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Abstract. Due to climate change, years with positive temperature anomalies are becoming more frequent in Europe, requiring
high-resolution climate data to plan for climate change mitigation and adaptation. However, many regional climate models
(RCMs) simplify the representation of groundwater processes, leading to biases in simulated extreme heat events. Here, we
study the characteristics of summer heat events in a unique dataset from the regional Terrestrial Systems Modeling Platform
(TSMP) simulations, compared to an ensemble of EURO-CORDEX climate change scenario control simulations, for the his-
torical time period 1976-2005.

Our results show that in TSMP, the impact of groundwater coupling on the frequency of hot summer days depends on the
considered time period and the region, associated with respective evaporative regime. An increasing trend of the frequency
of hot summer days averaged across Europe is the lowest in TSMP compared to the other RCMs considered. Groundwater
coupling has a systematic effect on the duration and intensity of heat events: summer heat events with long duration and high
intensity are less frequent in TSMP compared to the CORDEX ensemble. In particular, extended heat events with a duration
exceeding 6days, i.e. heat waves, occur on average in Europe about 1.5-8 times less often in TSMP, while single-day heat
events happen slightly more often in TSMP compared to the CORDEX ensemble. The frequency of high-intensity heat waves
in TSMP is up to 12 times lower on average in Europe compared to the CORDEX ensemble. Thus, an explicit groundwater
representation in RCMs may lead to rarer and weaker heat waves in Europe also in climate projections. The findings of this
work indicate an existing discrepancy in the ensemble of EURO-CORDEX climate change scenario control simulations and

emphasize the importance of groundwater representation in RCMs.

1 Introduction

The number of extreme heat events has increased in recent decades (e.g., Frich et al., 2002; Alexander et al., 2006; Christidis
et al., 2015; Zhang et al., 2020). Especially, 2003, 2010, and 2018 were exceptionally hot years in Europe, characterised by
record-breaking air temperatures (e.g., Stott et al., 2004; Barriopedro et al., 2011; Liu et al., 2020; Dirmeyer et al., 2021). With

projected climate change, the frequency of such extreme events will increase (e.g., Russo et al., 2015; Myhre et al., 2019; Hari
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et al., 2020; Molina et al., 2020; Masson-Delmotte et al., 2021), leading to multiple negative socio-economic impacts (e.g.,
Bosello et al., 2007; Ciscar et al., 2011; Amengual et al., 2014; Naumann et al., 2021).

The underlying hydrometeorological mechanisms of heat events have been extensively studied (e.g., Lhotka and Kysely,
2015; Horton et al., 2016; Lhotka et al., 2018; Liu et al., 2020). The evolution of extreme heat events or heat waves depends
primarily on the synoptic weather patterns in combination with ambient soil moisture conditions, further altered by multiple
land-atmosphere feedback processes (e.g., Fischer et al., 2007; Horton et al., 2016). Heat waves are triggered by strong,
persistent quasi-stationary large-scale high pressure systems with subsiding, warming air masses and atmospheric blocking
events, as well as clear skies that enable a high amount of solar radiation (Tomczyk and Bednorz, 2016; Horton et al., 2016).
Moreover, atmospheric blocking events impact winter/early spring precipitation over most of Europe, affecting soil moisture
(e.g., Vautard et al., 2007; Ionita et al., 2020).

Many European summer heat waves were preceded by a deficiency of spring precipitation (Dirmeyer et al., 2021; Stegehuis
et al., 2021; Hartick et al., 2021). The effect of soil moisture memory, associated with long-term (from weeks to months)
persistence of wet or dry anomalies, allows to preserve the hydroclimatic conditions of preceding months (Martinez-de la
Torre and Miguez-Macho, 2019; Song et al., 2019). Thus, the lack of precipitation in early spring causes negative soil moisture
anomalies in early summer, and leads to a stronger moisture-limited land-atmosphere coupling (a measure of response of the
atmosphere to anomalies in the land surface state) with a lower evaporation fraction. As a result, latent cooling decreases and
amplifies summer temperatures (e.g., Fischer et al., 2007; Miralles et al., 2012; Erdenebat and Tomonori, 2018; Dirmeyer et al.,
2021). Apart from precipitation, soil moisture content and distribution are strongly affected by subsurface hydrodynamics
through vertical and lateral fluxes that connect groundwater with the land surface. In this connection, the water table depth
influences the intensity of groundwater—soil moisture and soil moisture-temperature coupling (Barlage et al., 2015; Keune
et al., 2016; Mu et al., 2021).

