ramankutty, N., Price, J., and Warren, R.: Global crop yield response to extreme heat stress under multiple climate

change futures, Environmental Research Letters, 9, 034 011, https://doi.org/10.1088/1748-9326/9/3/034011, 2014.

36



700

705

710

715

720

725

730

https://doi.org/10.5194/egusphere-2026-5484
Preprint. Discussion started: 1 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Dirmeyer, P. A., Dolman, A. J., and Sato, N.: The Global Soil Wetness Project: A pilot project for global land surface modeling and validation,
Bulletin of the American Meteorological Society, 80, 851-878, https://doi.org/10.1175/1520-0477(1999)080<0851: TPPOTG>2.0.CO;2,
1999.

Dirmeyer, P. A., Gao, X., Zhao, M., Guo, Z., Oki, T., and Hanasaki, N.: GSWP-2: Multimodel Analysis and Implications for Our Perception
of the Land Surface, Bulletin of the American Meteorological Society, 87, 1381 — 1398, https://doi.org/10.1175/BAMS-87-10-1381, 2006.

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled Model
Intercomparison Project Phase 6 (CMIP6) experimental design and organization, Geoscientific Model Development, 9, 1937-1958,
https://doi.org/10.5194/gmd-9-1937-2016, 2016.

Fahad, S., Bajwa, A. A., Nazir, U., Anjum, S. A., Farooq, A., Zohaib, A., Sadia, S., Nasim, W., Adkins, S., Saud, S., Ihsan, M. Z., Alharby, H.,
Wu, C., Wang, D., and Huang, J.: Crop Production under Drought and Heat Stress: Plant Responses and Management Options, Frontiers
in Plant Science, Volume 8 - 2017, https://doi.org/10.3389/fpls.2017.01147, 2017.

FAO and WMO: Extreme heat and agriculture - FAO - WMO joint report, Food and Agriculture Organization of the United Nations (FAO) ;
World Meteorological Organization (WMO), https://hdl.handle.net/10902/40110, 2026.

Ferreira, R. C., Sibaldelli, R. N. R., Crusiol, L. G. T.,, Neumaier, N., and Farias, J. R. B.: Soybean Yield Losses Re-
lated to Drought Events in Brazil: Spatial-Temporal Trends over Five Decades and Management Strategies, Agriculture, 14,
https://doi.org/10.3390/agriculture14122144, 2024.

Gbegbelegbe, S., Cammarano, D., Asseng, S., Robertson, R., Chung, U., Adam, M., Abdalla, O., Payne, T., Reynolds, M., Sonder, K.,
Shiferaw, B., and Nelson, G.: Baseline simulation for global wheat production with CIMMYT mega-environment specific cultivars, Field
Crops Research, 202, 122-135, https://doi.org/10.1016/j.fcr.2016.06.010, modeling crops from genotype to phenotype in a changing
climate, 2017.

Ghent, D., Veal, K., and Perry, M.: ESA Land Surface Temperature Climate Change Initiative (LS7Tci): Monthly land surface temperature
from MODIS (Moderate Resolution Imaging Spectroradiometer) on Terra, level 3 collated (L3C) global product (2000-2018), version
3.00, Dataset, https://doi.org/10.5285/32d7bc64c7b740e9ad7a43589ab91592, 2022.

Gusso, A., Ducati, J. R., Veronez, M. R., Sommer, V., and Silveira Junior, L. G. D.: Monitoring heat waves and their impacts on summer
crop development in southern Brazil, Agricultural Sciences, 5, 353-364, https://doi.org/10.4236/as.2014.54037, 2014.

Heinicke, S., Frieler, K., Jigermeyr, J., and Mengel, M.: Global gridded crop models underestimate yield responses to droughts and heat-
waves, Environmental Research Letters, 17, 044 026, https://doi.org/10.1088/1748-9326/ac592e, 2022.

Hu, T., Zhang, X., Khanal, S., Wilson, R., Leng, G., Toman, E. M., Wang, X., Li, Y., and Zhao, K.: Climate change impacts on crop yields: A
review of empirical findings, statistical crop models, and machine learning methods, Environmental Modelling & Software, 179, 106 119,
https://doi.org/https://doi.org/10.1016/j.envsoft.2024.106119, 2024.

Hunt, E., Femia, F., Werrell, C., Christian, J. 1., Otkin, J. A., Basara, J., Anderson, M., White, T., Hain, C., Randall, R., and Mc-
Gaughey, K.: Agricultural and food security impacts from the 2010 Russia flash drought, Weather and Climate Extremes, 34, 100 383,
https://doi.org/10.1016/j.wace.2021.100383, 2021.

