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ABSTRACT: We analyze the surface energy budget from four climate model ensembles and its future changes in the
twenty-first century under the RCP8.5 or shared socioeconomic pathway (SSP) 5-8.5 scenario. High-resolution European
domain of the Coordinated Regional Climate Downscaling Experiment (EURO-CORDEX) regional climate models
(RCMs) and their driving CMIP5 global climate models (CMIP5-D) are first tested in central Europe against observational
datasets. Evaluation reveals the added value of RCMs in terms of spatial variability and smaller biases. CMIP5-D are af-
fected by the positive bias of global irradiance that propagates into other radiation and heat fluxes. There are strong differ-
ences in the projected surface energy budget components between RCMs and CMIP5-D. There is an increase in global
irradiance for most of the year in CMIP5-D and other GCM ensembles that is translated into a year-round enhancement
of the absorbed solar energy and balanced by higher latent heat flux, except in summer, when the sensible heat flux rises
strongly. Together with strong warming and reduced precipitation in summer, this leads to warm, sunny, and dry conditions
with reduced evapotranspiration and higher drought stress for vegetation. In the RCMs, the reduction in global irradiance
dominates, and it is translated into a round-year reduction in the net balance of longwave radiation and stronger latent
heat flux. The first months of the growing season show weaker warming associated with higher evapotranspiration and pre-
cipitation. In summer, precipitation drops and global irradiance and warming rise, but they fall behind the changes in the
GCMs. Compared to GCMs, there are less visible signs of conditions leading to a reduction in evapotranspiration or a
shortage of soil water in the RCMs in summer.
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1. Introduction Experiment (CORDEX) initiative (Giorgi et al. 2009). The
CORDEX projections presented in the IPCC Atlas were cre-
ated by dynamical downscaling (Wilby and Wigley 1997) of
the CMIP5 GCMs using the state-of-the-art RCMs.

A significant advantage of RCM projections compared to
those based on GCMs is their better spatial resolution, which
may reach up to 12 km in some regions (e.g., Europe). In con-
trast, the spatial resolution of the vast majority of CMIP6
GCMs remains at the level of 100-300 km. Many important
mesoscale processes in the climate system, which shape the
climate at the regional level, are thus not fully resolved in
GCMs but may be well captured in RCMs. Therefore, there is
a continuing effort in the scientific community to bring RCM
simulations toward finer spatial scales of kilometers with full
resolution of atmospheric convection (Prein et al. 2017; Ken-
don et al. 2021; Lucas-Picher et al. 2021). Additionally, there
is an effort to increase the complexity of RCMs and include
further components of the climate system, similar to CMIP
Earth system models (Giorgi 2019). As noted by Giorgi
(2019), RCM projections are the preferred choice for the
analysis of climate change and its impacts on the subcontinen-
tal scale corresponding to, e.g., individual countries or even
smaller administrative regions. RCMs thus represent the be-
ginning of the information and processing chain that ends
with proposals of targeted adaptation measures, political deci-
Corresponding author: Petr Skalak, skalak.p@czechglobe.cz sions, and the related financial costs.

The future evolution of the climate and its impact on life on
Earth is currently one of the biggest questions and challenges.
The current knowledge about climate and its future develop-
ment is regularly reviewed by assessment reports of the Inter-
governmental Panel on Climate Change (IPCC). The most
recent Sixth Assessment Report of IPCC Working Group 1
(IPCC 2021) is also accompanied by the new Interactive Atlas
of Climate Change (Gutiérrez et al. 2023), which provides
deeper insight into expected climate change at the regional
level. The climate projections summarized in the sixth IPCC
report are based on simulations of a large ensemble of global
climate models (GCMs) from phase 6 of the Coupled Model
Intercomparison Project (CMIP6) (Eyring et al. 2016; O’Neill
et al. 2016) and their comparison with a previous generation of
climate models from the CMIP5 ensemble (Taylor et al. 2012).
The Interactive Atlas of Climate Change also includes projections
that are based on simulations of regional climate models (RCMs)
from the global Coordinated Regional Climate Downscaling
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Central Europe is a transition area between two important
poles of observed and projected climate change in Europe:
warmer and wetter Scandinavia and warmer but drier Medi-
terranean (Coppola et al. 2021; Gutiérrez et al. 2023). The un-
certainty in the projected changes in the central European
climate will further increase if different model ensembles
(GCM vs RCM) are considered (Bartok et al. 2017; Fernan-
dez et al. 2019; Boé et al. 2020; Coppola et al. 2021). However,
significant differences between GCMs and RCMs also appear
when both model ensembles are compared with observed
trends or long-term mean values of climate variables in the
second half of the twentieth century (Enriquez-Alonso et al.
2017; Bartok et al. 2017).

Enriquez-Alonso et al. (2017) found that RCMs are unable
to capture the observed decadal trend in total cloudiness in
the Mediterranean area, while their driving GCMs can repro-
duce it and show a statistically significant decreasing trend
corresponding to observations. Similarly, Bartok et al. (2017)
described significant differences in the projection of global ra-
diation over Europe in the twenty-first century among the Eu-
ropean domain of the CORDEX (EURO-CORDEX) RCMs
and their driving GCMs. They also detected different trends
of global radiation in both model ensembles when compared
with observations and attributed these differences to time-
invariant aerosol concentrations in RCMs. The latter can also
partly affect air temperature trends over Europe simulated by
RCMs driven by reanalysis. As noted by Nabat et al. (2014),
the air temperature trends in this type of RCM simulation do
not correspond to observations.

The most prominent difference between RCM and GCM
projections in Europe is a reduction in summer warming by
RCMs (Sgrland et al. 2018). It is also associated with the
smaller decrease in precipitation and smaller increase in
global radiation in RCMs compared to GCMs (Boé et al.
2020). However, the projected seasonal means or various cli-
mate indices based on air temperature or precipitation may
also differ among EURO-CORDEX RCMs, their driving
CMIPS5 GCMs, or newer CMIP6 GCMs in other seasons
(Fernandez et al. 2019; Coppola et al. 2021), although less sig-
nificantly than in the summer.

