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Abstract. Deciduous forests are characterized by a higher
albedo, a reduced stomatal resistance, and a deeper root sys-
tem in comparison to coniferous forests. As a consequence,
less solar radiation is absorbed and evapotranspiration is po-
tentially increased, making an increase in the deciduous for-
est fraction a potentially promising measure to mitigate the
burdens of heat extremes for humans and nature. We analyze
this potential by means of an idealized 30-year-long regional
climate model (RCM) experiment, in which all coniferous
forests in Europe are replaced by deciduous forests and com-
pared to a simulation using the actual forest composition.

Results show that an increase in the deciduous forest frac-
tion reduces the heat intensity during heat periods in most
regions of Europe. During heat periods, there is a slight re-
duction in the mean daily maximum 2 m temperatures sim-
ulated of about 0.2 K locally and 0.1 K non-locally. Regions
with a high cooling potential are southwestern France and
northern Turkey, where heat period intensities are reduced
by up to 1 K. Warming effects are simulated in Scandinavia
and eastern Europe.

Although the cooling effect on heat period intensities is
statistically significant over large parts of Europe, the mag-
nitude of the temperature reduction is small. Consequently,
an increase in the deciduous forest fraction only has a lim-
ited potential to reduce heat period intensities in Europe and
can therefore only be considered as a supporting mitigation
measure to complement more effective mitigation strategies.

1 Introduction

More frequent and more intense heat periods constitute one
of the most serious impacts of anthropogenic climate change
in Europe (Seneviratne et al., 2021). Since the 1950s, the
number of days with extreme heat has tripled and the inten-
sity of heat extremes has increased by about 2.3 K in Europe
(Lorenz et al., 2019). Although the intensities and character-
istics of heat extremes depend on the applied heat extreme
indices (Becker et al., 2022), the results of the latest CMIP6
projections indicate that this trend will continue within the
next decades (Li et al., 2021). The resulting heat stress will
entail enormous burdens for humans and nature. Therefore,
in order to minimize future heat extreme impacts, effective
mitigation strategies will be required.

In this context, one of the most frequently debated mitiga-
tion strategies to anthropogenic climate change is afforesta-
tion (e.g., Sonntag et al., 2016; Harper et al., 2018). Forests
actively remove CO» from the atmosphere and store the car-
bon long term in their biomass (Pan et al., 2011). Thus,
afforestation has a beneficial biogeochemical effect on the
greenhouse effect. Furthermore, the capability of forests to
transpire water is higher than for other vegetation types (Bo-
nan, 2008). A larger part of the available energy at the sur-
face can consequently be transformed into latent heat instead
of heating up the land surface (Strandberg and Kjellstrom,
2019).

Beyond these beneficial effects on the local surface en-
ergy balance, afforestation can also affect climate conditions
non-locally (Winckler et al., 2019). For instance, Meier et
al. (2021) showed that forests increase downwind precipita-
tion in most regions of Europe, partially counteracting the
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projected precipitation decrease from climate change. Af-
forestation is therefore an indispensable component of all
shared socioeconomic pathways (SSPs) for reaching the tar-
get of the Paris Agreement to keep the rise in mean global
temperature well below 2 K above pre-industrial levels (Roe
et al., 2019).

However, the efficiency of afforestation as a mitigation
strategy strongly depends on the planted forest type (Jackson
et al., 2008; Anderson et al., 2011). For instance, deciduous
forests are brighter than coniferous forests (e.g., Breuer et al.,
2003; Jackson et al., 2008; Otto et al., 2014). Thus, less solar
radiation is absorbed and the energy input into the climate
system is reduced. Moreover, deciduous forests are charac-
terized by a deeper root system (e.g., Canadell et al., 1996)
and a reduced stomatal resistance (Breuer et al., 2003; Car-
nicer et al., 2013). As a consequence, deciduous forests are
able to extract water from deeper soil layers and the available
amount of soil water for evapotranspiration is increased, re-
ducing the water stress, particularly during heat periods (e.g.,
Brinkmann et al., 2019). Due to the reduced stomatal re-
sistance of deciduous forests, the release of this additional
water amount into the atmosphere via transpiration is facili-
tated and surface temperatures are reduced. The general ef-
fects of different forest types on the climate conditions are
already documented (e.g., Duveiller et al., 2018; Luyssaert
et al., 2018). For instance, using a statistical model based on
remote sensing data, Schwaab et al. (2020) concluded that
deciduous forests have an increased cooling effect on heat
extremes in comparison to coniferous forests.