Hurtt, G. C., Chini, L., Sahajpal, R., Frolking, S., Bodirsky, B. L., Calvin, K., Doelman, J. C., Fisk, J., Fujimori, S., Klein Goldewijk, K.,
Hasegawa, T., Havlik, P., Heinimann, A., Humpendder, F., Jungclaus, J., Kaplan, J. O., Kennedy, J., Krisztin, T., Lawrence, D., Lawrence,
P, Ma, L., Mertz, O., Pongratz, J., Popp, A., Poulter, B., Riahi, K., Shevliakova, E., Stehfest, E., Thornton, P., Tubiello, F. N., van
Vuuren, D. P, and Zhang, X.: Harmonization of global land use change and management for the period 850-2100 (LUH2) for CMIP6,
Geoscientific Model Development, 13, 5425-5464, https://doi.org/10.5194/gmd-13-5425-2020, 2020.

37



735

740

745

750

755

760

765

770

https://doi.org/10.5194/egusphere-2026-5484
Preprint. Discussion started: 1 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

lizumi, T. and Sakai, T.. The global dataset of historical yields for major crops 1981-2016, Scientific Data, 7, 97,
https://doi.org/10.1038/s41597-020-0433-7, 2020.

Jagadish, S. K., Way, D. A., and Sharkey, T. D.: Plant heat stress: Concepts directing future research, Plant, Cell & Environment, 44, 1992—
2005, https://doi.org/10.1111/pce.14050, 2021.

Jagadish, S. V. K., Murty, M. V. R., and Quick, W. P.: Rice responses to rising temperatures — challenges, perspectives and future directions,
Plant, Cell & Environment, 38, 1686—1698, https://doi.org/10.1111/pce.12430, 2015.

Jones, R. L., Kharb, A., and Tubeuf, S.: The untold story of missing data in disaster research: a systematic review of the empirical liter-
ature utilising the Emergency Events Database (EM-DAT), Environmental Research Letters, 18, 103 006, https://doi.org/10.1088/1748-
9326/acfd42, 2023.

Kachapur, R. M., Patil, N. L., Talekar, S. C., Wali, M. C., Naidu, G., Salakinakop, S. R., Harlapur, S. I., Bhat, J. S., and Kuchanur, P. H.:
Importance of mega-environments in evaluation and identification of climate resilient maize hybrids (Zea mays L.), PLOS ONE, 18, 1-20,
https://doi.org/10.1371/journal.pone.0295518, 2023.

Kangari, N. R., Baidya Roy, S., Rabin, S. S., Lombardozzi, D. L., Varma, G. V., Biswas, R., and Naik, D. C.: Improving the representation
of major Indian crops in the Community Land Model version 5.0 (CLMS5) using site-scale crop data, Geoscientific Model Development,
18, 763-785, https://doi.org/10.5194/gmd-18-763-2025, 2025.

Kennedy, D., Swenson, S., Oleson, K. W., Lawrence, D. M., Fisher, R., Lola da Costa, A. C., and Gentine, P.: Implementing
Plant Hydraulics in the Community Land Model, Version 5, Journal of Advances in Modeling Earth Systems, 11, 485-513,
https://doi.org/10.1029/2018MS001500, 2019.

Kim, H.: Global Soil Wetness Project Phase 3 Atmospheric Boundary Conditions (Experiment 1), Dataset,
https://doi.org/10.20783/DIAS.501, 2017.

Kucharik, C. J. and Brye, K. R.: Integrated Blosphere Simulator (IBIS) Yield and Nitrate Loss Predictions for Wisconsin Maize Receiving
Varied Amounts of Nitrogen Fertilizer, Journal of Environmental Quality, 32, 247-268, https://doi.org/10.2134/jeq2003.2470, 2003.

Lawrence, D. M., Hurtt, G. C., Arneth, A., Brovkin, V., Calvin, K. V., Jones, A. D., Jones, C. D., Lawrence, P. J., de Noblet-Ducoudré,
N., Pongratz, J., Seneviratne, S. L., and Shevliakova, E.: The Land Use Model Intercomparison Project (LUMIP) contribution to CMIP6:
rationale and experimental design, Geoscientific Model Development, 9, 2973-2998, https://doi.org/10.5194/gmd-9-2973-2016, 2016.