In the context of e.g. climate change impact studies, dynamical downscaling of global climate models (GCMs) with regional
climate models (RCMs) provides the required high-resolution climate information (Taylor et al., 2012; Mearns et al., 2015;
Gutowski et al., 2020). Most of the multi-model RCM ensemble simulations performed over Europe follow the common pro-
tocol of the Coordinated Regional Climate Downscaling Experiment for European domain (EURO-CORDEX) (e.g., Gutowski
et al., 2016; Jacob et al., 2020), which originated from two former European regional climate modelling projects, PRUDENCE
(Christensen and Christensen, 2007) and ENSEMBLES (van der Linden and Mitchell, 2009).

Although RCMs have been shown to provide added value to the driving GCMs (Giorgi and Gutowski, 2015; Prein et al.,
2016; Rummukainen, 2016; Giorgi, 2019; Iles et al., 2020), they may also lead to more noisy simulation results (e.g., Sgr-
land et al., 2018). Despite the improved land-atmosphere coupling in RCMs, the representation of subsurface processes, i.e.
groundwater dynamics and its coupling with the land surface and atmosphere, is generally oversimplified or neglected in ex-
isting RCMs. Commonly applied hydrology schemes in RCMs are typically based on 1D-parameterizations in the vertical
direction with gravitational free drainage approach as the boundary condition at the bottom, and runoff generation at the land
surface. Thus, while in RCMs there is generally no lateral subsurface flow in such a 1D-column parametrisation and often only

the 1D-Richards’ equation is solved (Niu et al., 2007; Campoy et al., 2013), some improvements have been made with respect



60

65

70

75

80

85

90

https://doi.org/10.5194/esd-2022-53 Earth System
Preprint. Discussion started: 15 December 2022 Dynamics
(© Author(s) 2022. CC BY 4.0 License.

Discussions

to more operational groundwater parameterizations (Schlemmer et al., 2018). Barlage et al. (2015), Keune et al. (2016) and
Furusho-Percot et al. (2022) showed that the energy flux partitioning and, hence, near surface air temperatures are strongly
influenced by groundwater, which also affects the representation of extreme heat events. In fact, many RCMs overestimate the
frequency, duration, and intensity of heat waves (e.g., Vautard et al., 2013; Lhotka et al., 2018).

To study the evolution of future heat events in Europe, here we first investigate the evolution of past heat events over
the European continent in a multi-model RCM ensemble driven by CMIP5 (Taylor et al., 2012) GCM control simulations.
The RCM ensemble is complemented with a new dataset from the regional Terrestrial Systems Modelling Platform (TSMP),
which allows for an integrated groundwater-to-atmosphere simulations, thus closing the terrestrial water cycle from bottom to
top. We interrogate the statistics of the heat event characteristics (frequency, duration, intensity) to understand the impact of
groundwater dynamics and potential consequences for climate change projections.

Section 2 introduces TSMP and its setup, describes the ensemble of the EURO-CORDEX climate change scenario RCM
control runs, and the heat event analyses. In Sect. 3, we estimate the impact of groundwater on simulated heat events frequency,
duration, and intensity, and assess TSMP’s characteristics in simulating European heat events compared to the CORDEX

ensemble. Section 4 provides summary and overall conclusions.

2 Methods
2.1 The Terrestrial Systems Modelling Platform (TSMP)

TSMP is a scale-consistent, highly modular, fully integrated soil-vegetation-atmosphere modelling system (e.g., Shrestha et al.,
2014; Gasper et al., 2014). In the applied climate mode setup, TSMP consists of three component models: the atmospheric
model COSMO (COnsortium for Small Scale Modelling) version 5.01 (Baldauf et al., 2011), the land surface model CLM
(Community Land Model) version 3.5 (Oleson et al., 2004, 2008), and the hydrological model ParFlow version 3.2 (Kollet
and Maxwell, 2006; Maxwell, 2013). The component models are externally coupled via the Ocean Atmosphere Sea Ice Soil
(OASIS, version 3.0) Model Coupling Toolkit (MCT) coupler (Valcke, 2013), which passes states and fluxes between individual
TSMP component models (for details see Shrestha et al., 2014; Gasper et al., 2014). In contrast to most RCMs, the TSMP closes
the terrestrial water and energy cycles from the bedrock to the top of the atmosphere.

COSMO is a non-hydrostatic limited-area atmospheric model (e.g., Baldauf et al., 2011). The COSMO model is based on
the primitive thermo-hydrodynamical Euler equations formulated in rotated geographical coordinates and generalized terrain-
following height coordinates, describing compressible flow in a moist atmosphere. COSMO parameterization schemes are
responsible for various physical processes, such as radiation, cloud microphysics, deep convection, etc. The lateral boundary
conditions used for COSMO are usually provided by a coarse grid model, for instance, GCMs or reanalyses. In TSMP, the lower
boundary conditions for COSMO (e.g., surface albedo, energy fluxes, surface temperature, surface humidity) are provided by
the CLM land surface model via the component models coupling.

