10

15

20

https://doi.org/10.5194/egusphere-2025-4391
Preprint. Discussion started: 23 September 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Increased heating of the land surface as hot-dry events persist
Josephin Kroll', Ruth Stephan'-*, Andrew F. Feldman® 3, Diego G. Miralles*, and Rene Orth!

'Modeling Biogeochemical Systems, Faculty for Environment and Natural Resources, University of Freiburg, Germany
Biospheric Sciences Laboratory, NASA Goddard Space Flight Center, Greenbelt, MD, USA

3Earth System Science Interdisciplinary Center, University of Maryland, College Park, MD, USA

“Hydro-Climate Extremes Lab, Ghent University, Ghent, Belgium

“now at: Landkreis Breisgau-Hochschwarzwald, Freiburg, Germany

Correspondence: Josephin Kroll (josephin.kroll @ecoclim.uni-freiburg.de)

Abstract. Compound hot-dry events have devastating effects on ecosystems as well as societies. Combinations of more incom-
ing shortwave radiation (SW_down) and drying soil moisture lead to the build-up of high temperatures during dry periods. In
this process, evaporation (ET) plays an important role in coupling temperature and soil moisture, and thus can lead to feedback
loops and more drying. While both atmospheric contributors (SW_down) and the land surface (ET) are known to influence
temperature during dry periods, it remains unclear how their relevance for high temperatures varies throughout a dry event, i.
e. from the build-up of heat to its persistence during ongoing dryness. Furthermore, the contributions of ET and SW_down to
heat onset and persistence during dryness are likely to differ across space and over the last decades. In this study, we investigate
SW_down and ET changes as two contributing factors to heat accumulation throughout dry events and across recent decades
using reanalysis data. We determine periods of soil dryness accompanied by high temperatures using weekly timescale data.
Within the detected hot-dry weeks, we distinguish between heat onset and heat persistence by evaluating the continuity of
high temperatures. By mapping changes in ET and SW_down during heat onset and heat persistence, we find that radiation
increases contribute to the onset of heat globally but are less dominant for heat persistence. Evaporative cooling mitigates
radiation-driven temperature increases during the onset of heat in humid regions. By contrast, this effect vanishes during per-
sistent high temperatures. While the general occurrence of hot conditions during dry events increased from 14% to 28% from
the 1980s to the 2010s, the evolution of ET and SW_down throughout hot-dry events shows no clear trend over the last few
decades. Our study emphasizes that contributors to heat development and/or persistence vary during the lifetime of a dry event

which should be considered when analyzing compound extremes.

1 Introduction

Soil moisture extremes have been record breaking in the last two decades (Michaelian et al., 2011; Zou et al., 2018; Garrido-
Perez et al., 2024; Kimutai et al., 2025). Various studies project an increase in drought frequency and intensity across several

regions in the world, as summarized in the IPCC ARG (Seneviratne, S.I. et al., 2023). While the impacts of extreme dryness are
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devastating on their own, the compound occurrence with high temperatures adds additional stress on ecosystems, agriculture
and societies (Bastos et al., 2020; Marchin et al., 2022; Leeper et al., 2025; Gu et al., 2025). At the same time, co-occurring
dryness and heat reinforce and amplify each other through land-atmosphere interactions by e.g. drought-driven increased heat
advection and entrainment intensifying soil drying (Mueller and Seneviratne, 2012; Miralles et al., 2014; Gerken et al., 2018;
Russo et al., 2019; Christian et al., 2020; Collazo et al., 2024).