Lawrence, D. M., Fisher, R., Koven, C., Oleson, K., Svenson, S., Vertenstein, M., Andre, B., Bonan, G., Ghimire, B., van Kampenhout, L.,
Kennedy, D., Kluzek, E., Knox, R., Lawrence, P., Li, F, Li, H., Lombardozzi, D., Lu, Y., Perket, J., Riley, W., Sacks, W., Shi, M., Wieder,
W., Xu, C., Ali, A., Badger, A., Bisht, G., Broxton, P., Brunke, M., Buzan, J., Clark, M., Craig, T., Dahlin, K., Drewniak, B., Emmons,
L., Fisher, J., Flanner, M., Gentine, P., Lenaerts, J., Levis, S., Leung, L. R., Lipscomb, W., Pelletier, J., Ricciuto, D. M., Sanderson, B.,
Shuman, J., Slater, A., Subin, Z., Tang, J., Tawfik, A., Thomas, Q., Tilmes, S., Vitt, F.,, and Zeng, X.: Technical Description of Version 5.0
of the Community Land Model (CLM), Technical note, National Center for Atmospheric Research (NCAR), https://www.cesm.ucar.edu/
models/cesm2/land/CLMS50_Tech_Note.pdf, last access: 20 June 2026, 2018.

Lawrence, D. M., Fisher, R. A., Koven, C. D., Oleson, K. W., Swenson, S. C., Bonan, G., Collier, N., Ghimire, B., van Kampenhout, L.,
Kennedy, D., Kluzek, E., Lawrence, P. J., Li, F, Li, H., Lombardozzi, D., Riley, W. J., Sacks, W. J., Shi, M., Vertenstein, M., Wieder,
W. R, Xu, C., Ali, A. A, Badger, A. M., Bisht, G., van den Broeke, M., Brunke, M. A., Burns, S. P., Buzan, J., Clark, M., Craig, A.,
Dahlin, K., Drewniak, B., Fisher, J. B., Flanner, M., Fox, A. M., Gentine, P., Hoffman, E., Keppel-Aleks, G., Knox, R., Kumar, S., Lenaerts,
J., Leung, L. R., Lipscomb, W. H., Lu, Y., Pandey, A., Pelletier, J. D., Perket, J., Randerson, J. T., Ricciuto, D. M., Sanderson, B. M.,
Slater, A., Subin, Z. M., Tang, J., Thomas, R. Q., Val Martin, M., and Zeng, X.: The Community Land Model Version 5: Description

38



775

780

785

790

795

800

805

https://doi.org/10.5194/egusphere-2026-5484
Preprint. Discussion started: 1 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

of New Features, Benchmarking, and Impact of Forcing Uncertainty, Journal of Advances in Modeling Earth Systems, 11, 4245-4287,
https://doi.org/10.1029/2018MS001583, 2019.

Levis, S.: Crop heat stress in the context of Earth System modeling, Environmental Research Letters, 9, 061002,
https://doi.org/10.1088/1748-9326/9/6/061002, 2014.

Li, N., Thiery, W., Zahra, S., Madruga de Brito, M., Worou, K., Kurfali, M., Lampe, S., Mufioz, P., Flynn, C., Trigoso, C., Nivre, J.,
Zscheischler, J., and Messori, G.: Wikimpacts 1.0: a new global climate impact database based on automated information extraction from
Wikipedia, Natural Hazards and Earth System Sciences, 26, 2609-2636, https://doi.org/10.5194/nhess-26-2609-2026, 2026.

Lioubimtseva, E., de Beurs, K. M., and Henebry, G. M.: Grain Production Trends in Russia, Ukraine, and Kazakhstan in
the Context of the Global Climate Variability and Change, pp. 121-141, Springer Berlin Heidelberg, Berlin, Heidelberg,
https://doi.org/10.1007/698_2013_225, 2013.

Liu, B., Asseng, S., Liu, L., Tang, L., Cao, W., and Zhu, Y.: Testing the responses of four wheat crop models to heat stress at anthesis and
grain filling, Global Change Biology, 22, 1890-1903, https://doi.org/10.1111/gcb.13212, 2016.

Lobell, D. B., Sibley, A., and Ivan Ortiz-Monasterio, J.: Extreme heat effects on wheat senescence in India, Nature Climate Change, 2,
186—189, https://doi.org/10.1038/nclimate1356, 2012.

Lombardozzi, D. L., Bonan, G. B., Smith, N. G., Dukes, J. S., and Fisher, R. A.: Temperature acclimation of photosynthe-
sis and respiration: A key uncertainty in the carbon cycle-climate feedback, Geophysical Research Letters, 42, 8624-8631,
https://doi.org/10.1002/2015GL065934, 2015.