However, the current composition of European forests is
dominated by coniferous trees (Bartholome and Belward,
2005) due to forestry reasons. The composition of primary
European forests is different and depends on the regional
conditions. In boreal and mountainous regions, cold and wet
climate conditions cause a leaching and acidification of soils,
favoring the dominant establishment of cold-tolerant conifer-
ous trees (Bohn et al., 2000). Otherwise, primary European
forests are mainly characterized by large deciduous tree frac-
tions, like beech (Bohn et al., 2000). After humans started
to cultivate landscapes in the course of the Holocene, Euro-
pean forests were extensively cleared for croplands, timber,
and firewood (Kaplan et al., 2009), particularly during the
medieval period (Pongratz et al., 2008). As a consequence,
the forest cover on usable land for agriculture declined to
under 6 % in central and western Europe in the mid-19th
century (Kaplan et al., 2009). The resulting scarcity of tim-
ber and firewood made the management of forests necessary,
which led to an intensive plantation of coniferous trees (Mc-
Grath et al., 2015). The persistent cold climate conditions of
the so-called “little ice age” during this period, and the high
yields of coniferous trees, favored their cultivation in Europe.
This yield orientation is still driving forest management to-
day (Ceccherini et al., 2020); it is also the reason why pri-
mary forests only cover 0.7 % of Europe’s forest area today
(Sabatini et al., 2018).
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The resulting high proportion of coniferous trees in today’s
European forests and the associated dark vegetation surface
results in the absorption of comparatively large amounts of
solar radiation, and a relatively lower fraction of this avail-
able energy amount is transformed into latent heat. The en-
ergy balance of European forests is consequently not ideal,
potentially increasing the intensity and duration of heat ex-
tremes. Therefore, a potential strategy to optimize this en-
ergy balance, and thus to mitigate hot temperature extremes
in Europe, would be to increase the broadleaf tree fraction in
European forests. The goal of this study is to investigate this
mitigation potential and quantify its effects in an idealized
setup.

For this purpose, we designed an idealized multidecadal
modeling experiment, in which the whole coniferous forest
fraction in Europe is replaced by deciduous forests. In order
to simulate the complex effects of such a forest replacement
on the regional climate system as accurately as possible, a
regional climate model (RCM) is applied by which global
reanalysis data are downscaled over Europe. The results of
this RCM simulation (DECID) are compared with the re-
sults of a reference simulation (REF), in which the actual
composition of European forests is used. By means of this
idealized modeling experiment, we are able to quantify the
general potential effect of an increase in the deciduous for-
est fraction on heat extreme characteristics in Europe. The
design of the modeling experiment is described in Sect. 2.
In Sect. 3, the general potential effect of an optimized com-
position of European forests on the intensity (Sect. 3.1) and
duration (Sect. 3.2) of heat periods is assessed. Results are
discussed in Sect. 4 and conclusions are drawn in Sect. 5.

2 Methods

In the course of this study, the regional climate model
COSMO-CLM (CCLM; Rockel et al., 2008) is two-way cou-
pled to the land surface model VEG3D (Breil and Schadler,
2021) and used to simulate the effects of an increased decid-
uous forest fraction on heat extremes in Europe. The CCLM-
VEG3D runs are performed for the Coordinated Down-
scaling Experiment — European Domain (EURO-CORDEX;
Jacob et al., 2014) on a horizontal resolution of 0.11°
(~12.5km). All simulations were driven by ERAS5 reanal-
yses (Hersbach et al., 2020) at the lateral boundaries and
the lower boundary over sea. The simulation period is 1986—
2015 and a spin-up of 7 years was performed before 1986.
In the first simulation, yearly updated maps of the actual
land cover conditions in Europe are implemented in CCLM-
VEG3D (Fig. 1a). This experiment constitutes the reference
simulation (REF). The applied land use maps were developed
in the framework of the Land Use and Climate Across Scales
(LUCAS) project (Davin et al., 2020), based on the European
Space Agency Climate Change Initiative Land Cover (ESA-
CCI LC) dataset (ESA, 2017). Changes in the land use cover
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during the simulation period were derived from the Land-
Use Harmonization 2 (LUH2) dataset (Hurtt et al., 2020).
A detailed description of the method, by which this land use
dataset was created, can be found in Hoffmann et al. (2022a).

Since only the dominant land use class in a grid cell is
considered in VEG3D, land use changes are only taking
place in CCLM-VEG3D if the dominant land use class in
a grid cell is changing. In addition, the vegetation charac-
teristics of different deciduous tree species (beech, oak, etc.)
and different coniferous tree species (pine, spruce, etc.) are
all combined in one representative forest class, respectively.
This means that for the different vegetation parameters, de-
scribing the characteristics of these different tree species, the
mean values over the parameter space of the respective de-
ciduous and coniferous trees are used. In CCLM-VEG3D,
therefore, only one deciduous forest class and one conifer-
ous forest class are considered (see Table 1). In this context,
for the deciduous forest class, only deciduous broadleaf trees
are considered, while in the coniferous forest class, only ev-
ergreen needleleaf trees are included. Evergreen broadleaf
trees (e.g., Mediterranean oaks) or deciduous needleleaf trees
(e.g., larch) are consequently not considered. This approach
is associated with a certain degree of uncertainty since the
parameter spaces of deciduous and coniferous trees have a
certain overlap (e.g., Wright et al., 2005; van Bodegom et al.,
2012). This means that the characteristics of several decidu-
ous and coniferous tree species do show a high level of agree-
ment. However, we assume in our approach that the parame-
ter similarity is generally higher within the respective decid-
uous and coniferous tree classes than between the two classes
(e.g., Gitay and Noble, 1997). The averaged parameter values
of deciduous and coniferous trees can consequently be used
to differentiate between the general characteristics of these
tree species. Therefore, the use of two representative forest
classes in this study is assumed to be suitable for investigat-
ing the general effects of deciduous and coniferous trees on
heat period characteristics.