Hot temperatures during drought can be induced via atmospheric and/or the land processes (Uckan et al., 2025). With regard
to atmospheric processes, the shortwave downward radiation (SW_down) that is not reflected provides energy that heats up
the surface. Depending on water availability, the incoming energy is partitioned mainly into latent heat flux (evaporation, ET)
or sensible heat flux (H) (interplay illustrated in Figure 1 on the left side); in arid regions, increases in SW_down primarily
drive increases in H which increase the air temperature. This is also the case in humid regions but less pronounced, as in
these energy-limited areas increased SW_down simultaneously fuels latent heat flux which is reducing the energy diverted to
H and thus warming (Yin et al., 2014). High levels of SW_down at the surface are possible in the absence of clouds, which
at the same time correspond to a lack in water supply at the surface, i.e. precipitation, initiating dry-downs in the soil. Hence,
atmospheric processes determine the joint development of higher temperatures and soil dryness through clouds modulating the
amount of SW_down reaching the surface and simultaneously determining precipitation and hence water supply. Also, land
processes can contribute to hot temperatures during dry extremes (Seneviratne et al., 2010). With reducing soil moisture, ET is
limited by water availability, and hence SW_down is instead strengthening H, causing higher temperatures (Teuling, 2018). If
ET is not limited by water supply, a higher portion of SW_down fuels latent heat flux, thereby leaving less energy for H and
hence mitigating temperatures increases. A high contribution of the land surface to heat development has been shown to be
associated with decreased water availability that leads to a shift from ecosystem energy- to water limitation (Whan et al., 2015;
Hirschi et al., 2011; Zscheischler et al., 2015). However, the feedback between ET and soil moisture is not one-directional:
while on the one hand soil moisture can limit ET, on the other hand ET amplifies soil moisture depletion by responding to
atmospheric water vapor demand (De Boeck and Verbeeck, 2011). Vapor pressure deficit corresponds to the deficit between
saturation vapor pressure and partial vapor pressure. While saturation vapor pressure is only constrained by temperature, par-
tial vapor pressure further depends on water availability. ET marks the process that balances the temperature-driven demand
for water vapor in the atmosphere and water availability in the soil. Its magnitude depends on available energy (SW_down),
wind and vegetation activity next to demand (air temperature and dryness) and soil water availability (Seneviratne et al., 2010;
Mueller and Seneviratne, 2012; Russo et al., 2019). In addition to these local-scale feedbacks, heat during drought is initiated
or further amplified by several factors acting at larger spatial scales. For example, atmospheric circulation creates persistent
weather patterns leading to the build-up of high temperatures (Brunner et al., 2017; Barriopedro et al., 2023). On a regional
scale, advection of warm air can further increase temperatures during dry periods (Miralles et al., 2019; Schumacher et al.,
2019) and secondly, diel dynamics in the local boundary layer support the persistence of high temperatures by trapping and
reintroducing warm air to the surface-near air (Miralles et al., 2014). These processes drive the state of the local atmosphere

but are not explicitly explored in the following analysis.
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Figure 1. Schematic figure of the considered factors contributing to heat during dryness. Note that there are additional factors which have

not been considered and are hence not displayed here.

However, the relative contributions of atmospheric processes (SW_down) and land processes (soil moisture-constrained ET)
to inducing hot temperatures during dryness remain understudied, in particular how their contributions vary in time, space and
throughout dry events. This knowledge gap is relevant as it prevents the accurate inferring of the occurrence of compound
hot-dry conditions in a changing climate. Under ongoing climate change, the simultaneous occurrence of high temperatures
combined with severe decreases in soil moisture is projected to increase, leading to more extreme heatwaves (Teuling, 2018;
AghaKouchak et al., 2020; Seneviratne, S.I. et al., 2023). Heat contributing factors are being altered such as large-scale circu-
lation patterns (Brunner et al., 2018) as well as land-atmosphere feedbacks favoring dry and hot conditions (Seneviratne et al.,
2006; Fischer et al., 2012; Stegehuis et al., 2013; Zscheischler et al., 2015; Vogel et al., 2017; Denissen et al., 2024). Addi-
tionally, long-term trends in soil moisture modify background climate and aridity and alter geographical patterns of ecosystem
water or energy limitation (Vogel et al., 2018; Denissen et al., 2024). Furthermore, the last decades have been subject to ongo-
ing land cover and land use change in many regions, transforming ecosystems and their responses to hot-dry conditions, as the
albedo and transpiration capacity and hence net radiation (net_rad), water and energy fluxes are modified (Alkama and Cescatti,
2016). Next to changes in ecosystem type and cover, rising carbon dioxide concentrations affect vegetation functioning and

e.g. alter water demand (Keenan et al., 2013; Cheng et al., 2017) hence introducing changes in ET magnitude during normal
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and extreme weather conditions.

In this study, we ask: How did the occurrence of compound hot and dry events change across recent decades? What is the
relative importance of local atmospheric vs. land processes contributing to heat throughout the duration of dry periods? Did
this vary across recent decades and in space? Specifically, we analyze the role of the local atmospheric forcing, represented by
SW_down, and that of the local land surface, represented by ET, in contributing to heat during dryness i) across recent decades;
ii) across ecosystems and climate regions; and iii) throughout the lifetime of an event. We perform our analysis on a global
scale to evaluate patterns across ecosystem and climate regimes. Additionally, we utilize data sets with a longer record from
the 1980s—2010s to receive long-term trends in the importance of SW_down and ET for heat during dryness. By distinguishing

heat onset and heat persistence, we further clarify the relevance of SW_down and ET throughout dry events.