CLM is a biogeophysical model of the land surface (e.g., Oleson et al., 2004, 2008). It simulates land-atmosphere exchanges

in response to atmospheric forcings. CLM consist of four components that describe biogeophysics, hydrologic cycle, biogeo-
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chemistry and dynamic vegetation. In TSMP, CLM receives short-wave radiation, wind speeds, barometric pressure, precipita-
tion, near-surface temperature and specific humidity from COSMO. CLM sends to ParFlow infiltration and evapotranspiration
fluxes for each soil layer.

ParFlow is a hydrological model that simulates variably saturated three-dimensional subsurface hydrodynamics using Richards
equation integrated with shallow overland flow based on a kinematic wave approximation (Ashby and Falgout, 1996; Maxwell
and Miller, 2005; Kollet and Maxwell, 2006; Maxwell, 2013; Kuffour et al., 2020). ParFlow allows 3D-redistribution of sub-

surface water in a continuum approach. In TSMP, ParFlow replaces the hydrologic functionality of CLM.
2.2 TSMP setup

TSMP simulations were performed over Europe according to the EURO-CORDEX simulation protocol (e.g., Gutowski et al.,
2016). The TSMP simulations were set up on the 0.11° CORDEX grid, i.e approximately 12.5 km. COSMO had a vertical
range up to 22 km, CLM had a total depth of 3 m, while ParFlow reached a total depth of 57 m. COSMO contained 50 vertical
levels, CLM had 10 soil layers that coincided with the upper ParFlow layers. ParFlow had a total of 15 layers with variable grid
spacing increasing from top to bottom. The time step of ParFlow and CLM was 900 sec and 75 sec for COSMO. The coupling
time step between the TSMP component models was 900 sec.

The TSMP climate change scenario control simulations were conducted for the historical time period from December 1949
to the end of 2005 constituting the first climate control simulation with a groundwater to top-of-atmosphere terrestrial model.
Land surface, subsurface hydrology, and energy states were initialized with the moisture conditions of 1st of December 2011
from a spun-up evaluation run driven by ERA-Interim reanalysis (Furusho-Percot et al., 2019), which influenced the first
years of the simulations and discarded in the analyses due to hydrodynamic spin-up. Forcing data and the lateral boundary
conditions for the TSMP atmospheric component model were provided by the Max-Plank Institute’s MPI-ESM-LR rlilpl
GCM experiment, with a resolution of T63L47 (Giorgetta et al., 2013).

Detailed information on CLM and ParFLow specifications used in the TSMP setup has already been described earlier in
Furusho-Percot et al. (2019); Hartick et al. (2021). In addition to these studies, we improved the subsurface geology using
geological information from different databases as follows. We defined the soil texture in the top 10 layers of ParFlow from
the Food and Agriculture Organization soil database (FAO, 1988). For the 5 lowest soil layers, we prescribed hydrogeology
from the International Hydrogeological map of Europe (IHME) dataset (Duscher et al., 2015) and GLobal HYdrogeology
MaPS (GLHYMPS) (Gleeson et al., 2014; Gleeson, 2018). As a proxy for alluvial aquifer systems in ParFlow, we used a
pan-European River and Catchment Database (Vogt et al., 2007) with the assumption that alluvial aquifers lie underneath or in
close proximity of existing rivers.

The TSMP output constitutes a dataset of all terrestrial essential climate variables at a 3-hourly time step.
2.3 The ensemble of EURO-CORDEX climate change scenario RCM control runs

The EURO-CORDEX ensemble of the multi-physics RCM climate change scenario control runs driven by different GCMs
(rlilpl ensemble members) on 0.11° (EUR-11) grid is used in conjunction with the coupled TSMP modelling platform to
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study the characteristics of summer heat events. All RCM ensemble members, with the exception of TSMP, include only a
highly simplified representations of subsurface hydrodynamics. An overview of the RCM ensemble with 10 model products is

provided in Table 1.

Table 1. Details on EURO-CORDEX RCM climate change scenario control runs used in the analysis.

Institution RCM GCM forcing data
FZJ TSMP (Shrestha et al., 2014) MPI-ESM-LR (Mauritsen et al., 2019)
CLMcom CCLM4-8-17 (Rockel et al., 2008) MPLESMALR
CNRM-CMS (Voldoire et al., 2013)
MPI-ESM-LR
CLMcom-ETH | COSMO-crCLIM (e.g., Sprland et al., 2021) CNRM-CM5
NCC-NorESM1-M (Bentsen et al., 2013)
MPI-CSC REMO2009 (Jacob and Podzun, 1997) MPI-ESM-LR
NCC-NorESM1-M
GERICS REMO2015 (Pietikdiinen et al., 2018) NOAA-GFDL-ESM2G (Dunne et al., 2012)
IPSL-CM5A-LR (Dufresne et al., 2013)

2.4 Heat event analyses

There is no generally accepted metric for heat events, and in particular for heat waves. While there is an emphasis on
temperature-based diagnostics, current methods are often ambiguous or inconsistent, with a focus on certain impacts or sec-
tors, describing heat events only partially (Perkins and Alexander, 2013). The most commonly used approach is built on the
percentile temperature threshold (e.g., Zhang et al., 2005, 2011).