Several mechanisms have been proposed to explain dis-
agreements among GCM and RCM projections of air temper-
ature, precipitation, or global radiation in Europe during the
twenty-first century. The absence of time-varying anthropo-
genic aerosols in most RCM simulations plays a major role in
the differences in solar radiation changes (Boé et al. 2020;
Taranu et al. 2023). Boé et al. (2020) also noted that RCMs
simulate a much larger increase in evaporation over the Medi-
terranean Sea. This could likely affect the relative humidity
changes over the continent, leading to a smaller reduction in
cloud cover, precipitation, and finally evapotranspiration and
thus a smaller increase in air temperature. Nevertheless, the
causes of these evaporation changes over the sea remain un-
clear. Schwingshackl et al. (2019) proposed that RCM projec-
tions may also underestimate future warming due to missing
plant physiological CO, responses. This process is captured
by most GCMs, but plants do not reduce their transpiration
under elevated CO, conditions in RCMs, which leads to
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lower surface temperatures, especially during temperature ex-
tremes. However, plant physiology seems to be unlikely to act
as the dominant factor in the detected GCM/RCM discrepan-
cies according to Taranu et al. (2023). Fernandez et al. (2019)
noted that the overall design of the EURO-CORDEX ensem-
ble with only a few favored GCMs selected for downscaling
and a larger share of some RCMs in the final ensemble may
affect the final climate change signal of the RCM ensemble.
Similarly, Taranu et al. (2023) have shown that inconsistencies
in the projected climate change may be limited when GCMs
and RCMs share similar settings (same resolution, same phys-
ics, same forcings).

The main goal of this study is to analyze differences in pro-
jections of individual components of the surface energy bud-
get (Earth’s surface radiation and heat balance) provided by
EURO-CORDEX RCMs and their driving CMIP5 GCMs
across the central European domain. Special emphasis is
placed on the projected changes in latent and sensible heat
fluxes. Both turbulent heat fluxes may act as indicators of bio-
climatic conditions, and their changes reflect the combined ef-
fect of air temperature, precipitation, or global radiation on
vegetation and ecosystems. While the changes in the sensible
heat flux affect the temperatures, including the extremes, the
boundary layer depth, and consequently the cloud formation
(Katul et al. 2012), the latent heat flux is closely connected to
water vapor transport, which represents a major part of the
hydrological cycle across central Europe. Another aim of the
study is to evaluate components of the surface energy budget
simulated by EURO-CORDEX RCMs and their driving
CMIP5 GCMs in the past climate. Unlike temperature or
precipitation, the surface energy budget components are less
often a subject of validation. This is to identify potential
shortcomings of climate models that could affect the interpre-
tation of future projections.

2. Data and methods

We analyze the components of Earth’s surface energy budget
available from climate models with the focus on the summer half
year (April-September). The selected period roughly corre-
sponds to the growing season in the study area (central Europe).
Individual radiation and heat fluxes are considered as long-term
monthly averages over a period of 25 years (1981-2005 in the
past and 2076-2100 in the future).

The selected study area (further referred as central Europe)
is defined as the rectangle between 9°-21° of the eastern longi-
tude and 47°-54° of northern latitude. The area is approxi-
mately centered over the Czech Republic but covers a larger
area including parts of Germany, Poland, Slovakia, Hungary,
Austria, and Switzerland. It also includes part of the eastern
ridge of the Alps (see Fig. 1). The region is characterized by a
complex landscape with various vegetation types (mainly agri-
cultural land, pastures, and mixed forests) and altitudes mostly
up to 1000 m. It is an intensively used agricultural landscape
and a source of water for several major European rivers.
The territory of all abovementioned countries including
their parts outside of the defined study area is considered as
a wider area of central Europe.



APRIL 2025

Biome
O Crop
@ Forest

@ Grass

AN- National border
AN- Study area

Elevation [m a.s. 1]

50

100
200
400
800
1200
1500
2000
3000
4000 m

1:11000 000

SKALAK ET AL.

483

FIG. 1. Study area in Europe with highlighted locations of FLUXNET sites used for evaluation
of the climate models and ERAS-Land reanalysis. More detailed information about the
FLUXNET sites can be found in Table A1 in the appendix.

a. Climate variables

The simplified Earth’s surface energy budget can be written
as follows:

S,-S,=L,—L,+H+LE+G, (1)

where S, is the incoming shortwave solar radiation (also called
global irradiance), S, is the solar radiation reflected from
Earth’s surface, L, is the outgoing longwave radiation from
Earth’s surface, L, is the incoming longwave radiation from the
atmosphere, H is the sensible heat flux, LE is the latent heat
flux (positive when energy is transported from the surface to the
atmosphere), and G is the heat flux into soil. Note that accord-
ing to the sign convention used, positive values of S, and L, rep-
resent a gain of energy on Earth’s surface, while positive values
of S,, L,, H, and LE correspond to a loss of energy on Earth’s
surface. The vertical heat flux from/to soil is not used in the
study, as it is not commonly available in climate model data.
The terms on the left-hand side of Eq. (1), S, and S,,, represent
the net balance of shortwave (NetSW) radiation:

NetSW =S, — S,.. @)
Similarly, the first two terms on the right-hand side of Eq. (1),

L, and L, represent the net balance of longwave (NetLW)
radiation:

NetLlW =L, — L. 3)

The difference of both balances, NetSW and NetLW, forms
the net radiation (NetRAD) balance of Earth’s surface:

NetRAD = NetSW — NetLW. (4)

To study the relative contributions of the turbulent energy
fluxes (H and LE) to Earth’s surface energy budget, we use
the evaporative fraction (EF), defined as follows:
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b. Climate models

We consider four sets of climate models: one set of RCMs,
two sets of CMIP5 GCMs, and one set of CMIP6 GCMs. The
RCM data came from the European part of the CORDEX
global experiment (EURO-CORDEX) and have a spatial reso-
lution of 0.44° on the RCM native rotated grid (corresponding
to ~50-km grid spacing). Unlike previous studies (Stagehuis
et al. 2013; Knist et al. 2017), we exclusively work with simula-
tions driven by CMIP5 GCMs and not with reanalysis, as our
goal is to analyze the climate change signal and understand
how GCM-RCM modeling pairs (as a tool to simulate the
future) are successful in capturing the climate of the recent
past. We also do not use the more detailed EURO-CORDEX
simulations with a 0.11° resolution, as the potential added
value of RCMs compared to GCMs should already be appar-
ent in the coarser resolution of 0.44°. Our selection should also
suppress possible errors in RCM simulations that stem from a
gap in the horizontal resolution between RCM and its driving
GCM data or from limitations of RCM physical parameteriza-
tions under very high resolution.

In total, we considered nine RCM simulations (Table 1),
where all the necessary surface energy budget data were avail-
able at the Earth System Grid Federation data nodes at the
time when this study was initiated. There are four different
RCMs in the selected EURO-CORDEX ensemble; however,
their share is not equal. While two RCMs (CLM4.8.17 and
HIRHAMS) are represented by only one simulation each, the
RCA4 simulation driven by various GCMs has the largest
share (five out of nine simulations).