2 Data and Methods
2.1 Data and Pre-processing steps

In this analysis, global reanalysis data with a 0.5° spatial resolution spanning the years from 1982 to 2021 is used to investigate
heat contributors during dry events. We focus on SW_down representing the atmospheric contribution and ET representing
the land surface contribution. For enhanced understanding of the energy partitioning at the surface, we further investigate H,
surface net_rad and surface long-wave outgoing radiation (LW_up). For all considered variables (see Tablel), their data is
averaged to weekly means. This temporal resolution covers dynamics of soil moisture (SM) and temperature adequately to
allow the analysis of the evolution of heat and dryness while filtering out some shorter-term convective variability.

We focus on events outside freezing periods. Weeks considered as freezing and hence excluded are those when the average
of the mean temperatures (t_mean, from ERAS (Hersbach et al., 2020)) in the respective week and the two previous weeks is
below 3°C. If this filtering results in a time series with < 50% of the weekly data points in a given analyzed decade, the grid

cell is not considered in the entire analysis.

2.2 Methods

Our analysis framework includes several steps illustrated in Figure 2. Our study is carried out on a per decade basis to analyze
long-term changes of heat drivers during dry periods across recent decades. The first considered decade is 1980-1989. As a first
step, dry periods are identified. A weighted average of ERAS5-Land SM across the top meter of the soil (layer 1-3) is computed
(Mufioz-Sabater et al., 2021). From the weekly 40-year data record, percentiles are determined and used to assess the driest
weeks as those with SM < 5th percentile. The dryness peak is the week in which SM is lowest, see Figure 2 labeled as "Peak".
For each dry peak detected this way, we define the start of the dry-down as the week before the driest peak in which SM was
exceeding the 10th percentile, labeled as "Start" in Figure 2.

Within the detected dry periods, the occurrence of hot weeks is determined. Using ERAS maximum temperature (Hersbach
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et al., 2020) (t_max), hot weeks are defined based on the weekly 40-year data record as weeks with a temperature >= 95th
percentile. Then, the occurrence of hot weeks during dry periods is described as the number of hot weeks within the dry event
over the number of weeks between dry period start and peak.

Nhot weeks
% = —hetweeks . 100 (1)
Ndry weeks

Furthermore, we distinguish whether a hot week marks the onset of high temperatures or is part of a persistent episode of high
temperatures to study potential differences in the heat-inducing vs. heat-sustaining mechanisms. The differentiation between
“heat onset’ and "heat persistence’ is based on the continuity of high temperatures: If during more than one week prior to a hot
week, temperatures are < 95th percentile, the hot week is considered as heat onset, labeled as circles in Figure 2. If exactly
one week or less is between the hot week and a previous hot week, the hot week is considered as heat persistence, labeled as
filled circles in Figure 2. Consequently, there can be more than one heat onset during a dry event. The applied methodology for
detecting dry extremes is illustrated in Step 1 in Figure 2

In a next step, we aim to study the mechanisms introducing heat during dry events. For this purpose, the dynamics of selected
controlling factors of heat are considered in form of week-to-week changes in absolute numbers (Step 2 "Analysis of heat

contributors" in Figure 2):
AX =X — Xi 2

In the equation X refers to the selected heat driver such as ET or SW_down, while t refers to the index of a detected hot
week. These changes of heat drivers from one week to the next are calculated for both heat onset weeks and heat persistence
weeks in each decade in order to analyze potential differences and related long-term trends. As week-to-week changes refer
to a change relative to the previous week this means in the case of persistent hot-dry conditions changes in variables can be
relative to a week i) when heat sets on (as depicted in Figure 2 Box ("detect hot conditions during dryness), ii) which is only
dry but follows a hot week and iii) already characterized by persistent hot-dry conditions. Finally, the relevance of heat drivers
is analyzed across space to find potential variations alongside patterns of long-term dryness and tree cover fraction. long-term
dryness is computed as the ratio of unit-adjusted precipitation (precip) (Allen et al., 1998) over net_rad. Tree cover fraction is
gathered from the Vegetation Continuous Fields (VCF) product based on observations with the Advanced Very High Resolution
Radiometer (AVHRR) (Hansen, M.,).