Lombardozzi, D. L., Lu, Y., Lawrence, P. J., Lawrence, D. M., Swenson, S., Oleson, K. W., Wieder, W. R., and Ainsworth, E. A.: Simu-
lating Agriculture in the Community Land Model Version 5, Journal of Geophysical Research: Biogeosciences, 125, €2019JG00S5 529,
https://doi.org/10.1029/2019JG005529, €2019JG005529 2019JG005529, 2020.

Lucia Martin, L., Smerald, A., Kiese, R., Klimiuk, T., Ludwig, P., Sanchéz-Benitez, A., Goessling, H., and Scheer, C.: The vulnerability
of European agricultural areas to anthesis heat stress increases with climate change, Environmental Research: Food Systems, 2, 025 002,
https://doi.org/10.1088/2976-601X/adb03d, 2025.

Luo, Q.: Temperature thresholds and crop production: a review, Climatic Change, 109, 583-598, https://doi.org/10.1007/s10584-011-0028-6,
2011.

Martinez-Villalobos, C., Fu, D., Loikith, P. C., and Neelin, J. D.: Accelerating increase in the duration of heatwaves under global warming,
Nature Geoscience, 18, 716-723, https://doi.org/10.1038/s41561-025-01737-w, 2025.

Monfreda, C., Ramankutty, N., and Foley, J. A.: Farming the planet: 2. Geographic distribution of crop areas, yields, physiological types,
and net primary production in the year 2000, Global Biogeochemical Cycles, 22, https://doi.org/10.1029/2007GB002947, 2008.

Miiller, C., Elliott, J., Chryssanthacopoulos, J., Arneth, A., Balkovic, J., Ciais, P., Deryng, D., Folberth, C., Glotter, M., Hoek, S., lizumi, T.,
Izaurralde, R. C., Jones, C., Khabarov, N., Lawrence, P., Liu, W., Olin, S., Pugh, T. A. M., Ray, D. K., Reddy, A., Rosenzweig, C., Ruane,
A. C., Sakurai, G., Schmid, E., Skalsky, R., Song, C. X., Wang, X., de Wit, A., and Yang, H.: Global gridded crop model evaluation:
benchmarking, skills, deficiencies and implications, Geoscientific Model Development, 10, 1403—1422, https://doi.org/10.5194/gmd-10-
1403-2017, 2017.

Narayanan, S., Prasad, P. V. V., Fritz, A. K., Boyle, D. L., and Gill, B. S.: Impact of High Night-Time and High Daytime Temperature Stress
on Winter Wheat, Journal of Agronomy and Crop Science, 201, 206218, https://doi.org/10.1111/jac.12101, 2015.

Noia Junior, R. d. S., Asseng, S., Miiller, C., Deswarte, J.-C., Cohan, J.-P., and Martre, P.: Negative impacts of climate change on crop yields
are underestimated, Trends in Plant Science, 30, 1262—1273, https://doi.org/10.1016/j.tplants.2025.05.002, 2025.

39



810

815

820

825

830

835

840

845

https://doi.org/10.5194/egusphere-2026-5484
Preprint. Discussion started: 1 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Peng, B., Guan, K., Chen, M., Lawrence, D. M., Pokhrel, Y., Suyker, A., Arkebauer, T., and Lu, Y.: Improving maize growth
processes in the community land model: Implementation and evaluation, Agricultural and Forest Meteorology, 250-251, 64-89,
https://doi.org/10.1016/j.agrformet.2017.11.012, 2018.

Poudel, S., Adhikari, B., Dhillon, J., Reddy, K. R., Stetina, S. R., and Bheemanahalli, R.: Quantifying the physiological, yield, and quality
plasticity of Southern USA soybeans under heat stress, Plant Stress, 9, 100 195, https://doi.org/10.1016/j.stress.2023.100195, 2023.

Rabin, S. S., Sacks, W. J., Lombardozzi, D. L., Xia, L., and Robock, A.: Observation-based sowing dates and cultivars significantly af-
fect yield and irrigation for some crops in the Community Land Model (CLMS5), Geoscientific Model Development, 16, 7253-7273,
https://doi.org/10.5194/gmd-16-7253-2023, 2023.