The second model ensemble used in this study is composed of
five GCMs that serve as a source of lateral boundary conditions
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TABLE 1. Summary of EURO-CORDEX RCMs and their CMIP5-D.
CMIP5-D

RCM name CNRM-CM5 EC-EARTH HADGEM2-ES IPSL-CM5A-MR MPI-ESM-LR
CLM4.8.17 X
HIRHAMS5 X
RACMO22E X X
RCA4 X X X X X

for EURO-CORDEX RCMs. All driving GCMs (hereinafter
CMIP5-D) are mentioned in Table 1 and listed with more de-
tails in Table 2.

Climate projections of RCMs and CMIP5-D are also compared
to projections of larger model ensembles. First, it is a 15-member
ensemble (further referred to as CMIP5 ensemble) composed of
five CMIP5-D and 10 additional GCMs from phase 5 of CMIP.
Second, it is a group of 17 GCMs from phase 6 of CMIP. All
models from both larger ensembles are listed in Table 2. There
are two reasons to include additional GCMs into the analysis:

1) to understand how CMIP5-D projections, based on five
GCMs only, are consistent with the mean climate change
signal of the larger ensemble of CMIP5 models and

2) to see how RCM and CMIP5-D projections representing
the previous generation of climate models are related to the
climate change signal derived from the latest generation of
CMIP6 GCMs.

For all sets of climate models, we calculated an ensemble
mean as a simple arithmetic average across all ensemble
members. Due to the absence of outgoing shortwave and
longwave radiation (S, and L,) data in the EC-EARTH
model, the CMIP5-D ensemble mean for all radiation balan-
ces (NetSW, NetLW, and NetRAD) was based on only four
GCMs. When plotting the GCM ensemble mean on a map,
the data of individual GCMs were first interpolated to the
common grid of 1.5° resolution in longitude and latitude, and

TABLE 2. Summary of CMIP5 and CMIP6 GCMs.

Ensemble designation No. GCM name Ensemble member Horizontal resolution, lon X lat (°)
CMIP5 CMIP5-D 1 CNRM-CMS5 rlilpl 1.41 X 1.41
2 EC-EARTH r12ilpl 1.13 X 1.12
3 HadGEM2-ES rlilpl 1.88 X 1.25
4 IPSL-CM5A-MR rlilpl 2.50 X 1.27
5 MPI-ESM-LR rlilpl 1.88 x 1.87
— 6 BCC-CSM1-1 rlilpl 2.81 X 2.79
7 CESM1-BGC rlilpl 1.25 X 0.94
8 CESM1-CAMS5 rlilpl 1.25 X 0.94
9 CMCC-CESM rlilpl 375 X 3.71
10 CMCC-CMS rlilpl 1.88 X 1.86
11 GFDL-CM3 rlilpl 2.50 X 2.00
12 GFDL-ESM2G rlilpl 2.50 X 1.52
13 INM-CM4 rlilpl 2.00 X 1.50
14 MRI-ESM1 rlilpl 1.13 X 1.11
15 NorESM1-M rlilpl 2.50 X 1.90
CMIP6 1 AWI-CM-1-1-MR rlilplfl 0.94 X 0.94
2 BCC-CSM2-MR rlilp1fl 1.13 X 1.12
3 CESM2 rdilplfl 1.25 X 0.94
4 CMCC-CM2-SR5 rlilp1fl 1.25 X 0.94
5 CMCC-ESM2 rlilplfl 1.25 X 0.94
6 CNRM-CM6-1-HR rlilp1f2 0.50 % 0.50
7 GFDL-CM4 rlilplfl 1.25 X 1.00
8 GFDL-ESM4 rlilplfl 1.25 X 1.00
9 EC-EARTH3 rlilplfl 0.70 X 0.70
10 EC-EARTH3-CC rlilp1fl 0.70 % 0.70
11 EC-EARTH3-VEG rlilplfl 0.70 X 0.70
12 HadGEM3-GC31-MM rlilplf3 0.83 X 0.56
13 INM-CM5-0 rlilplfl 2.00 X 1.50
14 MPI-ESM1-2-HR rlilplfl 0.94 x 0.94
15 MRI-ESM2-0 rlilplfl 1.13 X 1.12
16 NorESM2-MM rlilplfl 1.25 X 0.94
17 TaiESM1 rlilplfl 1.25 X 0.94
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then, the ensemble mean map was calculated. Interpolation
can be skipped when plotting maps for RCMs, as all models
share the same grid in rotated geographic coordinates.

The projected changes in the surface energy balance were
analyzed for the last quarter of the twenty-first century (2076
2100) and compared with the historical period 1981-2005.
We used climate model simulations following the represen-
tative concentration pathway (RCP) scenario RCP8.5 in
case of RCMs and CMIP5 GCMs and the shared socioeco-
nomic pathway (SSP) scenario SSP5-8.5 for CMIP6 GCMs.
The selected scenarios expect a continuing increase in green-
house gas concentrations toward the end of the twenty-first
century. The results of climate model simulations based on
the RCP8.5 and SSP5-8.5 scenarios are thus expected to de-
liver the most significant changes in climate parameters com-
pared to the current conditions.

To evaluate the significance of the results, we consider the
projected ensemble mean changes significant only if they ex-
ceed the standard deviation calculated from changes of indi-
vidual ensemble members.

¢. Observational data

To evaluate the performance of climate models in the
recent past (1981-2005), we used the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERAS5-Land
(ERASL) reanalysis (Mufioz-Sabater et al. 2021) as the main
validation dataset representing the observational data. ERAS-
Land was created by interpolation of the main reanalysis ERAS
(Hersbach et al. 2017) into a finer spatial grid with a resolu-
tion of 0.1° in latitude and longitude. The validation was focused
on a comparison of long-term monthly means of individual
surface energy fluxes spatially averaged over the whole study
area and their temporal course over the period from April to
September.

To validate the global irradiance, we used two additional
observational datasets: the E-OBS dataset of gridded station
observation version 22¢ (Cornes et al. 2018) and the Surface
Solar Radiation Dataset-Heliosat, edition 2.1 (SARAH-2),
dataset (Pfeifroth et al. 2019) created within the Climate Sat-
ellite Application Facility of EUMETSAT.