3 Results and Discussion

3.1 Trends in the occurrence of hot-dry extremes across recent decades

As a first step, the percentage of hot weeks during dry periods is determined for every decade, respectively (Figure 3). Over the
considered time period, the percentage of a dry event which is hot increases in many regions, with the global median increasing

from 14% to 28%. This agrees with Manning et al. (2019) who found an increased probability of hot-dry events over the period
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Figure 2. Illustration of our methodological approach. The calculation in part 2 on the right is illustrated for ET and performed similarly for

the other heat contributor variables.

Table 1. Data sets used in this study. Variable names correspond to the abbreviations used here and therefore might differ from abbreviations

in the original data sets (long-wave surface radiation downwards LW_down, net long-wave surface radiation LW _net, fractional vegetation

cover FVC).
Data set Version Variables Application Reference
GLEAM 4.2a ET, H Heat contribution Miralles et al. (2025)
ERAS t_max, t_mean, Heat detection Freezing Hersbach et al. (2020)
SW_down, LW_down, filter Heat contribution
LW_net, net_rad,
precip Dryness regimes
ERAS-Land SM1-3 Dry event detection Muifloz-Sabater et al.
(2021)
VCF FVC Tree cover regimes Hansen, M.,
Fluxcom-X-Base ET Heat contribution Nelson et al. (2024)
SoMo.ml vl SM1-3 Dry event detection O and Orth (2021)

of 1950-2013. Also modelling studies predict higher temperatures due to stronger SM constraints in the future (Rasmijn et al.,

2018; Denissen et al., 2024). The overall increase shows strong regional differences with northern South America, southeast

Asia and southern Africa as hot spots of increases in high temperatures during periods of low SM. It is tested whether the

increase in the percentage of hot weeks during dry periods is induced by long-term trends in temperature. For this purpose, the

percentile-based thresholds for dryness and heat are re-calculated based on the data within each decade instead of the entire

40-year record. This approach yields a different picture: The percentage of dry events that is accompanied by hot temperature
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increases from the 1980s to the 2010s, but far less from 20% to 22% (Figure SA1). This suggests that the increase in the
percentage of hot weeks during dry events is induced mainly by climate-change driven changes in temperature and SM, while

drought-related processes modulating hot extremes and heatwave-related processes modulating droughts play a more limited

role.
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Figure 3. Percentage of hot weeks during dry events. Maps show the median across all local dry events. PDF refers to probability density

function of the displayed grid-cell values.

3.2 Drivers of heat onset during dryness

Next, the effect of the local atmosphere and land drivers is explored throughout the identified dry events using SW_down
and ET, respectively, as diagnostics. For one example decade (2010s), the week-to-week changes in SW_down and ET during
hot-dry weeks are summarized for both heat onset and persistent heat (Figure 4). At the onset of heat, strong increases in
SW_down are found across large areas (see Figure 4a). SW_down decreases only in a few, mainly dry areas as western US,
western Asia, northeastern Africa and South Australia. Net_rad largely follows this pattern (see Figure S A2e), suggesting that
increases in SW_down translate largely directly into energy available for H and ET. In the subsequent paragraphs we therefore
focus on week-to-week changes in SW_down instead of net_rad changes during hot-dry events. Exemptions where net_rad
does not follow SW_down exist e.g. in western US and parts of southern Australia, where strong increases in LW_up can

