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Abstract
Europe has recently experienced a series of hot and dry summers. Previous case studies indicate that, for a given atmo-
spheric circulation, heatwave temperatures may increase by 1.5–3  K per degree of global warming, but the magnitude 
of this amplification varies substantially across regions and events, and its underlying mechanisms remain insufficiently 
constrained. Here, we investigate this variability using circulation-nudged regional climate storylines for the summers 
2018–2022, dynamically downscaled over Europe and spanning climates from pre-industrial conditions to +4  K global 
warming. The present-day simulations realistically reproduce observed temperature, soil moisture, and surface fluxes. 
We find that warming amplification is spatially heterogeneous and seasonally dependent, with the strongest amplification 
over Central Europe occurring in August, indicating a disproportionate intensification of late-summer heatwaves. Using 
the evaporative fraction-soil moisture framework, we show that warming amplification is closely linked to changes in 
the evapotranspiration regime. The strongest amplification occurs when warming induces a transition from energy-limited 
to moisture-limited conditions, triggering rapid soil moisture depletion, a pronounced reduction in evaporative fraction, 
and enhanced sensible heating. In contrast, amplification is weaker when conditions are already moisture-limited in the 
pre-industrial climate, due to the reduced potential for further soil drying, and weakest when the regime remains energy-
limited. These findings demonstrate that spatial and event-to-event differences in warming amplification can partially 
be attributed to the sensitivity of land-atmosphere coupling to soil moisture changes. Accounting for these feedbacks is 
essential for robust projections of future heat extremes and for identifying regions most vulnerable to disproportionate 
increases in heatwave intensity.
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and droughts over Central Europe (Rakovec et  al. 2022; 
Knutzen et al. 2025). It started in 2018 with a precipitation-
deprived anomalously hot summer (Dirmeyer et al. 2021; 
Rousi et  al. 2023; Aalbers et  al. 2023), continued with a 
sequence of two unprecedented heatwaves in June and July 
2019 (Sousa et  al. 2020; Vries et  al. 2024; Klimiuk et  al. 
2025), and culminated in 2022 with a prolonged compound 
heatwave-drought event (Tripathy and Mishra 2023; Bev-
acqua et al. 2024; Feser et al. 2024). Extreme heat events 
are typically associated with persistent large-scale circula-
tion anomalies, such as atmospheric blocking or subtropical 
ridges (Sousa et al. 2018, 2021; Kautz et al. 2022; Barriope-
dro et al. 2023). Furthermore, the intensity of such events 
is strongly influenced by antecedent and concurrent soil 
conditions (Fischer et al. 2007; Miralles et al. 2019; Sousa 
et  al. 2020). Land-atmosphere feedbacks, particularly the 
coupling between soil moisture and evapotranspiration, 

1  Introduction

Extreme heat events in Europe have become more frequent 
and intense in recent years - a trend expected to persist as 
global temperatures continue to rise (Meehl and Tebaldi 
2004; Fischer and Schär 2010; Perkins et  al. 2012; Sen-
eviratne et  al. 2021). The period 2018–2022 is especially 
marked in the literature as a multi-year series of heatwaves 
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play a crucial role in modulating the temperature variability 
(Seneviratne et al. 2010; Miralles et al. 2014, 2019; Lemus-
Canovas et al. 2025).

Consequently, the expected intensification of heatwaves 
may result from both changes in large-scale circulation and 
the thermodynamic effects of climate warming. However, 
projections of future changes in the characteristics of large-
scale weather systems remain uncertain, due to internal 
variability and model limitations (Kautz et al. 2022). Recent 
synthesis studies further highlight either a lack of significant 
change or substantial disagreement among models regard-
ing future atmospheric circulation over Europe (Schaller 
et al. 2018; Huguenin et al. 2020; Woollings et al. 2025).

To address the challenge of disentangling thermody-
namic and dynamic effects of climate warming, various sto-
ryline approaches have emerged in recent years (Shepherd 
et al. 2018; Baulenas et al. 2023; Baldissera Pacchetti et al. 
2024). One such approach is the construction of event-based 
storylines, which place present-day circulation patterns into 
different counterfactual climates by means of spectral nudg-
ing of large-scale circulation (Wehrli et al. 2020; Garderen 
et al. 2021; Sánchez-Benítez et al. 2022; Feser and Shep-
herd 2025). Previous studies, such as Sánchez-Benítez et al. 
(2022); Klimiuk et al. (2025), and Zhuo et al. (2025), have 
demonstrated that the response of near-surface tempera-
tures to global warming is highly event-specific and spa-
tially variable. For instance, the maximum 2 m-temperature 
response during the July 2019 European heatwave exceeded 
3 KK−1 on some days, translating to a 12 K increase in 
maximum temperatures in a +4 K warmer world compared 
to pre-industrial conditions. The case study by Klimiuk et al. 
(2025) also highlighted an increase in the diurnal variabil-
ity, with daily maximum temperatures in July and August 
exhibiting a stronger response of maximum temperatures 
than that of minimum temperatures.

An important advantage of the nudged storyline approach 
is that, with the large-scale circulation constrained to follow 
the present-day evolution across all global warming levels 
(GWLs), it allows the thermodynamic response to be iso-
lated and the variation of local increments with GWL to be 
assessed at each grid point on a daily timescale. This cannot 
be achieved with free-running models. On the other hand, 
the possible influence of local interactions on the global cir-
culation is not represented in nudged storylines. Thus, both 
approaches provide valuable insights into different compo-
nents of climate change.

Surface- and root-zone soil moisture is a fundamental 
control on summertime temperatures through its coupling 
with evapotranspiration (Seneviratne et al. 2010; Zeppetello 
et al. 2019; Miralles et al. 2019; Dong et al. 2022; Lemus-
Canovas et  al. 2025). However, in the case of humid soil 
conditions, evapotranspiration is largely independent of soil 

moisture and primarily controlled by incoming radiation. 
This case is known as an energy-limited evapotranspiration 
(soil moisture) regime (Seneviratne et  al. 2010; Feldman 
et al. 2019; Fu et al. 2024). When soil moisture falls below a 
critical threshold (θcrit), evapotranspiration decreases with 
declining soil moisture, becoming limited by soil water 
availability (Seneviratne et  al. 2010; Schwingshackl et  al. 
2017) - thus evapotranspiration enters a moisture-limited 
regime. The associated reduction in evaporative cooling 
leads to an increase in sensible heat flux and thus an increase 
in daily maximum near-surface temperatures (Seneviratne 
et al. 2010; Fu et al. 2024).

The increased sensitivity of evapotranspiration to soil 
moisture in the moisture-limited regime is reflected by a 
stronger positive temporal correlation ρ(λE, θ) between 
latent heat flux λE and soil moisture θ, where λ stands for 
latent heat of vaporization of water, and E is evaporation rate 
(e.g., Santanello et al. 2018; Rousi et al. 2023). The reduced 
evaporative cooling typically manifests itself in a negative 
correlation between the latent heat flux λE and near-surface 
temperature T under moisture-limited conditions (ρ(λE, T )
, e.g., Seneviratne et  al. 2010; Gevaert et  al. 2018). Both 
mechanisms – the suppression of evapotranspiration due to 
soil moisture limitations and the associated amplification of 
near-surface temperatures – constitute fundamental aspects 
underlying the soil moisture-temperature coupling, and the 
magnitudes of the respective correlations reflect the strength 
of this coupling (e.g., Seneviratne et al. 2010).

A widely used conceptual framework describing the 
relationship between soil moisture and evapotranspiration 
was first introduced by Budyko et al. (1980) and has been 
applied extensively ever since, as it adequately approximates 
the observed and modeled behavior of evapotranspiration 
(e.g., Koster et al. 2009; Seneviratne et al. 2010; Schwing-
shackl et al. 2017, 2018; Zeppetello et al. 2019; Koster et al. 
2024). According to this framework, the evaporative frac-
tion EF = λE

Rn
, defined as the ratio of latent heat flux λE to 

net radiation Rn at the surface, exhibits a linear dependency 
on soil moisture in the moisture-limited regime. Above the 
critical soil moisture threshold (i.e., in the energy-limited 
regime), EF remains approximately constant (see Fig. 1).