Renting, H., Rossing, W., Groot, J., Van der Ploeg, J., Laurent, C., Perraud, D., Stobbelaar, D., and Van Ittersum, M.: Exploring multifunc-
tional agriculture. A review of conceptual approaches and prospects for an integrative transitional framework, Journal of Environmental
Management, 90, S112-S123, https://doi.org/10.1016/j.jenvman.2008.11.014, multifunctional agriculture - From farm diagnosis to farm
design and institutional innovation, 2009.

Rezaei, E. E., Webber, H., Gaiser, T., Naab, J., and Ewert, F.: Heat stress in cereals: Mechanisms and modelling, European Journal of
Agronomy, 64, 98—113, https://doi.org/10.1016/j.eja.2014.10.003, 2015.

Saini, D. K., Impa, S. M., McCallister, D., Patil, G. B., Abidi, N., Ritchie, G., Jaconis, S. Y., and Jagadish, K. S. V.: High day and
night temperatures impact on cotton yield and quality—current status and future research direction, Journal of Cotton Research, 6, 16,
https://doi.org/10.1186/s42397-023-00154-x, 2023.

Schewe, J., Gosling, S. N., Reyer, C., Zhao, F., Ciais, P., Elliott, J., Francois, L., Huber, V., Lotze, H. K., Seneviratne, S. I, van Vliet, M.
T. H., Vautard, R., Wada, Y., Breuer, L., Biichner, M., Carozza, D. A., Chang, J., Coll, M., Deryng, D., de Wit, A., Eddy, T. D., Folberth,
C., Frieler, K., Friend, A. D., Gerten, D., Gudmundsson, L., Hanasaki, N., Ito, A., Khabarov, N., Kim, H., Lawrence, P., Morfopoulos,
C., Miiller, C., Miiller Schmied, H., Orth, R., Ostberg, S., Pokhrel, Y., Pugh, T. A. M., Sakurai, G., Satoh, Y., Schmid, E., Stacke, T.,
Steenbeek, J., Steinkamp, J., Tang, Q., Tian, H., Tittensor, D. P., Volkholz, J., Wang, X., and Warszawski, L.: State-of-the-art global
models underestimate impacts from climate extremes, Nature Communications, 10, 1005, https://doi.org/10.1038/s41467-019-08745-6,
2019.

Schulzweida, U.: CDO User Guide (2.3.0), Software documentation, https://doi.org/10.5281/zenodo.10020800, 2023.

Siebers, M. H., Yendrek, C. R., Drag, D., Locke, A. M., Rios Acosta, L., Leakey, A. D. B., Ainsworth, E. A., Bernacchi, C.J., and Ort, D. R.:
Heat waves imposed during early pod development in soybean (Glycine max) cause significant yield loss despite a rapid recovery from
oxidative stress, Global Change Biology, 21, 3114-3125, https://doi.org/10.1111/gcb.12935, 2015.

Siebert, S., Ewert, F., Eyshi Rezaei, E., Kage, H., and Graf, R.: Impact of heat stress on crop yield—on the importance of considering canopy
temperature, Environmental Research Letters, 9, 044 012, https://doi.org/10.1088/1748-9326/9/4/044012, 2014.

Siebert, S., Webber, H., Zhao, G., and Ewert, F.: Heat stress is overestimated in climate impact studies for irrigated agriculture, Environmental
Research Letters, 12, 054 023, https://doi.org/10.1088/1748-9326/aa702f, 2017.

Tang, F. H. M., Nguyen, T. H., Conchedda, G., Casse, L., Tubiello, F. N., and Maggi, F.: CROPGRIDS: a global geo-referenced dataset of
173 crops, Scientific Data, 11, 413, https://doi.org/10.1038/s41597-024-03247-7, 2024.

Teixeira, E. L., Fischer, G., van Velthuizen, H., Walter, C., and Ewert, F.: Global hot-spots of heat stress on agricultural crops due to climate
change, Agricultural and Forest Meteorology, 170, 206-215, https://doi.org/10.1016/j.agrformet.2011.09.002, agricultural prediction us-

ing climate model ensembles, 2013.

40



850

855

860

865

870

875

https://doi.org/10.5194/egusphere-2026-5484
Preprint. Discussion started: 1 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Thiery, W., Davin, E. L., Lawrence, D. M., Hirsch, A. L., Hauser, M., and Seneviratne, S. I.: Present-day irrigation mitigates heat extremes,
Journal of Geophysical Research: Atmospheres, 122, 1403-1422, https://doi.org/10.1002/2016JD025740, 2017.

Thiery, W., Visser, A. J., Fischer, E. M., Hauser, M., Hirsch, A. L., Lawrence, D. M., Lejeune, Q., Davin, E. L., and Seneviratne, S. I.:
Warming of hot extremes alleviated by expanding irrigation, Nature Communications, 11, 290, https://doi.org/10.1038/s41467-019-14075-
4,2020.