The E-OBS dataset is based on the interpolated daily
global irradiance data (directly measured or calculated from
sunshine duration measurements) stored in the European Cli-
mate Assessment and Dataset (ECA&D) database and origi-
nally coming from station networks of national weather
services and other data providers. Similar to ERAS-Land, E-
OBS data are available in a regular grid with a mesh size of
0.1° in latitude and longitude.

SARAH-2 global irradiance data were derived from satel-
lite observations and offer a higher spatial resolution of 0.05°
in latitude and longitude. However, the first data were avail-
able as late as 1983, i.e., 2 years later than that in the ERAS-
Land, E-OBS, or climate models.

Finally, we used measurements of surface energy balance
components from selected stations of the flux network
(FLUXNET) in central Europe. The data from FLUXNET
sites cover the period 2001-18; however, availability may
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differ among stations (Table A1l in the appendix). FLUXNET
records were used here to illustrate surface turbulent heat
fluxes behavior in different biomes typical for central Europe
and to compare with climate model data.

d. Evaluation procedure

Mean bias and spatial correlations over the study area were
used as two metrics to evaluate the performance of climate
models by comparison with ERA5-Land reanalysis in the pe-
riod 1981-2005. All data were transferred to the common reg-
ular grid of 1.5° resolution in longitude and latitude, and then,
both metrics were calculated. RCMs were first interpolated to
the regular grid of 0.5° resolution in longitude and latitude
and then upscaled by spatial averaging in the matrix of nine
grid points. As ERAS-Land comes on the regular 0.1° grid, it
was upscaled by spatial averaging in the matrix of 225 grid
points. GCMs were transferred from their native grids to the
1.5° grid by interpolation only.

3. Results
a. Evaluation in past climate conditions

The aim of this section is to analyze the performance of
RCMs and their driving GCMs by comparison with ERAS-
Land reanalysis in the period 1981-2005.

1) RADIATION FLUXES

The annual course of global irradiance, NetSW, and NetLW
over the study area shows very good agreement among RCMs
and ERAS-Land reanalysis (Figs. 2a—c). In summer, global irra-
diance and NetSW is slightly higher in RCMs (up to +9 W m >
or ~+5%), but when other validation datasets (E-OBS and
SARAH-2) are considered, there is good agreement among
these datasets and RCMs, better than in the case of ERAS-
Land. NetLW in RCMs is underestimated during the entire
growing season (Fig. 2c), the most significantly in spring (down
to —7 W m™2 or ~—10%). Spatial correlations of global irradi-
ance and NetSW (Table 3) are higher than 0.8, sometimes even
over 0.9, with only one exception (NetSW in May). On the
other hand, NetLW correlations are lower in RCMs, ranging
from 0.54 in May to 0.91 in September. When the RCM data
are checked visually on its native grid, there is a clear signal
of global irradiance reduction in the mountains, e.g., over the
Carpathians or eastern Alps, in summer that is related to the
annual course of convection and cloudiness in the region
(Fig. Al in the appendix). The summer reduction in global
irradiance is also clearly visible in the SARAH-2 satellite
data but not evident in the E-OBS and ERAS5-Land data.

In the case of CMIP5-D, spatial correlations of radiation
fluxes are very low (under 0.5), especially in summer months
(Table 3). From April to July, spatial correlations of NetLW
are even higher than for global irradiance or NetSW, an attri-
bute that is not present in RCMs. However, the main feature
of CMIP5-D is the positive bias of all radiation fluxes from
May to September (Figs. 2a—c or Table 3). In June and
July, global irradiance and NetSW are overestimated by
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FIG. 2. Seasonal course of selected components of the surface energy budget (W m™~2) over central Europe from
April (IV) to September (IX) as simulated by EURO-CORDEX RCMs, their CMIP5-D, and ERASL: (a) global
irradiance, (b) NetSW, (c) NetLW, (d) NetRAD, (e) LE, and (f) H. For global irradiance other two validation datasets,
E-OBS and CM SAF SARAH-2, are also displayed.
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TABLE 3. Mean bias and spatial correlations of selected radiation and heat fluxes in EURO-CORDEX RCMs and their CMIP5-D
compared to ERASL in central Europe from April (IV) to September (IX) in the period 1981-2005.

Mean bias (W m™?)

Spatial correlation (—)

Parameter Model ensemble v \% VI VII VIII IX v A\ VI VII VIII IX
Sy CMIP5-D 0 12 38 34 19 17 0.52 0.27 -0.09 0.36 0.65 0.85
RCM 2 -2 9 6 2 8 0.93 0.81 0.87 0.80 0.93 0.95
NetSW CMIP5-D 3 15 37 31 17 13 0.45 0.48 -0.09 0.32 0.60 0.82
RCM -2 -1 9 5 0 4 0.87 0.65 0.83 0.80 0.93 0.95
NetLW CMIP5-D 2 7 13 13 9 9 0.58 0.67 0.24 0.38 0.54 0.43
RCM -5 -7 -4 -3 —4 -2 0.78 0.54 0.74 0.71 0.69 0.91
H + LE CMIP5-D 3 11 23 18 8 4 0.51 —0.10 -0.03 0.16 0.80 0.82
RCM -1 3 9 5 0 1 0.86 0.55 0.64 0.69 0.89 0.93
LE CMIP5-D -1 -3 6 1 -4 -3 0.17 0.12 0.22 0.30 0.57 0.70
RCM -3 -1 2 -6 -9 -3 0.76 0.77 0.16 —0.01 0.05 0.24
H CMIP5-D 4 14 17 17 12 7 0.07 -0.33 -0.18 -0.14 —0.01 0.38
RCM 2 4 7 11 9 4 0.24 0.05 -0.05 0.11 0.55 0.79

approximately 35 W m~2 and NetLW on 13 W m ™2 or
ca +20% in relative comparison.

2) TURBULENT HEAT FLUXES

The monthly LE of both model ensembles is in excellent
agreement with ERAS-Land across the entire growing season
(Fig. 2e). Although both ensembles slightly overestimate LE
in June and underestimate LE in August, the differences are
small, only a few watts per square meter (Table 3). Spatial
correlations in RCMs are very low except for spring and
generally lower than for radiation fluxes. When the RCM data
are checked visually on its native grid, LE is relatively suppressed
in RCMs over central European lowlands, while it remains high
in ERAS-Land in summer (Fig. A2 in the appendix).