In this study, we define the start of a heat event as the first day with the mean daily temperature above the 90th percentile
(e.g., Vautard et al., 2013). The 90th percentile is calculated for each grid point of the EURO-CORDEX domain for each day
from a consecutive 5-day moving window centered on each calendar day of the 30-year reference period from 1961 to 1990.
We assume that a day with the mean daily temperature exceeding the 90th percentile is a hot day (e.g., Sulikowska and Wypych,
2020), highlighted in dark red in Fig. 1. A series of hot days constitute a heat event. A heat event is interrupted if the mean
daily temperature drops below the 90th percentile. The cumulative number of hot days during a heat event corresponds to the
TG90p heat index, introduced by the European Climate Assessment and Dataset (ECA&D) project, complementing the core
set of indices determined by the Expert Team on Climate Change Detection and Indices (ETCCDI) (e.g., Frich et al., 2002;
Zhang et al., 2011). TG90p describes the number of days with

TGij > TG”LQO, (D

where T'G; is the mean daily temperature on day ¢ of period j, and T'G;,90 is the i-day 90th percentile of mean daily

temperature calculated for a 5-day window centred on each calendar day of the 30-year reference period n.
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Figure 1. Schematic of the methodology to detect a heat wave (HW) during the summer season. An example is given for June-July-August
of 1972 for one grid point [250, 300] of the EURO-CORDEX domain. Data taken from the TSMP simulations. The solid black line is the
mean daily 2-m air temperature in the summer of 1972. The dashed and solid green line represents the climatological raw average daily 2-m
air temperature and Butterworth filtered data between 1961 to 1990, respectively. The solid violet line is the 90th percentile of the mean daily
2-m air temperature calculated from a 5-day window centered on each calendar day of the 1961-1990 reference period. The shaded light red
colour indicates days with temperatures above the climatological mean, and the shaded dark red colour emphasizes days with temperatures

above the 90th percentile, which we define as “hot days”.

A heat event can be characterised by its duration, intensity, and frequency (e.g., Horton et al., 2016). A heat event duration is
the number of consecutive days over which the heat event lasts. If a heat event lasts long enough, it can be classified as a heat
wave. Similar to Fischer and Schir (2010), we define a heat wave as a spell of at least six consecutive days with mean daily
temperatures above the local 90th percentile of the reference period (1961-1990). For explanation, Fig. 1 shows an example
of a heat wave with the duration of 15 days. Note that the use of terms “heat event” and “heat wave” is similar in the context
of this paper, with “heat event” referring to a series of unusually hot days. Furthermore, low-intensity heat events are also
mentioned in literature as either a single-day or a multi-day event over a temperature threshold between the 85 and 92.5th
percentile (Strathearn et al., 2022). In addition, some authors classify heat waves as low-intensity, severe, and extreme (Nairn
and Fawcett, 2014).

In our analysis, a heat event intensity, H E'],,, is the maximum difference between the mean daily temperature and the

calendar day 90th percentile within an individual heat event m (e.g., Vautard et al., 2013; Habeeb et al., 2015):
HEIL, = max(TGp — TG,90), 2)

where TGy, is the mean daily temperature on day ¢ during the heat event m. The intensity represents the severity of a heat

event, see Fig. 1.



160

165

170

175

https://doi.org/10.5194/esd-2022-53 Earth System
Preprint. Discussion started: 15 December 2022 Dynamics
(© Author(s) 2022. CC BY 4.0 License.

Discussions

We define the frequency of heat events of a certain type, H E F}, as the number of such heat events divided by the total

number of heat events (e.g., Vautard et al., 2013):

L J
HEF, =Y HEy/Y HE;, 3)

=1 j=1

where H E indicates a heat event, k denotes a specific feature of a heat event (e.g., heat events of a certain duration or intensity),
[ is the ordinal counter of a heat event of a certain type k within the total number L of heat events of this type, j is the ordinal
counter of any heat event within the total number J of all heat events. For instance, from Fig. 1, the frequency of heat events
with the duration of 2 days during the summer season is equal to the number of 2-day heat events (4 events) divided by the
total number of all heat events (10 events). The resulting frequency is 0.4 and indicates that 40% of all heat events during
the considered summer period have the duration of 2 days. Based on this definition, we estimate the frequency of hot days
in summer as the number of hot days, or the TG90p index (33 days, see Fig. 1), divided by the total number of days in the
summer season (92 days). The estimated frequency of hot days is approximately 0.36, indicating that 36% of all summer days
are classified as hot days.