Urruty, N., Tailliez-Lefebvre, D., and Huyghe, C.: Stability, robustness, vulnerability and resilience of agricultural systems. A review, Agron-
omy for Sustainable Development, 36, 15, https://doi.org/10.1007/s13593-015-0347-5, 2016.

Vogel, E., Donat, M. G., Alexander, L. V., Meinshausen, M., Ray, D. K., Karoly, D., Meinshausen, N., and Frieler, K.: The effects of climate
extremes on global agricultural yields, Environmental Research Letters, 14, 054 010, https://doi.org/10.1088/1748-9326/ab154b, 2019.
Wang, E., Martre, P., Zhao, Z., Ewert, F., Maiorano, A., Rotter, R. P., Kimball, B. A., Ottman, M. J., Wall, G. W., White, J. W., Reynolds,
M. P, Alderman, P. D., Aggarwal, P. K., Anothai, J., Basso, B., Biernath, C., Cammarano, D., Challinor, A. J., De Sanctis, G., Doltra,
J., Dumont, B., Fereres, E., Garcia-Vila, M., Gayler, S., Hoogenboom, G., Hunt, L. A., Izaurralde, R. C., Jabloun, M., Jones, C. D.,
Kersebaum, K. C., Koehler, A.-K., Liu, L., Miiller, C., Naresh Kumar, S., Nendel, C., O’Leary, G., Olesen, J. E., Palosuo, T., Priesack, E.,
Eyshi Rezaei, E., Ripoche, D., Ruane, A. C., Semenov, M. A., Shcherbak, I., Stockle, C., Stratonovitch, P., Streck, T., Supit, L., Tao, F.,
Thorburn, P., Waha, K., Wallach, D., Wang, Z., Wolf, J., Zhu, Y., and Asseng, S.: The uncertainty of crop yield projections is reduced by

improved temperature response functions, Nature Plants, 3, 17 102, https://doi.org/10.1038/nplants.2017.102, 2017.

Webber, H., Ewert, F., Kimball, B., Siebert, S., White, J., Wall, G., Ottman, M., Trawally, D., and Gaiser, T.: Simulating canopy temperature
for modelling heat stress in cereals, Environmental Modelling & Software, 77, 143-155, https://doi.org/10.1016/j.envsoft.2015.12.003,
2016.

Webber, H., Rezaei, E. E., Ryo, M., and Ewert, F.: Framework to guide modeling single and multiple abiotic stresses in arable crops,
Agriculture, Ecosystems and Environment, 340, 108 179, https://doi.org/10.1016/j.agee.2022.108179, 2022.

Yao, Y., Satoh, Y., van Maanen, N., Taranu, S., Keune, J., De Hertog, S. J., Lampe, S., Lawrence, D. M., Sacks, W. J., Wada, Y., Ducharne,
A., Cook, B. I, Seneviratne, S. 1., Liu, L., Buzan, J. R., Jdgermeyr, J., and Thiery, W.: Compounding future escalation of emissions- and
irrigation-induced increases in humid-heat stress, Nature Communications, 16, 9326, https://doi.org/10.1038/s41467-025-64375-1, 2025.

Zhao, C., Liu, B., Piao, S., Wang, X., Lobell, D. B., Huang, Y., Huang, M., Yao, Y., Bassu, S., Ciais, P., Durand, J.-L., Elliott, J., Ewert, F.,
Janssens, I. A., Li, T., Lin, E., Liu, Q., Martre, P., Miiller, C., Peng, S., Pefiuelas, J., Ruane, A. C., Wallach, D., Wang, T., Wu, D, Liu, Z.,
Zhu, Y., Zhu, Z., and Asseng, S.: Temperature increase reduces global yields of major crops in four independent estimates, Proceedings
of the National Academy of Sciences, 114, 9326-9331, https://doi.org/10.1073/pnas.1701762114, 2017.

Zhao, C., Liu, B., Xiao, L., Hoogenboom, G., Boote, K. J., Kassie, B. T., Pavan, W., Shelia, V., Kim, K. S., Hernandez-Ochoa, I. M.,
Wallach, D., Porter, C. H., Stockle, C. O., Zhu, Y., and Asseng, S.: A SIMPLE crop model, European Journal of Agronomy, 104, 97-106,
https://doi.org/10.1016/j.eja.2019.01.009, 2019.

41