Nevertheless, the conceptual framework shown in Fig. 1 
is an approximation of a complex system, and the transi-
tion between energy-limited and moisture-limited regimes 
is often better described as a continuous, nonlinear response 
emerging from land-atmosphere feedbacks than a distinct 
regime shift. For example, Zeppetello et al. (2019) showed 
that the dependence of evaporation on soil moisture, which 
is empirically described by the introduction of moisture- and 
energy-limited regimes, relies on a fundamental feature of 
land-atmosphere interactions: a counteraction between the 
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evaporative cooling and the vapor pressure deficit governed 
by the Clausius-Clapeyron relationship. The actual shape 
of the EF(θ) relationship (namely the value of the apparent 
critical soil moisture θcrit, the slope of the dry part of the 
relationship and the maximum evapotranspiration) is multi-
dimensional, with the dependency on radiative conditions 
and atmospheric demand, as well as plant physiology and 
soil properties (Haghighi et al. 2018; Feldman et al. 2019; 
Peng et  al. 2019). In this context, Benson and Dirmeyer 
(2021) distinguish weakly coupled, sensitive, and hyper-
sensitive soil-moisture regimes based on the diagnosed sen-
sitivity of near-surface air temperature and turbulent heat 
fluxes to soil moisture, identifying a soil-moisture break-
point separating the sensitive and hypersensitive regimes. 
Thus, θcrit should not be interpreted as a universal physi-
cal threshold, but rather as a state-dependent, emergent 
diagnostic that summarizes the dominant land-atmosphere 
coupling behavior under a given set of environmental and 
climatic conditions. While point-level EF (θ) relationships 
exhibit substantial scatter, the resulting θcrit can remain 
statistically robust when estimated over sufficiently large 
samples or multi-year periods, reflecting the relative station-
arity of the underlying climatic and land-surface controls 
(Schwingshackl et  al. 2017; Benson and Dirmeyer 2021; 
Hsu et al. 2024).

In response to global warming, the occurrence of the 
moisture-limited evapotranspiration regime may increase 
in summer, leading to the intensification of extreme heat 
events. Using event-based storyline simulations with pre-
scribed large-scale atmospheric circulation, we provide a 
framework to estimate shifts in soil moisture regimes and 
their influence on temperature responses during specific 
heatwaves. In particular, a shift toward the moisture-limited 
regime can strengthen soil moisture-temperature coupling, 
leading to amplified heatwave intensity under otherwise 
similar circulation conditions.

In this paper, we investigate the properties and responses 
of heatwaves that occurred during the series of hot and 
dry summers between 2018 and 2022 in Europe (Knut-
zen et al. 2025) using regional nudged storylines (Klimiuk 
et al. 2025). The objective of this study is to estimate the 
role of the soil moisture-temperature coupling in modulat-
ing the response of maximum temperatures to global warm-
ing. Understanding land-atmosphere feedbacks is crucial, 
as areas not previously considered heatwave hotspots may 
become increasingly susceptible to extreme temperatures, 
necessitating proactive adaptation measures.

More specifically, the following research questions are 
addressed: 

1.	 How well do the model simulations capture the land-
atmosphere conditions during 2018–2022?

2.	 What are the characteristics of the near-surface tempera-
ture response to global warming?

3.	 How does the evapotranspiration regime respond to cli-
mate change in the nudged regional storyline simulations?

4.	 Is there a connection between the evapotranspiration 
regime change and the magnitude of the near-surface 
temperature response?

The paper is structured as follows. Section  2 provides a 
detailed description of the data and methods used in this 
study. In Sect. 3.1, we provide an overview of the studied 
period and present the model evaluation results. Section 3.2 
explores the temperature response to global warming, spe-
cifically examining how the temperature response depends 
on the present-day temperature values and how it varies 
throughout the summer season. Section  3.3 examines the 
response of evapotranspiration regimes based on the EF (θ) 
framework, evaluating how the soil moisture-evapotrans-
piration relationship evolves under different warming sce-
narios. In Sect.  3.4, the potential connection between the 
evapotranspiration regime change and the magnitude of the 
temperature response is examined. Finally, Sect. 4 discusses 
the findings and summarizes the final conclusions.

2  Data and methods

2.1  Nudged storyline simulations

In this study, we use regional climate storylines for the 
period 2017–2022, extensively described in Klimiuk et al. 
(2025). For completeness, we summarize the essential 
details below.

The regional simulations are driven by global storylines 
based on the coupled climate model AWI-CM−1.1-MR 
(AWI-CM1; Semmler et al. 2020). In the global storylines, 

Fig. 1  Conceptual framework describing the dependency of evapora-
tive fraction (EF) on soil moisture, adapted from Seneviratne et  al. 
(2010), their Fig. 5. θwilt is wilting point; θcrit is critical soil mois-
ture, EFmax is maximal reachable evaporative fraction, and Rn is net 
radiation flux at surface
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the atmospheric circulation is constrained by spectral nudg-
ing of vorticity and divergence toward ERA5 reanalysis 
(Hersbach et al. 2020) between 700–100 hPa and for zonal 
wavenumbers ≤20, using a 24 h e-folding time. This ensures 
that only the large-scale circulation follows present-day 
conditions, while mesoscale dynamics and thermodynamic 
processes evolve freely (Sánchez-Benítez et al. 2022; Pithan 
et al. 2023). In the context of land-atmosphere interactions, 
this setup enables a detailed, isolated investigation of the 
thermodynamic effects of climate change, ignoring, how-
ever, the possible influence of land-atmosphere interactions 
on the global circulation.

The global storyline simulations are constructed by 
branching from the corresponding historical and SSP370 
CMIP6 simulations previously produced with AWI-CM1 
(Semmler et al. 2020). Branching is performed from model 
states when the respective global warming levels (GWL) 
are reached, determined using an 11-year centered mov-
ing average (Sánchez-Benítez et al. 2022). Accordingly, the 
global storylines are initialized on 1 January 1851, 2017, 
2038, 2065, and 2093, representing pre-industrial (+0 K), 
present-day (+1.4 K), +2 K, +3 K, and +4 K warming levels, 
respectively (Sánchez-Benítez et  al. 2022; Klimiuk et  al. 
2025). Five realizations of the CMIP6 simulations yield five 
ensemble members for each nudged storyline (Semmler 
et  al. 2020; Sánchez-Benítez et  al. 2022). To summarize, 
the simulations span the period 2017–2022 (2017 is con-
sidered as spin-up) and include five warming levels, each 
represented by a five-member ensemble.

The performance of AWI-CM1 falls within the range 
of CMIP6 models: the performance indices over northern 
mid-latitudes (30 − 60◦N), reflecting the absolute error in 
climatology for 1989–2014 of the historical simulation as 
a fraction of the absolute error averaged over CMIP6 mod-
els (for the metric description see Streffing et al. 2022), are 
shown in Figure S1. For June-August, the performance indi-
ces of near-surface temperature (tas) and precipitation (pr) 
are 0.79 and 0.93, respectively. We conclude that AWI-CM1 
is representative of its class and an appropriate choice for 
our regional storyline experiments. A major advantage of 
using a coupled model to generate global storylines is that 
the lower boundary conditions - sea surface temperature 
(SST) and sea-ice concentration (SIC) - do not need to be 
prescribed separately, and no assumptions about their incre-
ments are required. This differs from storyline approaches 
based on prescribed SST and SIC anomalies (e.g., Wehrli 
et al. 2020; Garderen et al. 2021).

The global AWI-CM1 storylines provide initial and 
boundary conditions for dynamical downscaling using the 
regional ICON-CLM model (ICOsahedral Nonhydrostatic 
model in the Climate Limited-area Mode, Zängl et al. 2015; 
Pham et al. 2021). Specifically, we utilized the ICON version 

2.6.5.1 and the SPICE v2.0 runtime environment (Rockel 
and Geyer 2022). The full set of global storylines described 
above was downscaled over the EURO-CORDEX domain 
at a horizontal resolution of   12  km (for domain descrip-
tion, see e.g., Jacob et al. 2014). The soil initialization was 
based on ERA5 soil moisture and soil temperature datasets 
at all warming levels. To ensure a sufficient spin-up time 
for the soil variables, the year 2017 was run twice for pre-
industrial, +2K, +3K, and +4K storylines (see Klimiuk et al. 
2025). In addition to the storyline simulations, we produced 
a control ICON-CLM simulation for the same period 2017–
2022 driven by ERA5 for evaluation purposes.