In this study, we examine past heat events in Europe during the summer season, evaluating their characteristics, such as
frequency, duration, and intensity, based on the mean daily 2-m air temperatures on the native EURO-CORDEX EUR-11 grid
in the ensemble of climate change scenario RCM control runs driven by different GCMs, as listed in Table 1. The analysis is
performed for the summer season of the 30-year period 1976-2005, with regard to the reference period from 1961 to 1990 in
each RCM. The analysis is adopted from the work of Vautard et al. (2013) and conducted over the arbitrarily chosen focus

domain covering the European continent [10°W-30°E, 36°N-70°N] as shown in Fig. 2.

60°N g

[Do] @lusdied Y106

30°N

Figure 2. The 90th percentile of 2-m air temperatures averaged over the summer season simulated with TSM. The 90th percentile is obtained
from a consecutive 5-day moving window centered on each calendar day of the summer season of the 30-year reference period from 1961
to 1990. The white border indicates the focus domain for the heat event analysis in our study [10°W-30°E, 36°N-70°N]. The smaller boxes
with the respective abbreviations are the PRUDENCE regions: British Isles (BI), Iberian Peninsula (IP), France (FR), Mid-Europe (ME),
Scandinavia (SC), Alps (AL), Mediterranean (MD) and Eastern Europe (EA).
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3 Results and Discussion

3.1 Influence of groundwater on the number of hot days in summer

180 We estimate the cumulative number of hot days, TG90p index, for each summer season during 1976-2005. The results from
two regional climate models, the Terrestrial Systems Modelling Platform (TSMP) and CCLM (COSMO model in CLimate
Mode; e.g., Rockel et al., 2008; Steger and Bucchignani, 2020), for several years are shown in Fig. 3 as an example. Both RCMs,

185 TSMP and CCLM, are driven by the same forcing data from the Max-Plank Institute’s MPI-ESM-LR rlilpl GCM experiment
(e.g., Giorgetta et al., 2013). In addition, the TSMP atmospheric component model is CCLM compliant (see Sect. 2.1). The
lower boundary condition for the TSMP atmospheric component model includes the groundwater feedback due to the coupling

between the land surface component model CLM and the hydrologic component model ParFlow, unlike in the CCLM where
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Figure 3. Cumulative number of hot days (TG90p index) during June-July-August. The example is shown for arbitrary selected years 1990,
1995, 2000, and 2005. The TG90p index is shown from the TSMP simulations (a, b, ¢, d) and CCLM simulations (e, f, g, h), their absolute

differences are presented in (i,], k, 1).
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Figure 4. Cumulative number of hot days (TG90p index) during the summer season of 2003 for RCMs of the ensemble of EURO-CORDEX
climate change scenario control runs (see Table 1), with respect to the reference period 1961-1990. The absolute differences in the TG90p
index between TSMP and RCMs are also shown. Green and yellow boxes underline examples of different groups of ensemble member, e.g.,

different RCMs driven by the same GCMs, the same RCMs driven by different GCMs.
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the soil processes are modelled with the TERRA-ML soil-vegetation land surface model. (e.g., Grasselt et al., 2008; Doms
et al., 2013; Schulz et al., 2016).

There is good agreement in the overall pattern of the TG90p index calculated from TSMP and CCLM output. In 1990,
with the exception of Northern Europe, TSMP shows larger TG90p values compared to CCLM (Fig. 3i). This year, the largest
difference in the TG90p index between TSMP and CCLM is found in the Alps, reaching 15 days or more. Similar behaviour is
observed also in 2005 with higher TG90p values in Central and Southern Europe in TSMP compared to CCLM (Fig. 31). Unlike
in 1990 and 2005, TSMP simulated fewer hot summer days than CCLM in 1995 and 2000, with a significant difference of more
than 15 days in Central and Southern Europe (Fig. 3j, k). Thus, the impact of groundwater coupling apparently varies from year
to year and also depends on the region under consideration. The effects of soil moisture memory can play an important role
here by buffering droughts and weakening heat events. In contrast, past drought condition may be memorized in groundwater
storage causing a delay in its recovery, and hence exacerbating the occurrence of heat events due to a reduction of latent heat
and enhanced surface sensible heat flux (e.g., Erdenebat and Tomonori, 2018; Martinez-de la Torre and Miguez-Macho, 2019;
Hartick et al., 2021).