In the second simulation (DECID), all grid cells covered
with coniferous forests in REF are replaced by deciduous
forests (Fig. 1b). As a consequence, deciduous forests in this
simulation are located in regions where their growth is eco-
logically limited to some extent (e.g., Hogberg et al., 2017).
For instance, broadleaf deciduous forests generally have high
nitrogen needs. However, soils are generally nitrogen poor in
boreal regions; this explains why the ecological conditions
are not optimal for the growth of deciduous forests and why
only deciduous tree species with low nitrogen demands, like
birch or poplar, grow naturally. Therefore, coniferous trees
have a naturally high proportion in boreal forests. However,
these ecological limitations of an increased deciduous forest
cover fraction are not considered in this idealized sensitiv-
ity study; the focus is only on the potential climatological
effects.

By comparing the results of this idealized DECID with the
results of the REF, the general potential effect of an increase
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in the deciduous forest fraction on the intensity and duration
of heat periods in Europe is assessed. In order to quantify
changes in the heat period intensities, days above the 90th
percentile of the daily maximum temperatures in 2 m height
during summer (JJA) are analyzed. In this context, we define
the heat period intensities as the mean daily maximum 2 m
temperature for the warmest 10 % of summer days and com-
pare these mean values for DECID and REF with each other.
Changes in the duration of heat periods in both simulations
are quantified by counting the number of days, in which the
daily maximum 2 m temperature exceeds the 90th percentile
of daily maximum temperatures in REF over at least 3 con-
secutive days (Russo et al., 2015). The analyzed processes
are separated in local effects; changes in the climate condi-
tions in grid cells with an increase in the deciduous forest
fraction, which are directly caused by changes in the sur-
face energy balance and non-local effects; and changes in
the climate conditions in grid cells with no increase in the
deciduous forest fraction, which are only indirectly caused
by changes in the surface energy balance.

3 Results
3.1 Heat period intensity
3.1.1 Local effects

We first analyze the local effects of an increased deciduous
forest fraction on heat period intensities. Figure 2a shows
the local changes in the net short-wave radiation for the re-
gions in which coniferous forests were replaced by decidu-
ous forests. Net short-wave radiation is reduced in all these
regions due to the increased albedo of deciduous forests in
comparison to coniferous forests. Thus, less radiative energy
at the land surface is locally available. At the same time, in
central and southern Europe, the latent heat fluxes of decidu-
ous forests are increased (Fig. 2b) and the sensible heat fluxes
are reduced (Fig. 2c). This indicates that, in a deciduous for-
est in central and southern Europe, the radiative energy in-
put during heat periods is reduced and a larger part of this
reduced available energy at the surface is additionally used
for evapotranspiration instead of heating up the land surface.
During heat periods, the replacement of coniferous forests
with deciduous forests consequently leads to a local reduc-
tion in the daily maximum 2 m temperatures, and thus the
heat period intensities (Fig. 2d). In northern Europe, or more
precisely in the northern part of Scandinavia, this is not the
case. In this region, a warming of the mean daily 2m tem-
peratures during heat periods is simulated with an increase
in the deciduous forest fraction. This warming effect is di-
rectly caused by a reduction in the evapotranspiration rates
in Scandinavia (Fig. 2b).

During heat periods, different evapotranspiration re-
sponses to an increase of the deciduous forest fraction are
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Figure 1. (a) CCLM-VEG3D land use classes. (b) Grid cells in which coniferous forests were replaced by deciduous forests in the DECID

simulation.

Table 1. Vegetation parameters of deciduous and coniferous forests in CCLM-VEG3D.

Minimum stomatal Root depth  Albedo Surface

resistance  (density < 2 %) roughness

Deciduous forest 100sm™~! 20m 0.15 0.8m
Coniferous forest 120sm~! 1.0m 0.11 1.0m

caused by a different weighting of opposing vegetation char-
acteristics of deciduous and coniferous forests. On the one
hand, the stomatal resistance of a deciduous forest is re-
duced in comparison to a coniferous forest (see Table 1), and
transpiration through the leaf stomata is facilitated. Further-
more, the root system of deciduous forests reaches deeper
than that of coniferous forests (Table 1). Therefore, decidu-
ous forests are able to extract water from deeper soil layers.
Consequently, the available amount of soil water for evapo-
transpiration increases during phases of water limitation, re-
ducing the water stress and enabling an enhanced evapotran-
spiration, particularly during heat periods. These two char-
acteristics of deciduous forests have a facilitating effect on
evapotranspiration during heat periods.

On the other hand, the albedo of a deciduous forest is
higher than that of a coniferous forest (Table 1). Therefore,
less solar radiation is absorbed and the energetic forcing of
evapotranspiration is reduced (Fig. 2a). Additionally, the sur-
face roughness of a deciduous forest is lower than that of a
coniferous forest (Table 1). Thus, the turbulent transport of
water from the surface to the atmosphere is not as efficient
as for a coniferous forest. These two characteristics of de-
ciduous forests consequently have an attenuating effect on
evapotranspiration during heat periods.