The land-surface processes in ICON-CLM are repre-
sented by the TERRA module (Doms et  al. 2021). In the 
configuration used for this study, TERRA incorporates seven 
hydrologically active layers (up to the depth of 7.2 m) and 
an additional climatological layer that provides the lower 
boundary condition. This boundary condition is defined 
by the annual mean 2 m-temperature, which constrains the 
bottom soil layer thermodynamically, while a gravitational 
drainage condition governs the soil moisture below the low-
est level (Doms et al. 2021).

Bare soil evaporation in TERRA is represented using a 
resistance-based approach described in Schulz and Vogel 
(2020). Plant transpiration is based on the two-resistance 
concept introduced by Dickinson (1984) and follows the 
implementation described in Doms et al. (2021). The param-
etrization of evapotranspiration in TERRA does not explic-
itly incorporate a critical soil moisture threshold; however, 
the foliage resistance expressed following Dickinson (1984) 
combines several empirical resistance factors (F-Functions, 
see Doms et al. 2021) describing the influence of radiation, 
soil moisture, ambient temperature, and ambient specific 
humidity on the stomatal resistance.

2.2  Theoretical framework of soil moisture regimes

To identify the soil moisture regime, we use the EF (θ) 
framework (Seneviratne et  al. 2010; Schwingshackl et  al. 
2017, 2018; Feldman et al. 2019) that can be described as 
follows (see Fig. 1):

EF (θ) =




0, if θ < θwilt

EFmax
(θ−θwilt)

(θcrit−θwilt) , if θwilt ≤ θ ≤ θcrit

EFmax, if θ > θcrit

� (1)

where EF = λE
Rn

 is the evaporative fraction, defined as a 
ratio of latent heat flux λE to the net radiation flux Rn at 
the surface. θwilt is the wilting point at which the soil only 
contains the water strongly bound to the soil matrix, inac-
cessible to plant transpiration. θcrit is the critical soil mois-
ture below which the evapotranspiration becomes limited 
by the water availability. EFmax is the maximal feasible 
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evaporative fraction. In case of θ > θcrit, the evapotrans-
piration regime is energy-limited, and for θ < θcrit, the 
regime is moisture-limited (see Fig. 1).

It has been shown that both root-zone and surface soil 
moisture can be used for the identification of evapotranspi-
ration regimes, despite the high relevance of the root-zone 
soil moisture for the plant evapotranspiration (Qiu et  al. 
2016; Schwingshackl et al. 2017; Dong et al. 2022). In this 
study, we consider the upper three soil layers (0–9 cm) to 
define evapotranspiration regimes, as we found the clearest 
distinction between the two regimes for this depth, and 9 cm 
corresponds best to the typical thickness of the surface layer 
in observations and reanalyses. We estimate the critical soil 
moisture by applying a piecewise linear regression model 
to data aggregated from May to September across all five 
climates and five ensemble members. Consistent with previ-
ous studies (e.g., Schwingshackl et al. 2017; Feldman et al. 
2019), we allow for a non-zero slope in the energy-limited 
regime. To further support our choice, we tested both piece-
wise linear fit methods, without constraining the right slope 
to zero and with this constraint. The first method fits the 
data slightly better (see Figure S2a) and yields the break-
point values that are on average 0.02 mm3/mm3 lower 
than those obtained by the second method (see Figure S2b). 
Before fitting, we discard the data points with an evapora-
tive fraction (EF) larger than one and with negative values 
of surface fluxes. For the resulting regressions, we only 
allow the slope in the moisture-limited regime to be positive 
and greater than the slope in the energy-limited regime.

Critical soil moisture depends not only on the soil char-
acteristics but also on the local surface energy balance, and 
may therefore be non-stationary under global warming (Hsu 
and Dirmeyer 2023b). To assess whether θcrit differs among 
the storyline simulations for different GWLs, we first com-
pute θcrit separately for each GWL. Figure S2c shows a 
slight decrease in θcrit with increasing GWL, resulting in a 
mean difference of less than 0.01 mm3/mm3 between the 
pre-industrial and +4 K climates over the EUR region. It is 
noteworthy that such a small decrease can be detected in the 
storyline simulations, likely because the constrained large-
scale atmospheric circulation strongly reduces the impact of 
dynamical (internal) variability of the results. Nevertheless, 
the magnitude of this change may be small enough to be 
outweighed by the internal variability that would be pres-
ent in free-running simulations. It may also reflect a fitting 
artefact, as the estimated breakpoint can be sensitive to the 
distribution of data points along the relationship. In particu-
lar, a greater concentration of points on the dry side may 
bias the least-squares fit toward lower soil moisture values. 
Further work is needed to clarify this tendency, in particu-
lar by exploring alternative methods for breakpoint estima-
tion. Within the scope of this study, we therefore determine 

critical soil moisture by combining all GWLs and all ensem-
ble members. We compute θcrit separately for each year and 
obtain the final estimate by averaging these annual values. 
Combining the simulations across all GWLs increases the 
spatial coverage of valid piecewise linear regressions.

Another metric that captures the same underlying mecha-
nism is the correlation between soil moisture θ and latent 
heat flux λE (e.g., Santanello et al. 2018; Rousi et al. 2023). 
In the energy-limited regime, this correlation tends to be 
close to zero or negative. Conversely, a positive correla-
tion indicates that soil moisture availability is the limiting 
factor for evaporation. To account for the variability in 
evapotranspiration, we scale the correlation by the standard 
deviation of the latent heat flux σλE , following Santanello 
et al. (2018) and Dirmeyer (2011). Accordingly, the result-
ing metric provides a measure of the coupling strength (CθE

) between soil moisture and evapotranspiration:

CθE = σλEρ(λE, θ)� (2)

2.3  Quantification of the temperature response: 
warming amplification

It has been previously shown that the 2 m-temperature in 
regional storylines over Europe is linearly dependent on the 
global warming level (Wehrli et al. 2020; Vries et al. 2024; 
Klimiuk et al. 2025). Thus, the response of 2 m-temperature 
to climate change can be reflected as the temperature incre-
ment per degree of background warming. This metric was 
referred to as the “warming rate (WR)” in Klimiuk et  al. 
(2025) or the “temperature response factor (TRF)” in Vries 
et al. (2024). In this study, we define it as "warming ampli-
fication" (WA) and compute it at each grid point and for 
each day by fitting a linear least-squares regression of daily 
maximum temperature (TX) against global warming level 
(GWL):

WA = ∆TX

∆GWL
� (3)

2.4  Model evaluation and study areas

For the evaluation of near-surface temperature and pre-
cipitation, we used E-OBS (v28), a daily gridded, land-
only observational dataset for Europe (Cornes et al. 2018; 
Copernicus Climate Change Service 2024) and both ERA5 
and ERA5-Land reanalyses datasets (Hersbach et al. 2020; 
Muñoz-Sabater et al. 2021).

For the evaluation of latent and sensible heat fluxes, we 
used station data from the Integrated Carbon Observation 
System (ICOS; Icos Ri et al. 2025) at two locations: Juelich 
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Selhausen in Germany (DE-RuS, 50.865906◦N, 6.4471445◦

E, data available for 2019–2022) and Fontainebleau-Bar-
beau in France (FR-Fon, 48.476357◦N, 2.780096◦E, data 
available for 2020–2022). These sites were selected based 
on the availability of ICOS data and their relevance to the 
study area. The ICOS data at the DE-RuS station were aug-
mented by the TERENO dataset for the year 2018 (Zacharias 
et al. 2024). Additionally, soil moisture was compared with 
SMAP Level-3 satellite observations (Entekhabi et al. 2016) 
over selected regions in France and Spain (see Fig. 2). For 
completeness, two reanalysis datasets were also included: 
ERA5 (Hersbach et al. 2020) and GLEAM4 (Global Land 
Evaporation Amsterdam Model; Miralles et al. 2011, 2025).

For large-area averages over Central Europe, we consider 
a subregion encompassing Germany, France, Belgium, the 
Netherlands, and Luxembourg, bounded by 0◦W-15◦E lon-
gitude and 46◦N-54◦N latitude (CEU, see Fig. 2). A country 
mask was applied to the data to consider only the data points 
located over the countries mentioned above. The statistical 
analyses of the temperature response presented in Section 4 

were conducted over three subregions located in Germany 
(DE), France (FR), and Spain (ES), as illustrated in Fig. 2. 
Finally, to exemplify the soil moisture-evapotranspiration 
relationship, we selected three grid points within these sub-
regions, ensuring that their soil type is loam, as this soil 
type is most prevalent in the investigated region. Finally, 
to assess the dependence of WA on the presence or absence 
of a soil moisture regime transition, we consider a larger 
region spanning 10◦W - 30◦E longitude and 35◦N - 65◦N 
latitude (EUR).