The TG90p index for the EURO-CORDEX ensemble (see Table 1) for 2003 as an example is shown in Fig. 4. The considered
ensemble members can be classified into three groups with respect to the used RCMs and GCMs forcing data: different RCMs
driven by the same GCMs, the same RCMs driven by different GCMs, and different RCMs driven by different GCMs. The
overall pattern of the TG90p index calculated from different RCMs driven by the same GCMs (Fig. 4a-g, h-k, 1-0) agrees
relatively well for 2003, although discrepancies in the exact magnitude and the spatial extent of TG90p are detectable. The
differences of TG90p from the same RCMs driven by different GCMs (e.g., Fig. 4d, h or Fig. 4f, j, n) are comparable with
the differences from different RCMs driven by the same GCMs. But in some cases the same RCM driven by different GCMs
(Fig. 41, p, s) has a significant difference in the TG90p index (e.g., 30 days or even more in the Iberian Peninsula), emphasizing
a strong influence of the lateral boundary conditions from the different GCMs. Note that REMO2015, driven by NOAA and
IPSL, imposes different distributions of the TG90p index (e.g., high values in the Iberian Peninsula) compared to the RCMs
of the EURO-CORDEX ensemble, likely due to discrepancies in the large-scale atmospheric circulation in the driving GCMs.
Furthermore, the TG90p differences shown in Fig. 4 highlight the different responses to groundwater coupling in the regions

of energy-limited (Scandinavia and Northeastern Europe) and moisture-limited (Southern and Southeastern Europe) regimes.
3.2 Groundwater impact on the frequency of hot days

Due to connections of various factors other than groundwater coupling in the multi-model CORDEX ensemble (e.g., various
model setups, conceptual and structural model uncertainties, different physical parameterizations, internal variability, represen-
tation of subsurface-land-atmosphere interactions, lower and lateral atmospheric GCM boundary conditions), it is challenging
to reveal the exact cause and effect relationship of the explicit groundwater representation for simulated hot days and the
associated heat events characteristics in RCMs. Moreover, the ensemble of EURO-CORDEX climate change scenario RCM

control runs is not intended for direct comparison between individual models, as it includes different RCMs in combination
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with different driving GCMs. However, as has been shown in previous studies, the consideration of an extended period, e.g.,

30-years, allows to draw statistically conclusions.

In order to evaluate the impact of groundwater coupling on the interannual variability of hot summer days in RCMs, we
examine the mean frequency of hot summer days in Europe in the ensemble of the EURO-CORDEX climate change scenario
RCM control runs (see Table 1) from 1976 to 2005, with regard to the reference period 1961-1990 in each RCM (Fig. 5; see
Sect. 2.4 for definitions). We calculate the mean frequency of hot summer days as the TG90p index, averaged over the total
number of days during the summer season (92 days) and spatially averaged within all land-pixels of the focus domain (see
Fig. 2). Comparison of the mean frequency of hot summer days from TSMP and individual RCMs, as well as the RCM multi-
model mean, suggests that groundwater coupling does not seem to have a systematic impact on the occurrence of hot days. The
interannual variability of summer heat events is strongly controlled by the large-scale atmospheric circulation imposed by the
boundary conditions (see also Vautard et al., 2013). Thus the distribution of hot summer days largely depends on the driving

GCMs.
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0.054

Figure 5. Time series of the mean frequency of hot summer days in Europe (averaged over the focus domain) and its linear trends during
1976-2005 with respect to the reference period 1961-1990, in the ensemble of EURO-CORDEX climate change scenario RCM control runs
(see Table 1). The solid and dashed red lines show the mean frequency of hot days in summer from the TSMP simulation, as well as its
linear trend. The black and grey lines represent the RCM ensemble frequencies of hot days, the shaded blue area represents their standard
deviation, and the different green shaded lines are the linear trends of mean frequencies in each RCM respectively. The mean frequency of
hot summer days, averaged over the multi-model RCM ensemble (excluding TSMP), is shown with the solid blue line, and its linear trend is

shown with the dashed blue line.
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In Europe, an increasing linear trend of the frequency of hot summer days averaged over the focus domain is observed in all
RCMs of the considered EURO-CORDEX ensemble (see Fig. 5). The frequency averaged over the multi-model RCM ensemble
grows by about 1.5 times from 1976 to 2005 (dashed blue line in Fig. 5). The TSMP simulation gives the lowest linear trend of
the frequency of hot summer days averaged over the focus domain in the considered EURO-CORDEX ensemble (dashed red
line in Fig. 5). From the extrapolation functions shown in Fig. 5, the mean frequency of summer hot days in Europe is about
10% smaller in TSMP than in the RCM ensemble mean in 2005. Most RCMs in the considered EURO-CORDEX ensemble
show an increasing linear trend also in individual PRUDENCE regions (Fig. Al). There are many studies that point to an
increasing trend in the number of hot days worldwide: while the trend was not significant from 1950s until 1990s, it accelerates
starting from 1990s and is associated with global warming (e.g., Frich et al., 2002; Perkins et al., 2012; Lhotka et al., 2018;
Lorenz et al., 2019; Perkins-Kirkpatrick and Lewis, 2020).