Compared to ERAS5-Land, the monthly H is overestimated by
CMPI5-D across the entire growing season and by RCMs mostly
in summer (Fig. 2f). In CMIP5-D, the maximum differences
reach +17 W m™? (or ~+80%) in June and July (Table 3). In
RCMs, the differences are smaller, between +7 and +11 W m 2
(or ~+50%). The overestimation of H in CMIP5-D is associ-
ated with compensation for the positive biases in global irradi-
ance and NetSW, as shown in Figs. 2a and 2b. However, the
enhancement of H itself is not the only mechanism to com-
pensate for the relatively large bias of NetSW. As already
mentioned, there is also stronger energy loss by longwave ra-
diation in CMIP5-D, as is apparent from a positive bias of
NetLW (see Fig. 2¢).

In RCMs, the enhanced global irradiance and NetSW in
June and July (up to +9 W m~?) compared to ERA5-Land
are fully translated into an increased sum of both turbulent
fluxes, H + LE (Table 3). As the energy loss via NetLW
is reduced in RCMs in June and July (Fig. 2¢ or Table 3),
part of the energy is perhaps accumulated in the region via
the heat flux into soil or transported horizontally by other
mechanisms.

3) EVAPORATIVE FRACTION

Monthly values of the EF in CMIP5-D and ERAS-Land
show a gradual increase during the entire growing season that
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corresponds to the increasing share of LE in the net turbulent
heat flux (Fig. 3). In absolute terms, however, the H monthly
values are significantly larger in CMIP5-D, thus leading to
an EF of approximately 0.7, while in ERAS5-Land, the EF is
higher, around 0.8. In RCMs, the EF values are close to
ERAS-Land until June, but then they drop to 0.72 as the role
of H grows, while LE declines in RCMs (Fig. 3).

b. Climate change projections

The aim of this section is to analyze the future changes of
the surface energy budget components in EURO-CORDEX
RCMs and their CMIP5-D and put those changes into a broader
perspective of the projections from the larger ensembles of

0.9
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0.7 -
e RCM
0.6 -
e CMIP5-D
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0.5 T L) T T T
AV \Y Vi Vil VIII IX
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FIG. 3. Seasonal course of the EF in central Europe from April
(IV) to September (IX) as simulated by EURO-CORDEX RCMs,
their CMIP5-D, and ERASL in the period 1981-2005.



488

JOURNAL OF HYDROMETEOROLOGY

° 1 mRCM BCMIPS-D mCMIPS mCMIP6
7 g
& 5 I 1 1
: il i I o
1
| 1} 11} v \' VI VIl VIl IX X Xl Xl
35

£
£
15
25 4
35
I I n v v Vi Vil Vi IX X XI XIl
month

FIG. 4. Projected changes of (top) monthly air temperature and (bottom) precipitation in
central Europe in the last quarter of the twenty-first century according to the RCP8.5 or SSP5-8.5
scenarios in EURO-CORDEX RCMs, their CMIP5-D, and other two larger ensembles of
CMIPS and CMIP6 GCMs. Whiskers indicate standard deviation of the ensemble mean changes.
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CMIP5 and CMIP6 models. The RCP8.5 scenario is considered
for RCMs and both ensembles of CMIP5 models, while the
SSP5-8.5 scenario is taken for CMIP6 GCMs.

1) AIR TEMPERATURE

All model ensembles expect significant warming toward the
end of the twenty-first century. The annual mean temperature
should increase by +4.4°C according to CMIP5-D or by slightly
less (+3.8°C) according to RCMs. Warming is strongest in the
second half of the growing season (July—September) and varies
from +4.0° to 4.5°C in RCMs or from +5.3° to 5.7°C in CMIP5-
D (Fig. 4, top). For most of the year (mainly outside the grow-
ing season), the differences between warming levels in RCMs
and CMIP5-D are small: only a few tenths of a degree Celsius
(Fig. 4, top). However, from June to September, the differences
between both ensembles are bigger, from 1° to 1.4°C. When
the larger CMIP5 ensemble is considered, the warming signal
is usually close to CMIP5-D. In CMIP6, model’s warming is
stronger than in any other ensemble, as the new generation of
CMIP6 GCMs show greater climate sensitivity than their
CMIPS5 counterparts (Meehl et al. 2020; Zelinka et al. 2020),
and their scenario forcing, SSP5-8.5, is also not identical to
RCP8.5. However, the main pattern of air temperature changes
across the growing season remains the same.

2) PRECIPITATION

There are two main features in the projected precipitation
changes in all model ensembles (Fig. 4, bottom). First, a re-
duction in precipitation from July to September (CMIP5-D:
from —7 to —20 mm month™ ! or —35 mm in total; RCMs:
from —2 to —9 mm month ' or —17 mm in total) that in the
case of all GCM ensembles is present already in June (e.g.,
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CMIP5-D: —5 mm month ™ '). Second, there is an increase in
precipitation from October to May (CMIP5-D: from +4 to
4+15 mm month™! or +84 mm in total; RCMs: from +1 to
+16 mm month™!' or +97 mm in total). A combination of
both effects leads to higher annual precipitation sums of
+43 mm (or +5%) in CMIP5-D and +80 mm (or +10%) in
RCMs. There is a good agreement among all models on the
higher monthly precipitation from November to April as in-
dicated by ensemble standard deviations smaller than mean
changes (Fig. 4, bottom). The reduction of precipitation in
the second half of the growing season is less certain. For
RCMs, after a significant increase in precipitation in April
and May, changes of precipitation from June to September
are insignificant. For CMIP5-D and CMIP5 models, all monthly
changes from May to September are insignificant except for
July. For CMIP6, however, the precipitation decrease from
June to September is stronger than in any other ensemble and
significant.

3) GLOBAL IRRADIANCE

The projected changes in global irradiance at the end of the
twenty-first century differ a lot between RCMs and other
GCM ensembles.

In CMIP5-D, global irradiance rises during the entire grow-
ing season and October (significantly except for April and
May), in July by +23 W m 2, and in August by +21 W m™>
(+10% in both months) (Fig. 5a). In other months, the
changes in global irradiance are small (a few W m™?) and
mainly negative (the most in March: —3.2 W m™?). From
April to June, the largest enhancement of global irradiance is
detected in the southeastern part of central Europe, while
from July to September, it is in the southwest (Fig. 6). In
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FIG. 5. Projected changes of (a) monthly global irradiance, (b) NetSW, (c) NetLW,
(d) NetRAD, (e) LE, and (f) H in central Europe in the last quarter of the twenty-first cen-
tury according to the RCP8.5 scenario or SSP5-8.5 scenarios in EURO-CORDEX RCMs,
their CMIP5-D, and other two larger ensembles of CMIP5 and CMIP6 GCMs. Whiskers in-
dicate standard deviation of the ensemble mean changes.
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FIG. 6. Changes of global irradiance (W m~2) from April (IV) to September (IX) in 20762100 compared to 1981-2005 projected by
EURO-CORDEX RCMs and CMIP5-D GCMs.

other GCM ensembles, the main pattern of the projected
changes is close to CMIP5-D. CMIP6 changes of global irradi-
ance in the growing season are bigger than those of CMIP5-D
and always significant.