3  Results

3.1  Overview of the studied period and model 
evaluation

To gain a better picture of the soil conditions during the 
2018–2022 hydrological period (October 2017 to Septem-
ber 2022), we considered the anomalies of the full-column 
soil moisture (0–289 cm, Fig. 3a) and surface soil moisture 
(0–7  cm, Fig. S3) based on ERA5-Land, as well as pre-
cipitation based on E-OBS (Fig. 3b). We considered daily 
climatologies for the period 1988–2017 as a basis for com-
puting anomalies for the period 2018–2022. The heat and 
drought series began with a drastic decline in precipitation 
and soil moisture in June 2018 (Fig.  3a,b, see also Rousi 
et al. 2023). Unlike the surface soil moisture, the soil mois-
ture in the deeper layers did not recover over the winter of 
2018/2019 (Fig.  3a), leaving the following year, 2019, to 
be anomalously dry (Fig.  3a and Fig. S3). Also in 2020, 
the soil moisture remained mostly below the climatology, 
even though precipitation remained above average in winter 
and spring. The year 2021 was the wettest in the consid-
ered period, with substantial positive precipitation anoma-
lies and extremes, especially in mid-summer (see e.g., Mohr 
et al. 2023; Ludwig et al. 2023). The year 2022 experienced 
a similar soil moisture deficit to that in 2018–2020, with 

Fig. 3  Daily anomalies relative to the 1988–2017 climatology over the CEU region (as defined in Fig. 2) for a full-column soil moisture from 
ERA5-Land and b total precipitation from E-OBS. Colors indicate the hydrological years beginning in October of the previous calendar year

 

Fig. 2  Height above sea level in the region of interest. Study subre-
gions are outlined with solid black lines: DE - Germany, FR - France, 
ES - Spain. The dashed box outlines the Central-European (CEU) sub-
region. Blue stars are the exemplary grid points used in Fig. 7
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substantial negative precipitation anomalies (Fig.  3 and 
Fig. S3). The 2022 drought reached unprecedented sever-
ity across Central, Western, and Southern Europe, and, due 
to accumulated legacy effects over the multi-year drought 
period, inflicted significant damage on ecosystems (e.g., 
Knutzen et al. 2025).

The representation of 2 m-temperatures in our present-
day regional storylines was extensively evaluated in Kli-
miuk et al. (2025). For Central Europe, the RMSD to E-OBS 
is 1–2 K for the daily mean 2 m-temperature and 2–3 K for 
the daily maximum 2  m-temperature (see Fig. S5 in Kli-
miuk et al. 2025). Figure S4 shows an overall good agree-
ment of the time series of daily maximum 2 m-temperature 
(TX) over Central Europe (CEU subregion in Fig. 2) dur-
ing May-September of each modelled year obtained by our 
regional storylines and the ICON control simulation driven 
by ERA5 in comparison to E-OBS, ERA5, and ERA5-land.

Figure S5 shows the comparison of present-day daily 
accumulated precipitation over the same domain by the 
regional present-day storyline ensemble and the ICON con-
trol simulation compared to ERA5 and E-OBS. The control 
simulation driven by ERA5 tightly follows the observations, 
whereas some overestimation of the accumulated precipita-
tion can be seen for the present-day storyline simulations, 
when compared to E-OBS. This overestimation is inherited 
from the global AWI-CM1 model, which imposes a positive 
bias in atmospheric moisture entering the regional domain 
(not shown).

Figure 4 shows a comparison of simulated latent (Fig. 4a) 
and sensible (Fig. 4b) heat fluxes with the in situ observa-
tions and reanalysis products described in Sect. 2.4 at the 
FR-Fon (Fontainebleau-Barbeau, France) and DE-RuS 
(Selhausen, Juelich, Germany) sites. Both the regional pres-
ent-day ICON storyline and the ICON-control simulations 
are in good agreement with the reanalyses and the station 

observations. The temporal correlation of the ICON simula-
tions with ERA5 (brown numbers in Fig. 4) is higher than 
that with the station observations (blue numbers in Fig. 4), 
likely reflecting differences in spatial representativeness 
between gridded products and point-scale measurements.

Figure S6 compares simulated soil moisture and turbu-
lent heat fluxes over the DE, FR, and ES subregions. For 
soil moisture, the SMAP Level-3 satellite product serves 
as an observational reference for the FR and ES subregions 
(Fig. S6d,g), whereas no corresponding observational data 
are available for DE because of insufficient satellite data 
quality. The good agreement in mean values and the high 
correlations with both observations and reanalyses further 
support the realism of the regional ICON simulations over 
the study area.

3.2  Temperature response to global warming

We exemplify the quantification of the WA (see Sect. 2.3) 
based on the hottest day of 2018 in Central Europe in the 
ensemble of ICON storylines (see Fig.  5). According to 
Fig. 5f, the WA exceeds 3 KK−1 over large parts of Cen-
tral and South-Eastern Europe; however, the spatial pattern 
of the response does not immediately mimic the tempera-
ture pattern in Fig. 5b. Klimiuk et al. (2025) hypothesized 
that land-atmosphere feedbacks act differently at different 
locations within the domain, resulting in the spatial vari-
ability of the WA. It should be noted that the grid-point-wise 
interpretation of the thermodynamic response is a neces-
sary simplification, even though the large-scale circulation 
is nudged: coupling between mesoscale dynamics and the 
land-atmosphere interface may introduce additional vari-
ability in TX at a given grid point.

Even when averaging over subregions of interest, we still 
see evidence of a different response to high-temperature 

Fig. 4  Comparison of daily mean values of (a) latent heat flux and (b) 
sensible heat flux at two ICOS stations: FR-Fon (Fontainebleau-Bar-
beau, France; 48.4764◦N, 2.7801◦E) and DE-RuS (Selhausen Juelich, 
Germany; 50.8659◦N, 6.4471◦E). The periods of data availability are 
indicated in the respective figure titles. The brown (upper) numbers 
over each box indicate the temporal correlation of each dataset with 

ERA5. The blue (lower) numbers indicate the temporal correlation of 
each dataset with the station observations. The box boundaries corre-
spond to the 25th and 75th percentiles, the whiskers correspond to the 
5th and 95th percentiles of the data, and the horizontal lines represent 
the median
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extremes. For example, Figure S7b shows that, despite the 
high temporal correlation between TX and WA of 0.65 over 
CEU in summer 2019, a distinct peak of daily maximum 
temperature on the 25th of July led to only a moderate WA, 
whereas the local temperature maximum in late August 
coincides with a peak of WA (the days indicated by the solid 
black and dashed green lines in Fig. S7b). Moreover, the 
WA in the semi-arid ES subregion shows almost no correla-
tion with TX (see Figure S8).

To determine whether the distinction in WA seen in 
Figs. 5, S7, and S8 can be generalized, we examine the sta-
tistical relationship between WA and TX. Figure 6a-c shows 
the WA in May-September w.r.t present-day TX over the 
full modelled period (2018–2022) for the three subregions 
defined in Fig. 2 (a similar analysis was done by Vries et al. 
(2024) for the Netherlands). In all considered subregions, 
the response of lower TX scales equal to the background 
warming level, resulting in average WA close to unity. It 

is followed by a growth of WA that reaches 2  KK−1 on 
average. This growth saturates over DE and FR subregions 
at TX values of 36-40◦C (Fig. 6a-b), whereas over the ES 
subregion, WA shows stabilization at TX values of 24-28◦

C (Fig. 6c).
Note the large spread of the possible WA values in DE 

and FR subregions at the present-day temperature range of 
32–36 ◦C (Fig. 6a-b), which implies a strong variability of 
the response. Considering that WA is usually lower in June 
in Central Europe (Fig. S7), it is reasonable to suggest that 
the lower part of the response distribution originates from 
the early summer days. This can be confirmed by Fig. 6d-
e, where the cyan contour delineates 95% of WA for June 
2018–2022. With the drying of the soil towards late sum-
mer, the WA in August accommodates the upper part of the 
distribution (red contour in Fig.  6d-e). July, as shown by 
the orange contour in Fig. 6d-e, exhibits variable responses, 
mostly lying between those of June and August. The highest 

Fig. 5  a-e Ensemble mean of the Maximum 2  m-temperature on 7 
August 2018, the hottest day of 2018 over the CEU subregion, as 
simulated by ICON EUR-12 storylines corresponding to (a) pre-
industrial, (b) present-day (+1.4 K), (c) +2 K, (d) +3 K, and (e) +4 K 

global warming levels. f Regional warming amplification (WA) on that 
day, defined as the slope of the linear regression of daily maximum 
2 m-temperature against global warming level
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temperatures display an average WA of 2 KK−1. Such high 
variability in the values of WA emphasizes the tendency of 
present-day late summer moderate temperatures to turn into 
extreme heat events, increasing the probability of heatwaves 
in late summer (especially in August) over Central Europe.