In most parts of Europe, the weight of the reduced stomatal
resistance and the reduced water stress of deciduous forests is
dominating the evapotranspiration response during heat peri-
ods, and latent heat fluxes are increased (Fig. 2b). But this
is not the case in Scandinavia. In general, the net short-wave
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radiation and the saturation deficit are lower in Scandinavia
than in central and especially southern Europe. Thus, the en-
ergetic forcing of evapotranspiration and the atmospheric de-
mand for evapotranspiration are reduced in comparison to the
southern parts of Europe, generally attenuating evapotranspi-
ration in Scandinavia (Breil et al., 2021). Now, by increas-
ing the deciduous forest fraction in Scandinavia, the already
comparatively low energetic forcing of evapotranspiration is
further reduced (Fig. 2a). In addition, due to the generally
low radiative energy input in Scandinavia, surface tempera-
tures are lower than in central and southern Europe, with the
consequence that buoyancy is comparatively small and wind
sheer becomes more important for the turbulent exchange be-
tween the surface and the atmosphere. Therefore, the surface
roughness has a stronger impact on evapotranspiration rates
in Scandinavia than in the rest of Europe (Breil et al., 2021).
In a deciduous forest, this surface roughness is lower than
in a coniferous forest (Table 1). Wind sheer is consequently
reduced and the turbulent transport of water between the sur-
face and the atmosphere is further attenuated in Scandinavia,
leading to reduced latent heat fluxes (Fig. 2b).

On top of this, even during heat periods in Scandinavia,
evapotranspiration is not water limited due to the generally
high water supply and the low energetic forcing. This is
shown by the higher correlation between latent heat fluxes
and daily maximum 2 m temperatures during heat periods
in Scandinavia in comparison to central and southern Eu-
rope (Fig. 2f). This means that also for a coniferous forest
in Scandinavia with its comparatively shallow root system,
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Figure 2. Local differences between DECID and REF for (a) net short-wave radiation, (b) latent heat fluxes, (c) sensible heat fluxes,
(d) daily maximum 2 m temperatures, and (e) temporal correlation between latent heat fluxes and daily maximum 2 m temperatures during
heat periods. Panel (f) shows the temporal correlation between latent heat fluxes and daily maximum 2 m temperatures of coniferous forests
in REF during heat periods. The black circles in (d) indicate significant results calculated with a Wilcoxon rank-sum test at a 95 % level.

enough soil water is available to exploit its higher evaporative
potential, which is caused by an increased energetic forcing
and surface roughness. The increased radiative energy input
of a coniferous forest can consequently be transformed into
higher evapotranspiration rates (Fig. 2b), although its stom-
atal resistance is higher (Table 1). This increase in evapo-
transpiration is even so strong that lower daily maximum 2 m
temperatures are simulated with coniferous forests, although
more energy is available to heat up the surface in Scandi-
navia (Fig. 2a). Therefore, an increase in the deciduous for-
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est fraction leads to more intense heat periods in Scandinavia
(Fig. 2d).

The same weighting of processes also leads to increased
latent heat fluxes for coniferous forests in the Alpine region
and the low mountain ranges of central Europe (Fig. 2b).
However, in these regions, the effects of the increased evap-
otranspiration is just balancing and not exceeding the ef-
fects of the increased radiative energy input of coniferous
forests. As a result, the local intensities of heat periods are
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of the same magnitude for coniferous and deciduous forests
(Fig. 2d).

In central and southern Europe, the radiative energy input
is generally higher than in Scandinavia and thus also more
buoyant. The effect of wind sheer and the surface rough-
ness on the turbulent water transport is consequently less
pronounced (Breil et al., 2021), and the weighting of the
stomatal resistance on evapotranspiration is increased. In ad-
dition, the water stress during heat periods is lower for de-
ciduous forests than for coniferous forests, due to the deeper
root system of deciduous forests (Table 1), which is shown in
Fig. 2e by the higher temporal correlation between latent heat
fluxes and daily maximum 2 m temperatures in DECID than
in REF. As a consequence, evapotranspiration of deciduous
forests is increased, although the energetic forcing is lower
than for coniferous forests. An increase in the deciduous for-
est fractions therefore leads to a local reduction in heat period
intensities in central and southern Europe (Fig. 2d).

However, the absolute local effects of an increased decidu-
ous forest fraction in Europe on the daily maximum 2 m tem-
peratures are quite small during heat periods (Fig. 2d). The
mean local reduction in the heat period intensity in Europe
(except Scandinavia) is 0.2 K. Regions with a pronounced
temperature reduction are located in southwestern France
(0.6-0.9K) and northern Turkey (up to 1K). The highest
simulated temperature reduction is 3.7 K. But such strong lo-
cal effects are absolutely exceptional. At 95 % of the grid
cells, in which an increase in the deciduous forest fraction
leads to a local cooling, the reduction in the daily maximum
2 m temperatures is below 0.5 K.