In RCMs, we may also note an increase in global irradiance
from July to September (maximum +8.0 W m 2 or +4% in
July); however, changes are 3 or even 4 times smaller than
those in GCM ensembles, insignificant except for July (Fig. Sa)
and associated with the southwestern part of central Europe
(Fig. 6). Moreover, global irradiance is suppressed in practi-
cally all other months, mainly in winter (up to —11% in rela-
tive terms) and in spring (March: —12.9 W m™2, i.e., —10%;
April: 11.0 W m™2, i.e., —6%). Strong reduction of global
irradiance in spring is a distinct feature of RCMs that is not
present in any of GCM ensembles.

4) OTHER RADIATION FLUXES

The future changes of NetSW in all model ensembles are
practically identical or slightly lower to the changes of global
irradiance (down to —2 W m™? in CMIP5-D and down to
—5 W m~? in RCMs or CMIPG; see Fig. 5b). NetLW changes
are small in all model ensembles and mostly insignificant
(Fig. 5¢). In RCMs, they tend to be year-round negative, the
most in spring (down to —7 W m™?). In all GCM families,
NetLW changes are positive by a few watts per square meter
from July to September, but not significantly. NetRAD changes
closely follow the changes of NetSW, however, with a lower
magnitude (Fig. 5d). NetRAD will increase in all GCM ensem-
bles throughout the whole growing season (e.g., in CMIP5-D in
absolute numbers up to +17 W m ™2 in July, in relative numbers
up to 13% in August). All changes are significant except for
April. In RCMs, NetRAD will remain almost unchanged in
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April and May. Then, NetRAD will rise, but positive changes
are significant only in the second half of the growing season,
and they always fall behind projected changes in CMIP5-D or
other GCM ensembles (e.g., in July and August on —8 W m >
compared to CMIP5-D).

The future growth of NetRAD in all models during the entire
or part of the growing season will bring additional energy for
Earth’s surface compared to 1981-2005. This energy should
be subsequently released in other nonradiative energy fluxes,
for instance, via turbulent heat fluxes (H and LE).

5) LATENT HEAT FLUX

In all GCM ensembles, LE will increase from October to
June (Fig. Se), with maximal changes in spring months (e.g.,
CMIP5-D from +7 to +8 W m™2 or from +10% to +22%).
All GCM changes from October till May are significant. From
July to September, LE will decrease slightly in GCMs (e.g.,
CMIP5-D —4 W m™? or —6% in August), but changes are
not significant in any of the GCM ensemble. Changes in LE
are closely related to changes in precipitation (Fig. 4b). How-
ever, the relatively weak reduction in LE despite the strong
decrease in precipitation in July or August suggests that LE
evaporation (and thus evapotranspiration) is perhaps sus-
tained at the expense of soil water storage in this period. The
long-term balance between monthly precipitation and evapo-
transpiration results in negative values for the period May—
August and reach cumulatively —85 mm which is about 30 mm
more compared to 1981-2005.

In the RCMs, the monthly LE will increase only at a rate
higher than or like that of the GCM ensembles (Fig. Se).
Even in the second part of the growing season, there is almost
no grid point in central Europe where LE would drop less
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FIG. 7. As in Fig. 6, but for H (W m™2).

than —2 W m™2 (not shown) inferring on no pronounced
long-term water limitations. The highest growth of LE is again
expected to occur in spring with similar magnitude as that in the
GCMs. Unlike GCMs, the increase of LE is also expected in
June (+7.9 W m~?), and all positive changes from October till
June are significant in RCMs. The changes in LE in the RCMs
are again closely related to changes in precipitation. More
precipitation (or a weaker reduction from July to September)
together with stronger LE flux indicates that there will be a suffi-
cient supply of soil moisture to enable evaporation. Compared
to CMIP5-D, the long-term balance between monthly precipita-
tion and evapotranspiration results in negative values only for
the period June-August and reach cumulatively —37 mm (i.e.,
less than half of the water deficit in CMIP5-D) which is about
20 mm more than during 1981-2005.

6) SENSIBLE HEAT FLUX

According to all GCM ensembles, H will remain unchanged
from November to April (Fig. 5f). From June to September,
H will increase significantly, however. In July and August, the
CMIP5-D projections suggest H up to +19 W m™ 2 (or
+50%) higher than in 1981-2005. While the changes in
CMIP5 ensemble are like CMIP5-D, in CMIP6, they are
stronger again, on additional 3-4 W m~2 Higher values of H
will affect only mainland Europe (Fig. 7). During the two-
thirds of the central European growing season, H responds to
the elevated global irradiance in all GCM ensembles at most
and compensates for the higher income of energy through the
absorption of shortwave solar radiation at the surface.

In the RCMs, the situation is different. In the spring, espe-
cially in April and May, the RCMs expect a reduction in H by
—5 W m™ 2 (Fig. 5f). This reduction in H is limited to main-
land Europe, approximately north of 47°N (Fig. 7). From July
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to September, H will increase from +3 to +6 W m~2, but
again, this rate is far behind the changes in the GCM ensem-
bles that are 3 times stronger in magnitude (Fig. 5f). The am-
plification of H in the RCMs is the largest in the western part
of central Europe and again limited to the mainland only

(Fig. 7).
7) EVAPORATIVE FRACTION

Here, we strictly limit our investigation to the growing period,
as the EF values may be distorted in late autumn, winter, and
early spring, when both H and LE are small and additionally H
is often negative. The EF changes are again different between
RCMs on the one side and GCM ensembles on the other side.

In CMIP5-D as well as other GCM ensembles, the EF val-
ues will decrease except for April and May when they slightly
rise or remain practically unchanged. From July to Septem-
ber, the EF will drop by —0.10 to —0.12 in CMIP5-D or by
—0.12 to —0.17 in CMIP6 (Fig. 8). This is related to a tiny re-
duction in LE accompanied by a substantial increase in H and
resulting changes of EF are significant across all GCM ensem-
bles from July to September. In absolute terms from April to
June, the EF values are practically identical to those in the
past (i.e., approximately 0.7; see Fig. 3), while from July to
September, they drop to 0.58 in CMIP5-D or 0.53 in CMIP6,
reaching their minimum in August. The most significant de-
clines in EF are in the water-limited southeastern and western
Europe, where we also detect the most prominent changes in
LE (reduction) and H (enhancement). This pattern is then
also translated into geographical changes in EF in central Eu-
rope (Fig. 9).