3.3 Influence of groundwater on the occurrence of heat events of different duration

In this sub-section, we assess the impact of groundwater coupling on the duration of heat events in Europe. The annual
number of heat events that occur on average per land grid point of the focus domain during the summer season between 1976

and 2005 as a function of the duration of these heat events is shown in Fig. 6a. The ratio of the number of heat events suggests
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Figure 6. Average number of summer heat events (y-axis) of duration equal or larger than a given number of days (x-axis) as a function of
this number of days (a); the averaging is performed over the total number of land-pixels of the focus domain (see Fig. 2) and the total number
of years from 1976 to 2005 (30 years). Frequency of heat waves (y-axis) with an intensity higher or equal than a given value in abscissa
occurring in the focus domain during the summer seasons, as a function of this intensity (b). The panels also show the ratio of quantities
from RCMs to TSMP. Data are taken from the summer seasons between 1976 and 2005 with respect to the reference period 1961-1990 in
each RCM of the ensemble of EURO-CORDEX climate change scenario control runs (see Table 1), represented with different colours and

lines in the plots.
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that groundwater coupling systematically impacts the duration of heat events in the simulations (presented with different
types of blue lines in Fig. 6a). In TSMP, the mean number of heat events with a duration exceeding 2 days is systematically
smaller compared to the RCMs of the considered EURO-CORDEX ensemble. In particular, the average number of heat waves
(duration>6days), is 1.5-8 times lower. In addition, there is a small increase in the number of single-day heat events in TSMP
compared to the CORDEX ensemble. Note that, for example, Vautard et al. (2013), Plavcova and Kysely (2016) have previously
found a systematic tendency of most RCMs to overestimate the number and duration of long heat waves in comparison to
observations.

The lowest annual number of summer heat events per land-pixel within the PRUDENCE regions is found in Scandinavia,
reaching about 3.9 heat events (Fig. A2). Compared to the RCMs of the considered EURO-CORDEX ensemble, TSMP sys-
tematically simulates fewer heat waves in all PRUDENCE regions except the British Isles. The strongest effect of groundwater
coupling on buffering heat waves is observed in the Iberian Peninsula, France, and the Alps; heat waves with a duration >12
days occur even 10-20 times less often in TSMP compared to the CORDEX ensemble. Different responses to groundwater
coupling in different PRUDENCE regions may be explained by the soil moisture-temperature feedback associated with the
different evaporative regimes, energy-limited (predominant in Scandinavia and Northeastern Europe) versus moisture-limited
(Southern and Southeastern Europe) (e.g., Koster et al., 2009; Kanist et al., 2017; Haghighi et al., 2018; Jach et al., 2022).

3.4 Groundwater impact on the intensity of heat waves and the corresponding frequency

In this sub-section, we focus on heat waves, i.e. heat events with a duration exceeding 6 days. The dependency of the frequency
of heat waves on their intensity is shown in Fig. 6b, see also Sect. 2.4 for definitions. The heat wave frequency presented in
Fig. 6b describes the fraction of heat waves of a certain intensity that occurred during the 30-year summer periods from 1976
to 2005 in the focus domain in each RCM. The maximum frequency is equal to 1 for the intensity larger than O because all heat
waves are taken into account for every RCM. From the ratio of heat wave frequencies of RCMs to TSMP (shown with different
types of blue lines in Fig. 6b), we note a quite large spread of heat wave frequencies in the EURO-CORDEX ensemble, which
increases towards heat waves of high intensity. TSMP exhibits a systematic behavior with fewer heat waves of high intensity
compared to the CORDEX ensemble: the frequency of high-intensity heat waves is up to 12 times lower in TSMP. Our results
also indicate that groundwater coupling has a stronger impact on the intensity of heat waves than on their duration in the TSMP
simulations (see the ratio between CCLM-MPI and TSMP in Fig. 6a, b). Previously, Vautard et al. (2013) and Furusho-Percot
et al. (2022) have shown that RCMs tend to overestimate the intensity of heat events, as well as the frequency of high-intensity
heat waves.