Although this local cooling effect is only slightly pro-
nounced, it is statistically significant for 45 % of all grid cells,
in which an increase in the deciduous forest fraction resulted
in reduced daily maximum 2 m temperatures, uniformly dis-
tributed all over Europe (except Scandinavia, Fig. 2d). This
means that for nearly half of these grid cells, the process
chain of reduced absorbed solar radiation and increased evap-
otranspiration results in a significant reduction in local heat
period intensities for deciduous forests. However, this also
means that for slightly more than half of these grid cells, the
simulated reduction in the daily maximum temperatures is
not significant. Thus, for these grid cells, random causes for
the temperature reduction cannot be excluded.

The mean local warming in Scandinavia is 0.1 K, with a
maximum warming effect of 0.4 K. Local warmings with an
increase in the deciduous forest fraction are statistically not
significant.

3.1.2 Non-local effects

An increase in the deciduous forest fraction has a non-local
cooling effect on the heat period intensities over large parts
of Europe in non-forested areas (Fig. 3a). Over central, west-
ern, and southern Europe, a non-local cooling of the daily
maximum 2 m temperatures is simulated in general. The lo-
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cal cooling of air masses over deciduous forests consequently
also induces a cooling of air masses in the surrounding areas.
This non-local cooling effect is further intensified by gener-
ally higher precipitation sums in summer in regions showing
a non-local cooling (Fig. 3b). Thus, the available amount of
water for evapotranspiration in these regions is increased dur-
ing heat periods and the water stress is reduced, resulting in
higher evapotranspiration rates (Fig. 3c) and lower heat pe-
riod intensities (Fig. 3a).

However, in eastern Europe, at the North Sea coast of cen-
tral Europe and the Balkan Mountains, higher daily maxi-
mum 2 m temperatures are simulated in non-forested areas
(Fig. 3a). These warmer non-local temperatures arising with
an increase in the deciduous forest fraction are also caused
by non-local differences in the summer precipitation sums
between DECID and REF. In all these regions, mean precip-
itation sums in summer are reduced (Fig. 3b), and thus, the
available amount of water for evapotranspiration during heat
periods is also reduced. Lower evapotranspiration rates are
the consequence (Fig. 3c), which means that more energy is
available at the surface to heat up the surface, finally leading
to non-locally intensified heat periods.

These changes in the spatial distribution of precipitation
sums in summer are most likely caused by local changes in
the vegetation characteristics, associated with an increase in
the deciduous forest fraction in Europe. Deciduous forests
are increasing evapotranspiration rates locally (Fig. 2b), and
thus the release of water into the atmosphere. Downwind pre-
cipitation is therefore potentially increased. However, decid-
uous forests are also reducing local temperatures (Fig. 2d)
and are characterized by a lower surface roughness (Table 1),
potentially inhibiting the development of convective precipi-
tation events in summer in comparison to coniferous forests.
Because of these opposing vegetation characteristics, an in-
crease in the deciduous forest fraction can therefore lead to
changes in the spatial and temporal precipitation distribution
over Europe (Fig. 3c).

For instance, the locally increased evapotranspiration rates
in central Europe (Fig. 2b) are increasing the water vapor
content in the atmosphere. Thus, moister air masses are gen-
erally transported eastward with the typical westerly flow in
Europe (Fig. 3d). We hypothesize that due to the increased
water vapor content of this air mass, downwind rain is falling
earlier and more extensively, leading to increased precipita-
tion sums in a region from Greece to the Baltic countries
(Fig. 3b). Further east, air masses are consequently drier and
precipitation sums in summer are reduced (Fig. 3b), resulting
in intensified heat periods (Fig. 3a).

A slight non-local warming during heat periods is ad-
ditionally simulated in the coastal regions of Scandinavia
(Fig. 3a). This warming is not caused by reduced precipi-
tation sums but is a direct consequence of the warmer air
masses above forested regions in Scandinavia. This is shown
by the fact that evapotranspiration rates are slightly increased
instead of reduced (Fig. 3c). Thus, changes in the evapotran-
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Figure 3. Non-local differences between DECID and REF for (a) daily maximum 2 m temperatures during heat periods, (b) mean precipita-
tion sums in summer, and (c) latent heat fluxes during heat periods. Panel (d) shows the geopotential height in 500 hPa and the mean wind
direction (arrows) in REF during summer. The black circles in (a) indicate significant results calculated with a Wilcoxon rank-sum test a

95 % level.

spiration rates here are a result of warmer temperatures and
not their cause, as it is the case in eastern Europe.