In the RCMs, the EF rises from April to June (April +0.07,
May +0.05: changes are significant) and then drops as in the
GCMs but not as strongly (by —0.03 at most; see Fig. 8). The
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FIG. 8. Projected changes of the EF in central Europe in the last
quarter of the twenty-first century according to the RCP8.5 sce-
nario or SSP5-8.5 scenarios in EURO-CORDEX RCMs, their
CMIP5-D, and other two larger ensembles of CMIP5 and CMIP6
GCMs. Whiskers indicate standard deviation of the ensemble
mean changes.

role of LE on the net turbulent heat exchange is thus stronger
and culminates at 0.81 in May. Then, it declines to 0.7 in July
and August to rise again in September to 0.75 (not shown). The
spring increase in the EF affects the whole of central Europe,
while its summer reduction is particularly strong in the western
part of central Europe (Fig. 9), where a combined effect of prac-
tically unchanged LE (not shown) and elevated H can be seen
(Fig. 7).

4. Discussion and conclusions

We analyzed the surface energy budget of four ensembles
of climate models and their future changes in the RCP8.5 or
SSP5-8.5 scenario with emphasis on EURO-CORDEX RCMs
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and their driving CMIP5 GCMs. When RCMs and CMIP5-D
are tested in central Europe against the gridded observational
datasets represented by ERAS-Land, E-OBS, and SARAH-2, a
surprisingly excellent agreement in the simulated LE in terms of
mean bias was found in all months of the growing season in the
period of 1981-2005. This suggests that evapotranspiration, a
key component of the water cycle, and energy or mass exchange
between the land surface and atmosphere, is well, or at least con-
sistently, captured in terms of the size in the recent generation of
climate models in central Europe, even though the spatial distri-
bution of LE does not show good agreement with ERAS-Land.

The evaluation also reveals the existence of important
biases in other fluxes, especially in CMIP5-D. There is a sig-
nificant overestimation of global irradiance in CMIP5-D that
further propagates into other energy fluxes: NetSW, NetLW,
and H (Fig. 2). As noted by Wild (2020), excessive global irra-
diance is related to a lack of absorption in the cloud-free at-
mosphere in the GCMs and persists even in the latest
generation of CMIP6 GCMs. It is then translated into in-
creased NetLW and H, leading to their biases when compared
to ERA5-Land.

Overall, very good agreement between the RCMs and
ERAS-Land was found. In some cases, the spatial distribution
of energy fluxes and their seasonal courses seem to be even
more realistic in the RCMs than in ERAS5-Land. First, the
spatial distribution of global irradiance is rather smoothed in
ERAS5-Land (or E-OBS), while in RCMs or CM SAF satellite
observation, it is more detailed and captures, for instance, a
summer reduction of global irradiance over the mountains
(Fig. Al in the appendix). Second, the stronger role of H in
RCMs detected in central Europe (Fig. 5f) and its lowlands
in summer (Fig. A2 in the appendix) corresponds well to the
behavior of typical lowland biomes, e.g., crop fields, as confirmed
by FLUXNET measurements (Fig. A3 in the appendix). An
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FIG. 9. As in Fig. 6, but for the EF.
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intensification of H in RCMs is also accompanied by a reduc-
tion in LE in the summer months (Fig. A2 in the appendix).
ERAS-Land, however, keeps H constant throughout almost
the entire growing season (Fig. 2f). Similar behavior is typical
for grassland, as indicated by FLUXNET measurements (Fig. A3
in the appendix). However, this is not a dominant biome of
central Europe. According to the Coordination of Information
on the Environment (CORINE2020), it represents only 10%
of the land surface of central Europe. The practically constant
seasonal course of H in the growing season in ERAS5-Land
could be explained because of spatial averaging over the study
area, where a mixture of forests (32%), crop fields (44%), or
pastures (10%) is present. As illustrated by the measurements
at FLUXNET sites, these major central European biomes
show very diverse seasonal courses of H and also EF (Fig. A3
in the appendix). However, even at finer spatial scales in
ERAS-Land, for instance, over the large agricultural lowlands
of Slovakia, Hungary, or Central Bohemia, there is no sign of
temporal variability of H that is typical for FLUXNET crop-
land sites. With respect to the high resolution of ERAS-Land
(0.1°) and its maternal ERAS reanalysis (0.25°), it is surprising.
Both examples point on the added value of RCMs as a tool for
downscaling global climate models and simulating climate on a
regional or local scale.

Future changes in all investigated surface energy budget
components are mainly affected and driven by changes in global
irradiance and the net balance of shortwave radiation. This is
where we see an important difference between GCM and RCM
simulations, as noted by Bartdk et al. (2017) and more closely
investigated by Boé et al. (2020) or Taranu et al. (2023).

In all GCM ensembles, we see an increase in global irradi-
ance for most of the year that is translated into a year-round
enhancement of NetSW. It is then balanced mostly by higher
turbulent heat fluxes. In the first 2 months of the growing sea-
son in central Europe, we see the abundance of water from
precipitation in winter and spring that is translated into a
higher LE flux and, despite higher temperatures, a constant
H. From June to September, the rainfall drops, followed by
an immediate increase in H and a subsequent small reduction
in LE. Evapotranspiration is likely limited by the soil water
supply. The second part of the growing season is warm, sunny,
and dry. All GCM projections thus indicate higher likelihood
of conditions that may cause drought stress to vegetation due
to lack of water and overall decrease in biomass productivity,
despite higher CO, levels.

The situation is less straightforward in the RCMs, where
changes in global irradiance and NetSW are balanced differ-
ently. There is a reduction in NetLW throughout the year.
With respect to rising air temperatures and elevated concen-
trations of greenhouse gases in the atmosphere, the reduction
in NetLW can be explained by the strengthening of downwel-
ling longwave radiation. This is likely due to greater cloudi-
ness, as also indicated by the reduction in global irradiance.
The LE flux is enhanced throughout the year, most strongly
in spring and early summer, which is again related to high
precipitation and warmer climate in winter and spring.
Evapotranspiration does not seem to be limited by the soil
water supply, as also indicated by the reduced H and simple
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water balance consideration leading relatively small summer
deficits. From July to September, the temperature rises, the
rainfall drops, the sky becomes brighter, and Earth’s surface
gains more energy, but it is still far less than that in the
CMIP5-D. Evapotranspiration is still slightly higher than at
present, and compared to H, LE dominates in compensating
the small energy gains due to the higher NetSW. The second
part of the growing season is warm and sunny but certainly
not dry. All this happens under high concentrations of CO,.
The RCM scenarios thus indicate conditions that are favorable
for a substantial increase in plant productivity due to the abun-
dance of water or the overall prolonging of the growing season.