The frequency of heat waves in different PRUDENCE regions has a different response to groundwater coupling in the simula-
tions (Fig. A3). The response is almost negligible in Scandinavia, with good agreement between RCMs of the EURO-CORDEX
ensemble, while it is significant in other PRUDENCE regions (e.g., Iberian Peninsula, France, Mid-Europe, Mediterranean,
Eastern Europe) with a spread in the frequency of high-intensity heat waves of 20 times or more. The predominance of the
energy-limited evaporative regime in Scandinavia and Northern Europe leads to a weaker land-atmosphere coupling, and thus

to a relatively low impact of groundwater coupling on the frequency of simulated heat waves of high intensity.
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4 Summary and Conclusions

We studied the impact of groundwater on summer heat events in a new dataset from a coupled regional climate system, the Ter-
restrial Systems Modelling Platform (TSMP), with an explicit representation of three-dimensional groundwater hydrodynam-
ics, compared to an ensemble of EURO-CORDEX climate change scenario RCM control runs. In particular, we investigated
the impact of groundwater coupling on the frequency of hot days, the occurrence of heat events of different duration, and the
frequency of high-intensity heat waves in Europe between 1976 and 2005 with respect to the reference period 1961-1990.

Our results show that the impact of groundwater coupling on the frequency of hot days during the summer season, generally,
depends on the time and region under consideration. There is an increasing trend in the frequency of hot summer days in Europe
in all RCMs of the considered ensemble, whereas TSMP is the lowest. We found that the explicit representation of groundwater
in RCMs leads to fewer simulated severe heat events. TSMP systematically shows a lower number of heat events lasting 6 or
more days, so-called heat waves, on average in Europe; it is by about 1.5-8 times less than in the CORDEX ensemble. In
addition, TSMP simulates a slightly higher number of single-day summer heat events compared to the CORDEX ensemble.
The frequency of high-intensity heat waves is also lower in TSMP on average in Europe, up to 12 times, compared to the
CODEX ensemble. The local impact of explicit groundwater representation in RCMs is linked to different evaporative regimes
and, thus, regions with different strengths of land-atmosphere coupling. We found a smaller impact of groundwater coupling
on the extreme heat event characteristics in regions with an energy-limited regime (e.g., British Isles and Scandinavia), and a
stronger impact in regions with moisture-limited regime (Southern and Southeastern Europe), which is intuitive.

This study clearly indicates that a coupled regional climate system with a closed terrestrial water cycle, such as TSMP,
systematically simulates a different climatology of extreme heat events compared to uncoupled RCMs of the EURO-CORDEX
ensemble. The results emphasize the importance of groundwater coupling for simulating extreme heat events. Explicit repre-
sentation of groundwater in RCMs may be a key for bias reduction in the occurrence of heat waves. In the future, this work will
be extended to investigate regional climate projections and, in particular, the evolution of extreme heat events under different

climate change scenarios in TSMP compared to uncoupled RCMs and their control simulations.
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Appendix A: Impact of groundwater coupling on the heat events frequency, duration and intensity for PRUDENCE

regions
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Figure A1l. Time series of the mean frequency of hot summer days and its linear trends during 1976-2005 with respect to the reference period
1961-1990, in the ensemble of EURO-CORDEX climate change scenario RCM control runs (see Table 1) for PRUDENCE regions. Shown
frequencies are calculated as the TG90p index, averaged over the total number of days during the summer season (92 days) and spatially
averaged over all land-pixels in each PRUDENCE region. The solid and dashed red lines show the mean frequency of hot days in summer
from TSMP simulation, as well as its linear trend. The black and grey lines represent the other RCMs’ frequencies of hot days, the shaded
blue area represents their standard deviation, and the different green tone lines are the linear trends. The mean frequency of hot summer days,

averaged over the multi-model RCM ensemble (excluding TSMP), and its linear trend is shown with the solid and dashed blue lines.
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Figure A2. Average number of heat events (NHE) of duration equal to or larger than a given number of days (shown on X-axis) as a function

of this number of days for PRUDENCE regions. The averaging is performed over the total number of land-pixels within every PRUDENCE

region (see Fig. 2) and the total number of the investigated years from 1976 to 2005 (30 years). Solid red lines show the resulting average

number of heat events from the TSMP simulations. To improve readability, the average number of heat events from RCM:s is not shown on

the sub-figures, instead we present the ratio of RCMs to TSMP with blue lines of different types. Data are taken from the summer season

between 1976 and 2005 with respect to the reference period 1961-1990 in each RCM of the ensemble of EURO-CORDEX climate change

scenario control runs (see Table 1).
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Figure A3. Frequency of heat waves (FHW) with an intensity equal to or greater than a given value in abscissa occurring in the PRUDENCE

regions during the summer seasons between 1976 and 2005 as a function of this intensity. The intensity is calculated with respect to the

reference period 1961-1990 in each RCM of the ensemble of EURO-CORDEX climate change scenario control runs (see Table 1). Solid

red lines show the resulting frequency of heat waves from the TSMP simulations. To improve readability, the frequency of heat waves

from RCMs is not shown on the sub-figures, instead we present the ratio of RCMs to TSMP with different blue lines. Note that in some

PRUDENCE regions (a, g, h), the ratio of heat wave frequency of RCMs to TSMP ends before the range of abscissa because TSMP has zero

values.
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