be found. Although SW_down and hence available energy increases largely, ET and H show spatially varying responses (see
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Figuredc and Figure S A2g, respectively). We find hot spots in which ET increases in northern South America, eastern US
and central Europe. ET decreases are strongest in western US and western Asia, southern South America. As ET is driven
by both SW_down and SM, we illustrated in Figure S A3a the simultaneous changes of all the three variables to pinpoint
where ET follows the signal of available energy vs. available water. In central Europe, the eastern US and core parts of the
tropical regions, AET and ASW_down agree on the sign, while the week-to-week change in SM is opposite. In India, eastern
Africa and central South America ET follows changes in SM. Lastly, there are regions where ET, SW_down and SM change
in the same direction. Temperature increases overall (see Figure S A2a), however regions like central Europe, southern South
America and southern Australia show high magnitudes in the week-to-week change during the onset of heat during dry events.
Aggregating week-to-week changes in ET and SW_down along long-term dryness and tree cover classes as in Figure 5b, d
reveals that increases in SW_down are strongest in humid regions, while they are weaker in semi-arid and arid regions. For
ET, the gradient in long-term dryness has an even stronger influence, as from week-to-week ET increases in humid regions,
while it decreases in arid regions. For semi-arid regions the change in ET depends on the tree cover fraction: higher tree
cover corresponds to less negative or even positive changes in ET. Our findings suggest that due to the dissipation of clouds
after former cloudy conditions or rainfall events, SW_down increases widely causing the onset of heat during dry periods,
which was found for Europe as well by De Boeck and Verbeeck (2011). Increased SW_down translates in a main part of the
globe into higher levels of net_rad. However, in a few cases net_rad declines with the onset of heat during dryness due to a
dominating influence of changes in LW_up. Declining net_rad during hot-dry events was also found across some regions in O
et al. (2022). long-term dryness determines the intensity of SW_down increases and the direction of ET changes. Likely due to
the higher variability of SW_down in humid regions week-to-week changes in those areas are of higher magnitude compared
to week-to-week changes in semi-arid and arid regions. The contrasting ET changes between humid and arid regions during
the onset of heat during dryness correspond well with the concept of ecosystem water- vs. energy limitation: In energy-limited,
or humid ecosystems, an increase in SW_down leads to increases in H and ET as water availability is sufficient, with the net
effect leading to mild temperature increases (Yin et al., 2014; Teuling et al., 2013; Benson and Dirmeyer, 2021). Contrary, in
water-limited, so arid systems increases in SW_down cannot fuel ET as water availability limits the process leading to larger
H and thus temperature increases. The contrasting change of ET between humid and arid regions over the course of a dry event
is also highlighted in O et al. (2022). Vicente-Serrano et al. (2020) emphasize the high vapor pressure deficit that develops in
drier areas during hot-dry periods, which can next to soil moisture limitation additionally suppress ET from a stomatal point
of view.

The influence of tree cover on week-to-week changes in SW_down and ET is compared to long-term dryness rather low during
the onset of heat during dryness. In humid regions the ET response depends on small-scale species-specific aspects and site-
dependent characteristics as e.g. water table depth and soil type (Zha et al., 2010; Thom et al., 2023) and might therefore by
hardly visible in the spatially aggregated visualization. However, along a tree cover gradient in semi-arid regions, week-to-
week ET changes vary gradually as well which might be related to the fact that trees can access deeper layers of water and
hence sustain transpiration despite overall dry soils (Feldman et al., 2023), while grasses are highly dependent on shallow

SM (Zha et al., 2010). Consequently, temperature increases during dryness are caused by increased H which results either
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i) from increases in SW_down as e.g. in humid regions like central Europe or ii) from increased SW_down in combination
with SM-constrained ET as e.g. in drier regions like southern South America. Furthermore, there is exemptions where we
can see strong week-to-week temperature increases during dryness although net_rad and subsequently H and ET decline as
in southern Australia. Here, other not considered drivers of high temperatures e.g. advection or large-scale circulation might
play an important role. Independent of what causes the temperature increases resulting from increased H during dryness — 1)
increases in SW_down, ii)) SW_down increases in combination with SM-suppressed ET or iii) other factors — magnitudes are
comparable. As a next step the week-to-week changes in SW_down and ET are compared across the first and last decade in
Figure 5 a and b, ¢ and d, respectively; stronger SW_down increases during heat onset are found in most humid and semi-arid
regions in recent times. week-to-week changes of SW_down in arid regions stay similar across decades. In humid regions, ET
increases during the onset of heat grow in magnitude over the decades, while they decrease in magnitude in semi-arid regions
with high tree cover. In semi-arid regions with low tree cover and across arid regions, ET changes during the onset of heat stay
rather constant over the decades. The stronger increases in SW_down during the onset of heat in dry periods in the 2010s could
be affected by less aerosols in the atmosphere (Xu et al., 2018; Zhao et al., 2019). Additionally, reduced cloud cover in the
tropics (Duku and Hein, 2021; Leite-Filho et al., 2021; Xu et al., 2022) and hence less SW_down being absorbed or reflected in
higher altitudes of the atmosphere could cause SW_down increases of higher magnitude in humid regions in the 2010s. Weaker
increases in ET or decreases in semi-arid regions along a tree cover gradient in the 2010s compared to the 1980s suggest that
either vegetation is more affected by water limitation during dry periods due to higher event severity or higher sensitivity of
vegetation to water deficits (Li et al., 2022). At the same time, higher atmospheric evaporative demand in a warmer climate, or
increased water use efficiency due to CO, fertilization (Keenan et al., 2013; Cheng et al., 2017) may play a role in reducing
the magnitude or switching the direction of ET changes over the decades. Overall, the small magnitudes of changes from the
first to the last decade suggest that factors other than dryness-related processes modulating hot extremes might play a more
important role for the long-term increase in compound hot-dry extremes. This aligns well with our finding from Figure 3 that
the increasing trends in the co-occurrence of hot and dry conditions over time is largely associated with long-term trends in