Although the detected differences between CMIP5-D and
RCM projections in central Europe seem to be insignificant,
their combination can have fundamental effects on the esti-
mation of the very nature of the impact of climate change on
some sectors. The predictions of the impact models can lead
to remarkably different results, which cannot be explained
simply by reference to the different resolution or uncertainty
in the CMIP5-D and RCM ensembles.

Furthermore, when the wider ensemble consisted of 17 CMIP6
GCMs and their projections following the shared socio-
economic pathway (SSP) scenario SSP5-85 is considered, differ-
ences between the CMIP5-D or CMIP5 and RCM projections
become even more pronounced. Although the SSP5-85 and
RCP8.5 scenarios are not identical and the new generation
CMIP6 models show greater climate sensitivity than their
CMIP5 counterparts (Meehl et al. 2020; Zelinka et al. 2020),
the overall pattern of the future changes of air temperature,
precipitation, and surface energy budget components in the
CMIP6 ensemble is closer to both CMIP5 ensembles and fur-
ther away from RCMs (Fig. 5). Warming is generally stronger
in CMIP6 and associated with a more significant reduction of
precipitation in the growing season. The global irradiance in-
crease is also stronger, especially from April to June. LE and
H changes in CMIP6 follow a similar pattern as in CMIPS5 en-
sembles, but again, the magnitude of change is bigger. Their
combined effect leads to larger reduction of EF in the growing
season. There is no sign of heading toward the wetter growing
season in central Europe.

It is also worth noting that the observed data in central Eu-
rope show the following:

1) increase in global irradiance in the first half of the grow-
ing season (Trnka et al. 2015),

2) long-term stagnation of annual precipitation (Brazdil et al.
2022),

3) prolongation of drought episodes (Trnka et al. 2016),

4) reduction of water supply in the soil (Trnka et al. 2015,
2022; Scherrer et al. 2022),

5) decrease in river discharge (Fischer et al. 2023; Torbenson
et al. 2023), and

6) reduction of underground water supply (Hellwig and
Stahl 2018).

All of the abovementioned phenomena are compatible
with the GCM projections of the central European climate in
the twenty-first century. On the other hand, climate conditions
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projected by RCMs in central Europe have a significantly
weaker fingerprint in observations thus far, although the sig-
nal of human-induced global climate change has already been
present in observations for many decades. EURO-CORDEX
RCM simulations obtained by downscaling CMIP5-D result
in changes in global irradiance, turbulent heat fluxes, or precip-
itation that lead to conditions favorable for landscape water
accumulation and plant growth in the growing season in central
Europe. This is, however, in contradiction with the story told by
CMIP5-D and trends derived from observations. Although the
added value of RCMs and their suitability for use in impact
studies is evident, in the case of the conflicting nature of RCM
and GCM projections, the emphasis on using RCM-based
projections in further modeling and decision-making chains
might lead to a serious risk of maladaptation and inefficien-
cies in mitigating climate change.

Our results thus confirm the ongoing need for more detailed
investigation and better understanding of causes that lead to
differences among climate projections from different model
ensembles, as they have already been initiated by the climate
modeling community (Fernandez et al. 2019; Schwingshackl
et al. 2019; Boé et al. 2020; Taranu et al. 2023). It is worth
noting that in EURO-CORDEX experiments downscaling
CMIP5 models in higher spatial resolution of 0.11°, there are
RCMs with evolving aerosols and thus different evolution of
air temperature or global irradiance (Schumacher et al. 2024).
Our results for EURO-CORDEX 0.44° RCMs do not com-
prise the full available CORDEX RCM ensemble. For future
use of RCMs, we suggest introducing the preliminary test of
RCMs by using their data in impact models to critically ex-
amine a cumulative effect of potential biases that may be hid-
den in RCMs. Comparing these outputs with the observations
may serve as an indirect validation of RCMs prior to their
recommendation as a tool for impact studies. In light of the
arrival of a new generation of EURO-CORDEX projec-
tions based on the downscaling of CMIP6 GCMs, this is a
timely note that may help to support and confirm the choice
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of the most suitable RCMs for impact modeling in all parts of
Europe.
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APPENDIX

FLUXNET Stations and Evaluation of RCMs and
CMIP5-D GCMs

We used measurements of surface energy balance compo-
nents from selected stations of the FLUXNET network in
central Europe to illustrate surface turbulent heat fluxes be-
havior in different biomes typical for central Europe and to
compare with climate model data. The data from FLUXNET
sites cover the period 2001-18; however, availability may dif-
fer among stations (Table Al). Additional details are provided
in Figs. A1-A3.

TABLE Al. Availability of radiation and heat flux data from the selected FLUXNET stations representing various biomes in central

Europe.
Map ID Biome Site Alt Lon Lat Data coverage Reference
A Crop Oensingen 452 7.734 47.286 2004-18 Emmel et al. (2018)
B Grass Chamau 400 8.410 47.210 2006-18 Feigenwinter et al. (2023)
C Forest Hainich 440 10.453 51.079 2001-18 Knohl et al. (2003)
D Crop Gebesee 162 10.914 51.100 2001-18
E Crop Klingenberg 478 13.522 50.893 2005-18 Prescher et al. (2010)
F Grass Grillenburg 385 13.513 50.950 2003-18 Prescher et al. (2010)
G Forest Tharandt 380 13.565 50.963 2001-18 Prescher et al. (2010)
H Forest Bily Kfiz 875 18.537 49.502 2004-18
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FIG. Al. (clockwise from the top-left corner) Monthly mean global irradiance (W m™2) in July derived from EURO-
CORDEX RCMs, ERAS-Land, E-OBS, and CM SAF SARAH-2 data in the period 1981-2005.
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FIG. A2. (top) Monthly mean latent and (bottom) sensible heat flux (W m~?) in July derived from (left) EURO-
CORDEX RCM and (right) ERASL in the period 1981-2005.
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FIG. A3. Seasonal course of (top) H (W m?) and (bottom) the EF from April (IV) to September (IX) at selected central European
FLUXNET sites representing various biomes: (left) grassland, (center) cropland, and (right) forest.
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