Finally, Fig. 6g-i gives additional insights into what WA 
actually means for the future summer temperatures: we 
show the absolute values of TX in +4  K climate plotted 
against TX in the present-day climate (see Fig. 6g−i). For 
the FR and DE subregions, most present-day events with 
temperatures of 36-37◦C would exceed 40◦C in a +4 K cli-
mate. The average share of days exceeding 40◦C increases 
from 0.5 to 4 % in the FR subregion and from 0.02 to 1.2 % 
in the DE subregion (see also Table 1 in the Supplementary 
material). For the ES subregion, the share of days over 40◦C 
would increase from 6 to 29 %. The orange line in Fig. 6g-i 
corresponds to WA equal to 2.0 KK−1. Converging around 

this line, the values of the daily maximum 2 m-temperature 
reach 45◦C, 48◦C, and 51◦C in +4  K climate over DE, 
FR, and ES subregions, respectively. The 99th percentile 
of the daily maximum temperatures grows with the rate of 
2.2 KK−1 reaching 40.4◦C over the DE subregion, with the 
rate of 2.3 KK−1 reaching 44.2◦C over the FR subregion, 
and with the rate of 1.9 KK−1 reaching 47.9◦C over the ES 
subregion (see Table S1 in the Supplementary material).

Overall, these results show that thermodynamic warming 
amplification systematically shifts present-day extreme heat 
events toward much hotter and more frequent extremes, 
pushing large parts of Western and Central Europe into 
temperature ranges that are currently rare or unprecedented. 
At the same time, extremely hot and dry events exhibit still 
high but limited WA. In the next section, we examine in 
more detail possible mechanisms underlying the differing 
WA across all summers of the considered period.

Fig. 6  a-c Warming amplification (WA) as a function of present-day 
TX. d-f Scatter plots of WA versus present-day TX, with colored 
contours indicating the 95th percentile for each month in the May-
September period. (g-h) Scatter plots comparing present-day and cor-

responding +4 K daily maximum TX values within the DE, FR, and ES 
subregions. The dashed black contour denotes the 95th percentile, and 
the solid black line marks the 75th percentile of the data
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3.3  Evapotranspiration regimes based on the 
EF (θ) framework for different global warming 
levels

After providing a general overview of temperature 
responses, we will now examine the nature of the high vari-
ability of WA in Central Europe. We hypothesize that the 
change in the strength of soil moisture-temperature cou-
pling with increased background warming plays a crucial 
role in the magnitude of WA.

Figure 7 shows the evaporative fraction (EF) as a func-
tion of the surface soil moisture (θ) for the summer of 2019 
at three selected grid points identified in Fig. 2 (other sum-
mers are shown in Fig. S9 - S12 of the Supplementary mate-
rial). Here, we consider each ensemble member separately, 
meaning that each day is represented by five points in the 

scatter plots. We additionally color-coded the points corre-
sponding to each month for the period between May and 
September.

The evapotranspiration regime is energy-limited at the 
DE and FR grid points in early summer, as most data points 
in May and June are located on the plateau of the EF (θ) 
relationship (Fig. 7a-j). In the case of summer 2019, the soil 
moisture during most of July, August, and September is also 
in the energy-limited (wet) regime at the DE grid point in the 
pre-industrial climate (Fig. 7a). In contrast, the soil moisture 
at the FR grid point is mainly in the moisture-limited regime 
between July and September in the pre-industrial climate 
(Fig. 7f).

With increasing background warming, the July-Septem-
ber data points at the DE grid point move down along the 
slope of the EF (θ) relationship, causing most late-summer 
days to shift into a moisture-limited evapotranspiration 

Fig. 7  Evaporative fraction (EF) as a function of volumetric soil mois-
ture in the upper 9 cm for each climate for May-September 2019 at 
three grid points: a-f DE: 50.5◦N, 8◦E; (f-j) FR: 47.5◦N, 4◦E; (k-o) 
ES: 39◦N, 3◦W (see also blue stars in Fig.  2). The five ensemble 
members are shown independently, such as each day is represented 
by five data points. Each data point is color-coded by the month: blue 

- May, cyan - June, orange - July, red - August, and yellow - Sep-
tember. Beneath each panel, the marginal distribution of soil moisture 
is shown as a smoothed histogram-based estimate of the probability 
density function. The dashed vertical line corresponds to the value of 
critical soil moisture computed as described in Sect. 2.2
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regime (Fig. 7b-e). In contrast, at the selected grid point in 
FR, most July-September days in 2019 are already character-
ized by a moisture-limited regime at lower warming levels; 
consequently, fewer points undergo a regime shift (Fig. 7f-
j). Inspection of other years (Figs. S9-S12a-j) shows that, at 
both DE and FR grid points, May and June tend to remain 
energy-limited, whereas July-September shift toward the 
moisture-limited regime with increasing GWL. In 2022, 
which was exceptionally dry due to dynamical conditions 
and legacy effects from previous years, July-September are 
moisture-limited in the pre-industrial climate at both DE 
and FR grid points, and a large fraction of days in May-June 
also shift into the moisture-limited regime.

Due to an overall drier climate at the ES grid point, the 
soil already enters the moisture-limited regime in May 
in pre-industrial (Fig.  7k) and present-day (Fig.  7l) cli-
mates. Moreover, no substantial redistribution of the data 
points occurs with increasing GWL (see Fig.  7m-o, Fig. 
S9-S12m-o).

3.4  Investigating the connection between the 
evapotranspiration regime and temperature 
response

To assess in detail the connection between the evapotranspi-
ration regime and temperature response, we first explore the 
EF (θ) relationship at two specific grid points on the hottest 
day of each year (vertical black lines in Fig. S7): the first 
grid point corresponds to the location within CEU exhibit-
ing the highest TX, whereas the second point corresponds to 
the location within CEU exhibiting the highest WA on the 
same day (see Fig. 8). The location of both grid points is 
indicated by blue circles (the highest TX) and blue squares 
(the highest WA) in Fig. 9.

We aggregated all climates and months of the period 
between May and September (MJJAS) into one graphic. 
The dashed vertical line corresponds to θcrit at that grid 
point computed based on the whole dataset (see Sect. 2.2). 
The data points highlighted by triangles correspond to the 
hottest day of the year and are color-coded, with each color 
representing the respective warming level (see caption of 
Fig. 8). TX over the grid point for that day is shown in the 
top-left corner, and the corresponding WA is shown in the 
bottom-left corner.

The contrast between the hottest grid-point and the grid-
point with the highest WA is especially evident for the years 
2019 (Fig. 8c vs. d), 2020 (Fig. 8e vs. f), and 2022 (Fig. 8i 
vs. j): in all three cases for the hottest grid point (Fig. 8c,e,i), 
the triangles, reflecting the evapotranspiration regime of the 
selected day (see legend in Fig.  8), start their path in the 
steeper, moisture-limited part of the EF (θ) relationship 
and “move” down along the slope with increasing global 

warming (blue triangle in Fig. 8 shows the state in the pre-
industrial climate; dark-red triangle shows the state in the 
+4 K climate). The associated WA at those grid-points are 
close to 2.0 KK−1. In contrast, the highlighted data points 
at the location of the highest WA (Fig. 8d,f,j) start at the flat, 
energy-limited part of the EF (θ) relationship, ending up in 
the moisture-limited part for the warmer climates. The asso-
ciated WA at those grid-points is considerably higher and 
close to 3.0 KK−1. For the case of 2018, the evapotranspi-
ration regime can be identified as energy-limited in the pre-
industrial climate in both chosen grid-points (Fig. 8a,b), and 
both WA values are close to 3.0 KK−1. Regarding 2021, the 
hottest grid point remained close to the energy-limited part 
of the EF (θ) relationship, exhibiting the WA of 1.7 KK−1 
(Fig. 8g), and the point of highest WA showed only minor 
movement towards the moisture-limited regime, with the 
WA of 2.1 KK−1 (Fig. 8h). Note that 2021 was the wettest 
year of the period (see Fig. 3; Mohr et al. 2023; Knutzen 
et al. 2025).