SM and temperature.

3.3 Drivers of heat persistence during dryness

In the subsequent paragraphs the role of local heat drivers as SW_down and ET during the persistence of heat during identified
dry events is evaluated (see Methods section: persistence of heat during dryness refers to conditions in which between a hot
week and a previous hot week there is a maximum of one week with temperatures below the 95th percentile). During persistent
hot-dry conditions, SW_down decreases globally except in low latitudes (see Figure 4b). However, the magnitude of week-to-
week changes is small compared with those during the onset of heat during dry events, especially in the low latitudes. week-to-
week changes in net_rad show a similar spatial distribution, although of smaller magnitude than SW_down changes (see Figure
SAZ2f). Differences between SW_down and net_rad occur in mainly in central Africa and India, where changes in SW_down

are of small magnitude and hence similar to changes in LW_up. week-to-week changes in ET show smaller magnitudes during
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Figure 4. Median week-to-week changes of SW_down and ET during the onset of heat (a, ¢) and during persistent heat (b, d) within dry
events in the 2010s.

the persistence of heat (see Figure 4d). ET declines across most parts of Europe, northern Africa, central US as well as western
Asia. In contrast, ET increases in the core tropical regions. Across most regions globally during persistent heat conditions, ET
co-varies from week to week with both SW_down and SM (see Figure S A3). The temperature changes related to SW_down
and ET changes during persistent heat are positive in most regions, but show a smaller magnitude compared to the onset (see
Figure SA2b). The temperature increases are largest in areas where SW_down decreases most strongly, e.g. central Europe
and southern South America. The spatially aggregated results of week-to-week changes in SW_down and ET during persistent
hot-dry conditions show a high similarity between humid and arid regions, especially compared to the onset of heat during
dryness (Figure 6b, d). Furthermore, the week-to-week changes of both heat contributors are overall much smaller. week-to-
week changes in SW_down neither vary strongly along a tree cover percentage gradient nor along a long-term dryness gradient.
However, week-to-week changes in ET vary more strongly along the tree cover percentage and long-term dryness gradient.
The strongest decreases in ET during the persistence of heat, can be found in regions with a long-term dryness of 0.5 — 1.
In strongly humid areas (long-term dryness < 0.5), ET stays constant or slightly increases across all tree cover regimes. For
semi-arid and arid regions, ET declines rather weakly within a period of persistent heat during dryness. Across humid and
semi-arid regions, changes in ET become less negative or even positive with higher tree cover percentage. Small increases or

even decreasing SW_down during the persistence of heat during dryness may be related to the fact that SW_down is already
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Figure 5. Week-to-week changes in SW_down and ET during heat onset (relative to 40-year long-term weekly mean). Calculated as median
across all grid cells in tree cover-dryness classes. long-term dryness refers to the ratio of unit-adjusted precipitation over net_rad, increasing
values therefore depict drier regimes. Dots indicate the standard deviation of normalized data in a respective tree cover-dryness class to be
less than 20% of the mean displayed by the color. Results shown for 1980s and 2010s. Note that considered grid cells grouped into a tree
cover-dryness class might shift between decades, as they may experience dry extremes and heat only in one of the decades. Grey boxes