Quantitatively, the non-local effects of an increased decid-
uous forest fraction in Europe are of the same magnitude as
the local effects, and thus quite small (Fig. 3a). The non-local
warming effect in eastern Europe, at the North Sea coast
of central Europe and the Balkan Mountains, has a mean
value of 0.1 K and statistically not significant. The warm-
ing at 95 % of the respective grid cells is again below 0.4 K.
The non-local cooling effect over central, western, and south-
ern Europe also has a mean value of 0.1 K with a 95th per-
centile of 0.3 K. As already identified for the local effects,
non-local cooling effects are statistically significant for 23 %
of all grid cells with reduced daily maximum 2 m tempera-
tures (Fig. 3a). However, this also means that the simulated
non-local reduction in the daily maximum temperatures is
statistically not significant for the other 77 % of these grid
cells. Although the same process chain is simulated for these
non-significant grid cells as for the significant grid cells, ran-
dom causes for the temperature reduction during heat periods
cannot be excluded.
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3.2 Heat period duration

We finally analyze potential impacts of an increase in the de-
ciduous forest fraction in Europe on changes in the heat pe-
riod durations (Fig. 4). Therefore, in both simulations a heat
event is defined as a period in which the daily maximum 2 m
temperature exceeds the 90th percentile of daily maximum
temperatures in the reference run over at least 3 consecutive
days.

Results show that the duration of heat periods is generally
not affected by changes in the European forest composition.
In eastern Europe, isolated grid cells with a heat period exten-
sion of up to 1d are simulated. In central Europe and north-
ern Scandinavia, a few grid cells with a shortening of heat
periods are simulated. However, these grid cells are not sys-
tematically connected to local or non-local processes. Thus,
no significant impact of an increase in the deciduous forest
fraction on heat period durations is detected in Europe.

4 Discussion

The results of this study show that the benefit of an increased
deciduous forest fraction on the heat period intensities in Eu-
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Figure 4. Differences between DECID and REF for the mean heat
period durations over the whole simulation period from 1986-2015.

rope strongly depends on the water availability for evapo-
transpiration. In northern Europe, evapotranspiration of (de-
ciduous as well as coniferous) forests is not water limited
under current climate conditions, even during heat periods
(Fig. 2e, f). By means of a higher energetic forcing (Fig. 2a)
and a higher surface roughness, coniferous forests are conse-
quently able to transpire more water than deciduous forests
(Fig. 2b). This simulated property of coniferous forests in
northern Europe depends of course on the considered vegeta-
tion parameters. As mentioned in Sect. 2, the used vegetation
parameters in Table 1 are averaged values over the parameter
space of deciduous and coniferous forests and consequently
vary for specific deciduous and coniferous tree species. This
variability in the vegetation characteristics is also reflected in
observations. For instance, higher transpiration rates of de-
ciduous forests are reported in Baldocchi et al. (2000), who
reviewed several field studies in Canada, Siberia, and Scandi-
navia; in Eugster et al. (2000) based on the analysis of several
eddy-covariance stations in the boreal regions of Europe and
northern America; and in Grossiord et al. (2013) for mea-
surements in a boreal plantation in southwestern Finland. On
the other hand, contradictory results have been reported in
Augusto et al. (2015), who reviewed studies on the water
use efficiencies of deciduous and coniferous forests in bo-
real regions, implying higher transpiration rates of conifer-
ous forests; in Ewers et al. (2005) for a comparison between
pines and poplar in the BOREAS Northern Study Area in
Canada; and in Baumgarten et al. (2019), where higher tran-
spiration rates of coniferous forests are measured in hemibo-
real regions, even during the warm summer months.

The increased transpiration rates of coniferous forest iden-
tified in our model study are consequently within the range
of the observed transpiration variability in boreal regions and
lead to slightly increased heat period intensities for north-
ern Europe in our simulations (Fig. 2d). The low potential
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of an increased deciduous forest fraction to reduce heat pe-
riod intensities in northern Europe was already suggested in
Schwaab et al. (2020), who applied a statistical model. The
application of a regional climate model with its capability
to account for all associated atmospheric feedbacks indicates
that this potential might not only be low but also negative.
However, considering the missing significance of the warm-
ing effect of an increased deciduous forest fraction in Scan-
dinavia in the model and the observed variability in the sign
of the transpiration response, a final assessment of the miti-
gation potential for heat extremes in northern Europe is not
possible.

Conversely, evapotranspiration is moisture limited during
heat periods in central and southern Europe (Fig. 2e, f).
For the heat intensities, an increase in the deciduous forest
fraction is beneficial in these regions (Fig. 2d) because of
the deeper root system of deciduous forests and the associ-
ated increased evapotranspiration rates (Fig. 2b). However, in
some regions of southern Europe, current climate conditions
are already so dry that the root system of a deciduous forest
does not reach deep enough to meet the atmospheric water
demand during heat periods. Therefore, the benefit of an in-
creased deciduous forest fraction arises in these areas only
from the reduced radiative energy input (Fig. 2a). These ef-
fects of an increased deciduous forest fraction were already
hypothesized by Schwaab et al. (2020) and are now under-
pinned by this study.

However, the results of recent climate projections indicate
that the water availability for evapotranspiration will change
in Europe in the future. For any climate change scenario, re-
gional as well as global climate models (GCMs) simulate a
dipole in the projected precipitation changes in Europe (Dou-
ville et al., 2021; Coppola et al., 2021). In northern Europe,
precipitation will slightly increase, while in southern Europe,
the opposite is the case, particularly during summer. Simulta-
neously, the atmospheric water demand will increase in both
regions, due to the generally increased atmospheric temper-
atures. In northern Europe, this will likely lead to a slight
reduction in the available soil water amount, although pre-
cipitation sums are slightly increased (Cook et al., 2020).
This might have the consequence that the evapotranspiration
of shallow-rooted coniferous forests in northern Europe will
become water limited, and the cooling effect of coniferous
forests on heat period intensities might get smaller in com-
parison to deciduous forests.