A similar behavior can be seen in Fig. S13, where the 
same analysis was performed for the day of the highest 
WA over CEU, marked by the dashed green vertical line 
in Figure S7. The WA values approaching and exceeding 
3.0 KK−1 are accompanied by a transition of the evapo-
transpiration regime or at least a movement from the top 
of the EF (θ) slope to the bottom (Fig. S13b, d, f, h, j). In 
contrast, the hottest points with present-day soil moisture 
far below the critical value tend to respond with a lower WA 
(Fig. S13 a, c, e, g, i).

We estimated the critical soil moisture at each grid point 
as explained in Sect. 2.2 (see Fig. S14 of the supplementary 
material) and identified the evapotranspiration regime for 
each day of the summer season in each climate.

We now consider the spatial patterns of TX and WA on 
the hottest day of each year (see Fig. 9a, d, g, j, m; the hot-
test days are marked with the vertical black lines in Fig. 
S7). The right panel (c, f, i, l, o) in Fig. 9 shows whether a 
grid point shifted from the energy-limited into the moisture-
limited evapotranspiration regime on that day in the +4 K 
climate, compared to the pre-industrial climate. For this 
and further analyses, a grid point is considered to have a 
regime transition on a specific day if at least one ensemble 
member is energy-limited in the pre-industrial climate and 
all ensemble members are moisture-limited in the +4K cli-
mate (EL-ML, dark red color in Fig. 9c,f,i,l,o). A grid point 
is considered to have no regime transition in the moisture-
limited regime if the soil moisture is below the θcrit both in 
pre-industrial and +4K climates for all ensemble members 
(ML-ML, light beige color in Fig. 9c, f, i, l, o). Finally, if 
the soil moisture in +4 K climate is above θcrit in at least 
one ensemble member, disregarding the value in the pre-
industrial climate, the grid point is considered to retain the 
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Fig. 8  Scatter plots of evaporative fraction (EF) versus volu-
metric soil moisture (θ), aggregated across all warming levels. 
The left column (a,c,e,g,i) shows data at the hottest location 
on the hottest day (blue circles in Fig. 9); the right column 
(b,d,f,h,j) shows data at the location with the highest WA on 
that day in the CEU domain (blue squares in Fig. 9). Colored 
triangles indicate the hottest day of the year. Colors cor-
respond to the respective climate: pre-industrial (light blue), 
present-day (blue), +2 K (orange), +3 K (red), +4 K (dark red)
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energy-limited regime (EL-EL, blue color in Fig. 9c, f, i, l, 
o).

In all cases except June 17, 2021 (Fig. 9j-l), where the 
hottest day remained well below 40◦C, the pattern if WA 
does not coincide with the pattern of TX (Fig. 9b, e, h, n). In 
fact, Fig. 9c, f, i, l, o supports the hypothesis that the regions 

with high WA tend to exhibit an evapotranspiration regime 
transition, whereas the areas with higher TX and smaller 
WA show little to no regime transitions. Similar results were 
obtained for the day of the highest WA over CEU (see Fig. 
S15).

Fig. 9  (left column: a,d,g,j,m) Present-
day maximum 2 m-temperature, (middle 
column: b,e,h,k,n) associated WA, and 
(right column: c,f,i,l,o) regime transi-
tions on the hottest day of the year (the 
hottest day is defined as the annual 
maximum over the CEU subregion, see 
Fig. S7); "EL-EL" - the regime remained 
energy-limited, "EL-ML" - the regime 
was energy-limited in the pre-industrial 
climate and became moisture-limited 
in the +4K climate, "ML-ML" - the 
regime remained moisture-limited. The 
blue circle marks the grid-point with the 
highest temperature, and the blue square 
marks the grid-point with the highest 
WA over the CEU subregion
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Figure 10a presents the change in the percentage of mois-
ture-limited days in July and August 2018–2022 between 
the +4 K climate and pre-industrial conditions. It shows that 
in Central and Western Europe, over 50 % of days in July 
and August shift towards the moisture-limited regime in the 
warmer climate under similar circulation conditions. This 
implies an intensification of previously weak soil moisture-
temperature coupling and an associated growth of the near-
surface temperature variability. In contrast, the Central and 
Southern Iberian Peninsula experiences a negligible change 
in the number of moisture-limited days due to the already 
moisture-limited conditions in late summer in the present-
day climate (Fig. 10a).

We also examine this coupling from a complementary 
perspective by analyzing changes in the coupling metric 
CθE  (as defined in Eq. 2; see Fig. 10b). Regions exhibiting 
a strong positive change in CθE  (Central Europe, Pyrenees, 
Balkans, and Carpathians in Fig. 10b) indicate an enhanced 
role of soil moisture-temperature coupling in modulating 
late-summer temperatures in future climate scenarios. Con-
versely, a negative change in this metric suggests a weaken-
ing of this coupling under global warming, particularly in 
the Mediterranean region (Fig. 10b). The marked contrast 
between Southern Europe and the rest of the domain arises 
from both a strong decrease in latent heat flux variability 
and a slightly less pronounced reduction in the correlation 
ρ(θ, λE) (Fig. S16a-b). This likely reflects a decline in soil 
moisture availability, which becomes insufficient to exert a 
strong control on the latent heat flux variability (see, e.g., 
Miralles et  al. 2012). Over Central and Eastern Europe, 
especially in elevated terrain, ρ(θ, λE) increases markedly 
and is accompanied by higher values of the latent heat flux 
variability (see Fig. S16a-b).

The third variable closely linked to the prevailing soil 
moisture regime is the diurnal temperature range (DTR). 

In the moisture-limited regime, reduced evaporative cool-
ing from morning to afternoon leads to an increase in 
DTR (Verdecchia et al. 1994; Dai et al. 1999; Bateni and 
Entekhabi 2012; Cattiaux et al. 2015; Feldman et al. 2019; 
Panwar et al. 2019; Paul et al. 2024). The extension of the 
diurnal temperature range also implies that the response of 
daily maximum temperatures to the background warming is 
larger than that of the minimum temperatures. This can be 
confirmed by the results of Vries et al. (2024) and Klimiuk 
et al. (2025), who found that the WA of daily maximum tem-
peratures is higher than that of daily minimum temperatures 
in late summer.

A strong spatial correlation between the average DTR 
change and the number of shifts to the moisture-limited 
evapotranspiration regime (Fig. 10a and Fig. 10c) empha-
sizes the connection between both metrics. However, a non-
negligible increase in DTR is still seen in the drier areas 
that did not show regime shifts, such as the Iberian Penin-
sula (Fig. 10c). Since the DTR is closely connected to land 
surface energy partitioning through the variability of the 
sensible heat flux (Schwingshackl et al. 2017; Panwar et al. 
2019; Feldman et al. 2019), it continues to increase as soil 
moisture moves further down the slope of the EF (θ) rela-
tionship. This can partially explain the magnitude of the sta-
bilized WA in already hot and dry regions, as seen in Fig. 6.

Figure  11 aggregates all daily WA values at each grid 
point over Europe grouped by three regime-transition cases: 
evapotranspiration regime transition (EL-ML), the retention 
of the moisture-limited regime (ML-ML), and the retention 
of the energy-limited regime (EL-EL). Our results clearly 
illustrate that the days that undergo a transition into the 
moisture-limited regime exhibit systematically higher WA 
than those that retain their evapotranspiration regime, and 
the WA on the days that remained energy-limited are smaller 
than those of the days that remained moisture-limited.

Fig. 10  Changes between the pre-industrial and +4  K climates for 
July-August 2018–2022 in (a) the percentage of days in the moisture-
limited evapotranspiration regime, (b) CθE , a scaled correlation coef-

ficient between soil moisture and latent heat flux (defined in Eq. 2), 
and (c) diurnal temperature range (DTR)
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Thus, Fig.  11a summarizes our findings addressing the 
question of the connection of evapotranspiration regimes 
and the temperature response: (1) the highest WA is found 
for the cases with the regime transition, (2) the moderate WA 
is found for the cases where the evapotranspiration regime 
remained moisture limited, and (3) low WA occurs for the 
cases where the soil moisture regime remained energy-lim-
ited. These results lend support to the hypothesis formulated 
in Sect. 3.3.