indicate less than 50 grid cells within the tree cover-dryness class.
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at very high levels during heat onset and has a limited ability to increase further. The decreases in SW_down also might reflect
minor cloud cover arriving ahead of the following rain events that end the dry spell. Comparing week-to-week ET changes
during the onset vs during the persistence of heat during dryness, the strongest differences become apparent in regions with a
long-term dryness of 0.5—1. While during the onset of heat, these regions showed increases in ET, during heat persistence they
experience decreases in ET. This could either be a sign of regions with a long-term dryness of 0.5-1 becoming water-limited
during persistent hot-dry conditions and declining ET as a result. This explanation is supported by the fact that temperature
increases during heat persistence are largest in rather humid areas as central Europe and southern South America, which could
be related to reduced evaporative cooling. Alternatively, also decreasing SW_down could cause ET to decrease. The positive
effect of increasing tree cover on week-to-week ET changes in humid regions might be related to the fact that trees can access
deeper water layer and hence sustain ET despite experiencing longer lasting hot-dry conditions (Feldman et al., 2023; Zha et al.,
2010). Overall, the relatively small contributions from SW_down and ET to the sustained high temperatures or even further
temperature increases suggest that there other relevant processes such as advection (Miralles et al., 2019; Schumacher et al.,
2019) or vertical entrainment (Miralles et al., 2014) playing a role for the persistence of high temperatures during dry periods.
As a next step, the week-to-week changes of SW_down and ET during persistent hot-dry conditions are compared between the
1980s and 2010s (see Figure 5 a and b, ¢ and d, respectively): SW_down increases stronger in the 2010s compared to 1980s in
regions with 80-100% tree cover. ET decreases stronger during persistent heat in the 2010s. While in the 1980s, an increase
in tree cover percentage aligned with more positive ET changes in regions with a long-term dryness of 0.5-2, in the 2010s ET
increases in those regions only if the tree cover percentage is between 80—100%. As previously suggested stronger increases
in SW_down during the persistence of hot-dry conditions could be related to a generally decreased cloud cover, especially in
the tropics (Duku and Hein, 2021; Leite-Filho et al., 2021; Xu et al., 2022). The development towards overall negative week-
to-week ET changes during persistent hot-dry conditions from the 1980s towards the 2010s could be due to climate change
leading to higher temperatures during heat phases in the end of the study period (Dunn et al., 2020). This could potentially
cause more heat stress for vegetation, vapor pressure deficit increases and hence stronger reductions in evaporative cooling.
As a final step in our analysis, the temporal evolution of changes in evaporation during the course of dry events is analyzed in
Figure 7. Dry events increase in length from humid over semi-arid to arid regions. This has to do with the reduced variability
of SM in response to less precipitation (variability). However, the percentage of area affected by dry conditions accompanied
by heat (onset and persistence) is generally higher in humid and semi-arid regions compared to arid regions as listed in table 2.
This is probably related to overall higher ET and a corresponding stronger role of ET in connecting dryness and heat outside
arid regions. ET is mostly changing at heat onset and changes are much smaller for heat persistence, as discussed also above.
Also, contrasting ET changes are confirmed between humid and semi-arid regions, illustrating the effect of SM limitation on
ET in the semi-arid regions.

Figure 7 was repeated with alternative SM and ET data, respectively, from SoMo.ml (weighted mean across the top 50cm of
the soil) (O and Orth, 2021) and Fluxcom X-Base (Nelson et al., 2024). Because of the shorter time period covered by these
data sets, percentile-based thresholds for dryness and heat are calculated based on the data of one decade (2010-2019). The

results show similar time evolution of week-to-week changes of ET during dry events Figure S A4 underlining the robustness
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Table 2. Percentage of area in humid, semi-arid and arid regions affected by dry—no heat or hot-dry conditions.

Humid regions semi-arid Arid regions
regions
10 weeks before peak Dry-no heat 74 78 80
hot-dry 26 22 20
5 weeks before peak Dry-no heat 63 67 78
hot-dry 37 33 22
During dryness peak Dry-no heat 50 55 71
hot-dry 50 45 29
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Figure 7. Time evolution of week-to-week changes of ET during dry events. Results expressed as area affected by dry extremes in (a) humid
(long-term dryness index < 1), (b) semi-arid (long-term dryness index = 1-2) and (c) arid regions (long-term dryness index > 2). Area is
aggregated across space (affected grid cells in respective dryness regime) and time (number of events in each grid cell). Results calculated as

median value across all events for the same weeks relative to the event peak.

of the overall results based on reanalysis data. There is some discrepancy in terms of the fraction of the area which is affected
by heat in addition to dryness. This is smaller in the analysis with the alternative datasets, probably related to the fact that in the
main analysis maximum temperature and SM data were derived from the same data set (ERAS) such that a higher coincidence

of dryness and high radiation and hence temperatures can be expected.
3.4 Sensitivity to methodological choices

The percentile-based identification of dry and hot extremes applied in this study allows capturing locally relevant periods of
soil dryness or heat. However, the detected events are not comparable across different regions in terms of absolute soil moisture
nor temperature. The choice to base the event detection on soil water content ensures that periods with relatively low moisture
are detected. This does not mean that vegetation and hence ET are actually affected everywhere as such impacts are linked to
the absolute soil moisture content rather than the relative content, i.e. even if soils are relatively dry in a wet region they may
still provide sufficient water for vegetation functioning.