In southern Europe, reduced precipitation sums and in-
creased atmospheric water demand will result in more fre-
quent drought conditions (e.g., Momken et al., 2022). It can
therefore be concluded that in southern Europe, the cooling
effect of an increased deciduous forest fraction on the heat
period intensities will even decrease since progressing water
limitation will further constrain evapotranspiration for decid-
uous forests in future as well, as it is already the case in the
driest regions of southern Europe (e.g., Forner et al., 2018).
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Thus, the climate benefit of deciduous forests will then be
restricted only on the reduced incoming solar radiation.

Central Europe is in the transition zone of this precipita-
tion dipole (Giorgi and Coppola, 2007). Thus, in this region,
the lowest changes in water availability are expected with cli-
mate change in annual mean (Douville et al., 2021; Coppola
et al., 2021). This means that in the future, an increase in the
deciduous forest fraction will also have a slight cooling effect
on the heat period intensities in central Europe. However, the
location of this transition zone is considerably varying be-
tween models (GCMs and RCMs) and climate change sce-
narios (Coppola et al., 2021). Therefore, uncertainties about
changes in the spatial water availability in central Europe,
and thus about the projected changes in evapotranspiration
rates, are quite large (Douville et al., 2021), whereby a small
decrease in water availability is projected in the ensemble
mean (Samaniego et al., 2018; Cook et al., 2020). This indi-
cates that particularly during very extreme heat events, the
likelihood of water stress will also increase for deciduous
forests in central Europe and the cooling effect of an in-
creased deciduous forest fraction on heat period intensities
will likely decline.

Non-local changes in heat period intensities are also
caused by changes in the available water amounts for evapo-
transpiration. In non-forested areas, these changes are obvi-
ously not caused by changes in the vegetation characteristics
but are a result of changes in the mean summer precipita-
tion sums. The interrelation between evapotranspiration rates
of forests and downwind precipitation sums was already in-
vestigated by Belus$i¢ et al. (2019), Strandberg and Kjell-
strom (2019), and Meier et al. (2021). While Strandberg and
Kjellstrom (2019) could find almost no connection, Belusié
et al. (2019) and Meier et al. (2021) provided evidence that
increased evapotranspiration rates of forests can lead to in-
creased downwind precipitation sums. It is therefore evident
that a change in the forest composition and associated evapo-
transpiration rates also affects downwind precipitation sums
in Europe. However, besides the local increase in evapotran-
spiration rates, deciduous forests are also characterized by
lower local temperatures and surface roughness, inhibiting
the formation of convective precipitation. Therefore, an in-
crease in the deciduous forest fraction changes the spatial
and temporal distribution of precipitation sums over Europe
(Fig. 3c) and leads, in this way, either to an increase or a
decrease of the non-local heat period intensities (Fig. 3a).

However, in our study, the effects of an increased decidu-
ous forest fraction on heat period intensities are not as clearly
pronounced as one could expect from the results of other
studies like Schwaab et al. (2020). On the one hand, this
might be due to the different methodological designs of the
studies. In contrast to statistically based approaches as used
in Schwaab et al. (2020), relevant atmospheric feedback pro-
cesses are explicitly simulated in our regional climate model
approach, potentially attenuating the impact of different veg-
etation characteristics on heat period intensities.
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On the other hand, this might be related to the general rep-
resentation of these vegetation characteristics in the regional
climate model itself. In CCLM-VEG3D, different species of
deciduous and coniferous trees are all aggregated in one rep-
resentative forest class, respectively (see Table 1). However,
the same species of deciduous and coniferous trees do not
grow everywhere in Europe (Bohn and Gollub, 2006), and
these different tree types do not all have the same vegetation
characteristics. An example of such differences are the dif-
ferent vegetation characteristics of beech trees and oaks. The
stomatal resistance of beech trees is lower than that of oaks
(Jonard et al., 2011), while the root system of oaks reaches
deeper than that of beech trees (Leuschner et al., 2001). It is
therefore possible that the vegetation characteristics of decid-
uous and coniferous forests in CCLM-VEG3D are slightly
overestimated at some locations or slightly underestimated at
others. Thus, an increase in the deciduous forest fraction can
have slightly deviating effects on the heat period intensities
locally in a regional climate model.