Compared to the response of the above-mentioned cou-
pling metrics in July and August, their change in May and 
June is considerably smaller in Central Europe (Fig. S16c-
e). However, the DTR change is larger over the Iberian Pen-
insula (Fig. S16c,e). Furthermore, besides the increase in 
the coupling strength CθE  over France, increases are also 
evident across the Northern and Central Iberian Peninsula 
and the Mediterranean, in contrast to the July-August reduc-
tion of CθE  over the Mediterranean (cf. Figure S16d and 
Fig.  10b). Similar to July and August, days experiencing 
an evapotranspiration regime shift in May and June dis-
play higher WA (Fig. 11b). Yet, the magnitude is substan-
tially smaller compared to July and August (Fig.  11a). A 
possible explanation for the lower WA in May-June is that 
the trajectory of the EF (θ) data points, as the background 
warming increases, tends to remain in the upper part of the 
EF (θ) dependency, resulting in a higher latent heat flux 
and thus much smaller contribution from the DTR change. 
Moreover, the relative share of days that remained energy-
limited across all climates is higher for May-June (74.7% 
in MJ vs. 44.3% in JA in Fig.  11). Thus, the role of soil 

moisture-temperature coupling in the temperature response 
to global warming is much larger in late summer.

Finally, to better understand the observed behaviour, 
we examined the average increments in evaporative frac-
tion (∆EF/∆GWL) and soil moisture (∆θ/∆GWL) for 
the three regime-transition cases shown in Fig.  11a. The 
joint histogram of WA and ∆EF/∆GWL (neglecting 
non-linearities, for simplicity) for grid points that unam-
biguously exhibit a given regime-transition case reveals a 
clear relationship: larger decreases in evaporative fraction 
are associated with stronger WA (Fig. 12a,b). This behav-
iour is evident for both the “EL-ML” and “ML-ML” cases, 
although the magnitude of ∆EF/∆GWL is generally 
smaller for the latter. The intermittent structure of the dis-
tribution in Fig. 12b arises from the asymmetric response 
of evaporative fraction in dry regions, where only a small 
number of grid points exhibit increases in soil moisture and, 
consequently, in evaporative fraction.

We further examined the joint histogram of 
∆EF/∆GWL and ∆θ/∆GWL (Fig. 12d-f). In the case 
of regime transition (Fig.  12d), soil moisture decreases 
substantially faster, leading to a pronounced reduction in 
evaporative fraction and, therefore, strong WA. In contrast, 
when the initial regime is already moisture-limited (ML-
ML, Fig. 12e), soil drying is weaker and accompanied by 
more moderate changes in evaporative fraction. The shape 
of the distribution in this case reflects the approximately lin-
ear slope of the EF (θ) relationship in the moisture-limited 
regime. The EL-EL case (Fig. 12f) corresponds to the flat-
ter portion of the EF (θ) relationship, where evaporative 
fraction is relatively insensitive to soil moisture variations, 
consistent with the plateau observed at high soil moisture 
values (see example in Fig. S2a). Similar differences in the 
distributions of ∆EF/∆GWL and ∆θ/∆GWL for the 
three regime-transition cases are evident in May-June (Fig. 
S17).

Although WA exhibits substantial variability for a given 
increment in evaporative fraction, indicating the influ-
ence of additional controlling factors, the magnitude of 
∆EF/∆GWL explains the primary differences among the 
three regime-transition cases.

4  Discussion and conclusions

In this study, we investigated the magnitude and mechanisms 
behind the response of summer daily maximum 2 m tem-
peratures in the regional storyline simulations of the series 
of hot and dry summers in the period between 2018 and 
2022 in Europe. We used a global-to-regional model chain 
employing the global coupled model AWI-CM−1.1-MR, 
with the large-scale horizontal winds spectrally nudged 

Fig. 11  Box-plots of warming amplification (WA) conditioned by three 
evapotranspiration regime transition cases: transition from energy-
limited to moisture-limited regime (EL-ML), no transition within 
the moisture-limited regime (ML-ML), and no transition within the 
energy-limited regime (EL-EL) between pre-industrial and +4K cli-
mates for a July-August 2018-2022 and b May-June 2018-2022 over 
land in Europe. The box boundaries correspond to the 25th and 75th 
percentiles, the whiskers correspond to the 5th and 95th percentiles of 
the data, and the horizontal lines represent the median. The relative 
amount of data points satisfying each condition is given in percent 
under the boxes. All daily data points within 10◦W-30◦E longitude 
and 35◦N-65◦N latitude are taken into account
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to ERA5 in the free troposphere, and the regional climate 
model ICON-CLM for further dynamical downscaling of 
the global storylines to a grid spacing of ∼12 km (Klimiuk 
et al. 2025).

The results offer the following answers to the research 
questions initially posed: 

1.	 How well do the model simulations capture the land-
atmosphere conditions during 2018-2022? Simulated 
latent and sensible heat fluxes agree well with both in 
situ observations and reanalysis products at the evalu-
ation sites, and comparisons over the subregions show 
good agreement in soil moisture and turbulent heat fluxes 
where observational references are available. Overall, 
the consistency in mean states and the high temporal 
correlations support the realism of the regional ICON 
simulations over the study area.

2.	 What are the characteristics of the near-surface tem-
perature response to global warming? We describe the 
response of the daily maximum near-surface tempera-
ture to global warming as warming amplification (WA), 
the increment of TX per degree of GWL. WA is highly 
variable in Central Europe. On average, colder summer 
days exhibit WA close to unity, i.e., they respond to the 
background warming at the same rate as the global mean 
temperature. For days with present-day TX between 20 
and 36 ◦C, WA increases with higher TX, and the range 
of possible WA values is large. WA tends to stabilize 
above this temperature range and remains near 2.0 KK−1 
for the highest present-day maximum temperatures. A 
strong variability of WA at moderately high maximum 
temperatures implies that two days with a similar maxi-
mum temperature can respond to the background warm-
ing with considerably different amplification, ranging 

Fig. 12  Hexagonal binning plots of a-c warming amplification (WA) 
versus ∆EF/∆GW L (mean change in evaporative fraction per degree 
of global warming), and (d-f) ∆EF/∆GW L versus ∆θ/∆GW L 
(mean change in soil moisture per degree of global warming), for July-
August 2018-2022. Results are shown for grid points within 10◦W-30◦

E and 35◦N-65◦N where all ensemble members consistently exhibited 
one of the three evapotranspiration regime transition cases: (a,d) tran-

sition from energy-limited to moisture-limited regime (EL-ML), (b,e) 
no transition within the moisture-limited regime (ML-ML), and (c,f) 
no transition within the energy-limited regime (EL-EL). Shading indi-
cates the fraction of samples per bin (%). The black contour encloses 
the region containing 75% of the samples. The bins with fewer than 10 
points are not shown
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between 0 and 4 KK−1. Separating the response by 
months revealed that WA in early (late) summer tends to 
be lower (higher), and most of the events with higher WA 
occurred in August.

3.	 How does the evapotranspiration regime respond to cli-
mate change in the nudged regional storyline simula-
tions? According to our regional storyline simulations, 
the evapotranspiration regimes that are dominant for 
each particular month redistribute with increased back-
ground warming. For Central Europe, May and June 
tend to stay in the energy-limited part of the EF (θ) 
dependency in all climates. In contrast, July, August, and 
September become more moisture-limited with higher 
global warming levels. This change is seen as a move-
ment of data points further towards the steeper slope of 
the EF (θ) dependency as soil moisture decreases below 
a critical value θcrit. In more arid regions, such as the 
Central and Southern Iberian Peninsula, we find little to 
no redistribution of evapotranspiration regimes: the pre-
vailing regime remains moisture-limited throughout the 
entire summer season in each simulated climate.