The threshold to determine dry period peaks is the 95th percentile for the local 40-year soil moisture data distribution. There-
fore, detected events in dry regions are very likely to happen in the dry season, when vegetation is less active. This affects the
detectable changes in ET as the variability of ET is reduced in these periods. Future research may revisit our analysis with
different percentile thresholds for the soil moisture dryness identification, i.e. for mild droughts which are more likely to occur
outside the dry season and hence could actually have stronger impacts on vegetation in dry regions.

The event detection is further based on soil moisture during the event peak being below the 5th percentile. Other factors rep-
resenting event severity e.g. accumulated water deficit, dry period length, or dry-down speed are not considered in the event

detection. While outside the scope of our study, these aspects might influence the vegetation and ET response and consequently
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the determined importance of ET during heat. Next to the event-specific characteristics, also the vegetation status influences
ET variability and thus its potential for evaporative cooling during heat. Legacy effects of previous dry periods might affect the
ability and magnitude of vegetation responding to a recurring period of water limitation.

Lastly, excluding other direct drivers of heat such as advection and vertical entrainment comes leads to the situation that we
can not fully explain hot temperature occurrences and dynamics. However, we can still infer the (non-) relevance of ET and
SW_down. The determined changes of ET and SW_down allow to explain the the onset of heat during dryness to a large extent

in our results, suggesting minor relevance of advection and entrainment in many regions.

4 Summary and Conclusions

In this study, we focus on contributors to and characteristics of hot temperatures during dry events.

By investigating dry periods in four subsequent decades, we can show that the percentage of dry events that is accompanied by
high temperatures increases from 14% to 28%. Despite the more frequent co-occurrence of heat and dryness, our analysis of
incoming radiation, representing the atmospheric contribution and evaporation, exploring the land contribution to heat during
dryness, reveals no clear long-term trend since the 1980s.

Through the differentiation between heat onset and heat persistence during dryness, we demonstrate that the relevance of
heat contributors changes throughout dry events. Incoming radiation has a high relevance for the onset of high temperature
globally during dry periods, but not for the persistence of hot-dry conditions. In contrast, increased evaporation can mitigate
the onset of high temperatures in humid regions, but this effect vanishes in semi-arid and arid regions and during persistent
hot-dry conditions and hence supports higher temperatures. This is inline with several other studies that find breakpoints
in the contribution of evaporation to temperature related to dryness (Hirschi et al., 2011; Teuling et al., 2013; Benson and
Dirmeyer, 2021). Our findings open up the question which other factors next to reduced evaporation contribute to persistent
high temperatures during dry conditions.

The usage of week-to-week changes to determine the relevance of the local atmospheric vs land contribution to heat onset
and persistence enabled us to pinpoint when which hydro-meteorological variables change most. Our approach emphasizes the
advantage of looking at shorter time-scale changes instead of individual time steps, yielding information about the dynamics
in contributor and target variables.

In the light of ongoing climate change the role of evaporation in influencing temperatures during dry events might change as
the water demand of the atmosphere increases, in turn driving evaporation especially under conditions of extreme temperatures
and dryness. Additionally, land use is changing altering ecosystem characteristics which connects back to dynamics in evap-
oration and incoming energy by e.g. changes in cloud cover and aerosols (Alkama and Cescatti, 2016; Duku and Hein, 2021;
Leite-Filho et al., 2021; Xu et al., 2022). All these changes have the potential to modify the role of evaporation and incoming

energy in contributing to heat during dryness.
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Code and data availability. The data used in this study is publicly available. The code for the analysis will be made available in a Zenodo

Archive upon publication.
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Figure Al. Percentage of hot weeks during dry events with percentile-based thresholds of SM and t_max being calculated for each decade

separately. Maps show the median across all local dry events. PDF refers to probability density function of the displayed grid-cell values.
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