Another model constraint of CCLM-VEG3D is that only
the dominant land use class is considered in a grid cell. This
means that grid cells in which forest is the dominant land
use class are completely assigned to forest in the model and
the forest fraction is overestimated in these areas. In return,
forested areas with a lower percentage in a grid cell are con-
sequently not considered in the model and the forest frac-
tion is underestimated. The spatial distribution of forests in
Europe is therefore not as extensive in CCLM-VEG3D as in
reality (Hoffmann et al., 2022b), leading to a potential under-
estimation of the spatial extension of local effects. However,
the goal of this study is to disentangle the general feedback
processes of an increased deciduous forest and its general ef-
fects on local and non-local heat period intensities and not to
analyze the effects of realistic transformations in the forest
composition in Europe. Against this background, from our
point of view, the use of the dominant land use class is rea-
sonable and suitable to investigate general deciduous forest
effects on heat periods. Of course, the simulated responses of
other modeling systems to changes in the forest cover com-
position might be different.

Beyond these model constraints, the advantage of our
modeling approach is that both local and non-local effects
of an increased deciduous forest fraction can be analyzed in
detail, under the consideration of all relevant feedback pro-
cesses represented in the regional climate model. This is not
possible with studies focusing on plant physiological differ-
ences of trees and their effects on the local energy budget
of forests. Thus, our study contributes to complementing our
knowledge on the general effects of deciduous forests on heat
period intensities, by deriving a comprehensive understand-
ing of the associated local and non-local process chains. With
this in mind, we could show that an increase in the decidu-
ous forest fraction has significant as well as non-significant
effects on local and non-local heat wave intensities. While
consistent physical process chains are the reason for the local
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and non-local temperature reductions during heat periods in
the grid cells with significant effects, random causes for the
temperature reductions in non-significant grid cells cannot
generally be excluded. However, a missing significance does
not necessarily mean that there is no connection (Wasserstein
and Lazar, 2016) between an increase in the deciduous for-
est fraction and reduced heat period intensities in these grid
cells. On the contrary, also for the non-significant grid cells
with reduced daily maximum temperatures, the same process
chains were identified as for the significant ones. From our
point of view, this high physical consistency of the simulated
processes is a strong indicator that the reduced heat period in-
tensities are also not random in the non-significant grid cells.
In particular, downwind processes are spatially and tempo-
rally highly variable. Thus, locally induced changes in the
atmospheric moisture conditions do not always lead to pre-
cipitation at the same downwind locations (Perugini et al.,
2017). This high spatial and temporal variability, therefore,
has the consequence that the physical processes are difficult
to detect and the temperature reductions are statistically not
significant. However, the potential of an increased decidu-
ous forest fraction to reduce heat period intensities is small
in comparison to the substantial intensification of heat ex-
tremes of about 2.3 K in Europe since the 1950s (Lorenz et
al., 2019).

5 Conclusion

In the course of idealized regional climate simulations, the
general potential effects of an increased deciduous forest
fraction on heat period characteristics in Europe are quan-
tified. Results show that an increase in the deciduous forest
fraction has significant as well as non-significant effects on
the local and non-local scale. Locally, mean heat period in-
tensities are slightly reduced about 0.2 K, except for Scan-
dinavia, where a mean warming of 0.1 K is simulated. The
simulated temperature reductions in grid cells with replaced
coniferous forests are statistically significant at 45 % of the
grid cells and not significant at 55 % of the grid cells. The
simulated local warming in Scandinavia is not statistically
significant.

Non-locally, mean heat period intensities are slightly re-
duced by about 0.1 K in central, western, and southern Eu-
rope, but they slightly increased in eastern Europe, the North
Sea coast of central Europe, and the Balkan Mountains, by
about 0.1 K as well. Significant results are only simulated for
23 % of the grid cells in which an increase of the deciduous
forest fraction leads to a cooling. The duration of heat peri-
ods is not affected by a change in the forest composition in
Europe.

These results indicate that an increase in the deciduous for-
est fraction has no potential to reduce the intensity of heat
periods in Scandinavia. This might change in future to a cer-
tain extent since a slight decrease in water availability is pro-
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jected in this region by regional as well as global climate
models. This might limit evapotranspiration rates of shallow-
rooted coniferous forest during heat periods, and the cooling
effect of coniferous forests on heat period intensities might
get smaller in comparison to deciduous forests. Furthermore,
an increase in the deciduous forest fraction leads to reduced
precipitation sums and non-locally intensified heat periods in
several regions of Europe.

In central and southern Europe, deciduous forests have a
cooling effect on heat period intensities. Although this ef-
fect is significant in part, its magnitude is rather small in
comparison to the intensification of heat periods since the
1950s. In addition, the cooling effect is likely to decrease
with climate change due to a projected reduction in water
availability during heat periods. However, not all deciduous
forest types necessarily have such small effects. For instance,
species which have an optimal balance between a reduced
absorption of solar radiation and an increased transformation
of the solar radiation in turbulent heat fluxes might reduce
heat period intensities stronger at certain locations. But such
species are not considered in the general forest classes of
CCLM-VEG3D, and their impact on heat period intensities
is consequently not simulated in the model. Therefore, a next
step will be to implement more forest classes in the regional
climate model, enabling a more detailed differentiation of the
respective vegetation characteristics. However, the results of
our study indicate that a replacement of coniferous forests
with common deciduous forest types only has a limited cool-
ing effect on heat periods in Europe. Thus, the method can
only be considered as a supporting mitigation measure to
complement other, more effective mitigation strategies for
reducing heat extreme intensities.
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