4.	 Is there a connection between the evapotranspiration 
regime change and the magnitude of the daily maxi-
mum near-surface temperature response? Our findings 
reveal that the WA magnitude can at least partially be 
explained by the changes in the relationship between 
soil moisture and evapotranspiration with increasing 
background warming. According to our regional sto-
ryline simulations, the highest WA of daily maximum 
temperature is often accompanied by a shift from an 
energy-limited to a moisture-limited evapotranspiration 
regime (see Fig.  11). In this case, WA on hotter days 
approaches and exceeds 3 KK−1. If an event was already 
amplified by strong soil moisture-temperature coupling 
in the present-day climate, its intensity tends to show a 
slightly weaker WA, although WA still reaches 2 KK−1

. For events in which the evapotranspiration regime 
remains energy-limited in all climates, WA tends to be 
smaller than 2 KK−1. In that case, the evapotranspira-
tion stays unconstrained by soil moisture, implying little 
to no change in the soil moisture-temperature coupling 
strength with increased background warming. We con-
clude that WA is largely attributable to the sensitivity 
of surface energy partitioning to soil moisture, reflected 
in an increase in TX as evaporative fraction decreases 
along the slope of the EF (θ) relationship. Moreover, 
events undergoing a regime transition exhibit substan-
tially stronger soil drying, whereas drying remains lim-
ited in the case of ML-ML events (Fig. 12). This suggests 
that one mechanism behind the lower WA of already dry 
heatwaves is the reduced potential for further soil drying.

Although at the daily timescale the moisture-limited regime 
enhances heat extremes, at the climatological scale this 
effect can be interpreted as a limiting feedback: evapotrans-
piration is already suppressed prior to and during the event 
at higher GWLs, which constrains additional soil drying 
and reduces the corresponding increase in sensible heating. 
In contrast, the strongest WA occurs in EL-ML transition 
events, where soils remain susceptible to drying and large 
reductions in evaporative fraction can occur as warming 
progresses.

The redistribution of evapotranspiration regimes under 
increased background warming leads to a larger fraction 
of Europe exhibiting enhanced soil moisture-temperature 
coupling. Having shown that the range of reachable TX in 
such areas increases much faster than in regions already 
in the moisture-limited regime, we conclude that the areas 
with a strong coupling will expand considerably in Europe. 
Moreover, the increase in moisture-limited days in May-
June over the Mediterranean (Fig. S15) suggests an earlier 
seasonal onset of highly coupled conditions in this region. 
These findings are consistent with Dirmeyer et  al. (2013) 
and Hsu and Dirmeyer (2023a), who reported that regions 
of strong coupling extend beyond their historical boundar-
ies and that evapotranspiration regimes undergo a seasonal 
redistribution in warmer climates, based on CMIP5 and 
CMIP6 simulations.

Furthermore, the increase in land-atmosphere coupling 
strength over Central and Eastern Europe and its decrease 
over the Mediterranean, shown in Fig. 10b, is consistent with 
Seneviratne et  al. (2006). Their results indicated a north-
ward shift of climatic zones, leading to increased interan-
nual summer temperature variability in Central and Eastern 
Europe, largely driven by the activation of land-atmosphere 
coupling under elevated greenhouse gas concentrations.

Notably, Zhang and Boos (2023) found a similar increase 
rate for the maximum reachable air temperatures over mid-
latitude land (2  KK−1). Within the convective-instability 
framework, they demonstrated that the upper limit for near-
surface temperature increase is approximately twice the rate 
of air temperature change at 500 hPa, which itself closely 
tracks the rate of global mean surface air temperature rise. 
Furthermore, Zhang and Boos (2023) identified the surface 
air specific humidity as a key determinant for this upper 
bound and indicated that it depends on multiple processes 
of land-atmosphere interaction, as well as the advection of 
moisture from the oceans. They suggest that regions expe-
riencing drying on the hottest days will likely see a more 
rapid increase in annual maximum near-surface tempera-
tures. In the current study, we observe a stronger increase in 
areas that enter a moisture-limited regime in the future cli-
mate; however, the response of surface air specific humid-
ity to the background warming is required before drawing 
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conclusions about its connection with the WA presented in 
this work.

The wide range of possible magnitudes of WA for the 
moderately high maximum temperatures (see Fig. 6) may 
be traced back to several interdependent factors. As only the 
large-scale circulation in the free troposphere was nudged to 
reanalysis data in our simulations, it is still possible that the 
smaller-scale changes in circulation lead to variations in the 
local air mass characteristics. This may result in either an 
intensification or a weakening of heat events. Moreover, as 
discussed in Miralles et al. (2019), advection of hot and dry 
air from the upstream regions may cause the propagation of 
heatwaves and droughts downstream. Nevertheless, disre-
garding the reasons for soil desiccation, our results provide 
clear evidence that the highest WA is usually accompanied 
by a transition towards the moisture-limited evapotranspira-
tion regime.

As discussed in Sect.  2.2, we assume in this analysis 
that θcrit is stationary with increasing GWL, although we 
identified a weak decrease in θcrit in our simulations (Fig. 
S2c). Non-stationarity in θcrit is physically plausible, as it 
depends not only on soil characteristics but also on the local 
surface energy balance, and Hsu and Dirmeyer (2023b) 
showed that its behaviour may differ among GCMs, with 
implications for the hydrological cycle. However, over 
Europe, only a few models exhibit any significant changes 
in θcrit (Hsu and Dirmeyer 2023b). We therefore retain the 
assumption of stationarity in the present analysis. Moreover, 
before attributing changes in θcrit to physical processes, we 
must first exclude the influence of the calculation method; 
this will be addressed in future work.

In this study, we investigated the relationship between 
evapotranspiration and soil moisture and deliberately 
focused on the qualitative assessment of its changes with 
increasing background warming. This provides new insights 
into the mechanisms behind the soil moisture-temperature 
coupling and its response to background warming. The 
magnitude of this coupling can be further assessed by, e.g., 
computing the actual slope of the EF (θ) and T(EF) rela-
tionships (e.g., Schwingshackl et  al. 2018). Another met-
ric to quantify the land-atmosphere coupling strength was 
introduced by Miralles et al. (2012); it is expressed as the 
difference between the correlation of temperature with sen-
sible heat flux and the correlation of temperature with the 
potential sensible heat flux (computed with potential evapo-
transpiration), reflecting the contribution of sensible heat 
flux to the temperature variability. The application of the 
coupling metrics to event-based storyline simulations would 
provide additional insights into the role of land-atmosphere 
coupling on the response of summer near-surface tempera-
ture to global warming.

We highlight the value of the evapotranspiration regime 
framework in both analyzing the characteristics of pres-
ent-day heatwaves and drawing conclusions about how 
heatwaves may evolve in the future. By gaining a better 
understanding of the processes behind the intensification 
of heatwaves through the use of this framework on the 
storyline simulations, we can estimate peak temperatures 
that can be expected in each particular region with more 
confidence. Nevertheless, it is worth noting that the actual 
response of regional climate systems to global warming will 
also depend on dynamical changes, including the influence 
of local land-atmosphere interactions on global circulation, 
which are intentionally suppressed in the nudged experi-
ments. By constraining the large-scale atmospheric circula-
tion, the storyline approach enables a targeted investigation 
of soil drying and surface energy partitioning. It should 
therefore be viewed as complementary to free-running sim-
ulations, providing insight into thermodynamic sensitivities 
under identical circulation conditions rather than a complete 
projection of future climate.

The evapotranspiration regime framework has been 
widely applied to global free-running simulations, reanal-
yses, and observations (Schwingshackl et  al. 2017, 2018; 
Haghighi et  al. 2018; Feldman et  al. 2019; Dirmeyer 
et al. 2021). The increasing availability of high-resolution 
regional climate simulations provides new opportunities for 
process-based analyses at regional scales, with the use of 
simulations such as those enabled by CORDEX (Jacob et al. 
2014; Kotlarski et al. 2014; Knist et al. 2017; Jacob et al. 
2020). The insights provided by this research may facilitate 
the interpretation of projected changes, in particular, disen-
tangling of purely thermodynamic effects from the complex 
interplay of climate feedbacks on global circulation.

The main conclusion of our study is that peak tempera-
tures of dry heat extremes would be amplified by about 2 K 
per degree of global warming. Furthermore, as previously 
shown in Hundhausen et al. (2023) and Klimiuk et al. (2025), 
the stronger increase of daily maximum 2 m-temperatures 
in July and August implies an increase in the occurrence, 
duration, and extent of heatwaves in late summer over Cen-
tral Europe. Here, we partially attributed this growth to the 
decline of soil moisture below the critical value in warmer 
climates. This decline activates the soil moisture-tempera-
ture coupling through the limitation of evapotranspiration, 
leading to WA reaching 3 KK−1. In contrast, evapotranspi-
ration in May and June tends to remain energy-limited as the 
background warming increases, and the coupling between 
soil moisture and evapotranspiration is less likely to have a 
strong influence on the heatwave intensities for that period. 
This information thus provides a basis for targeted adap-
tation strategies, especially those aimed at mitigating late-
summer heatwave risks under continued warming.
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