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Several studies investigated the regional temperature effects of afforestation or deforestation, but the impacts of
different forest development stages or alternative forest management received limited attention. This is mainly
due to challenges in representing area-limited forest dynamics in low-resolution climate models and the need for
accurate forest parameters. This study investigates the impact of alternative forest development stages and
composition on regional climate in Fennoscandia using a coupled regional climate model. By incorporating
realistic and high-resolution forest maps, our modelling framework reduces biases in estimating surface tem-
perature compared to default model runs. If today’s forest composition of tree species is left to achieve a mature
state (a proxy for the absence of harvesting), an annual mean reduction in 2 m air temperature is estimated, with
a cooling peak in summer of -0.53 + 0.20 °C (mean =+ standard deviation) mainly induced by increased cloud
cover. Conversely, undeveloped forests (a proxy for increased harvest) induce a contrasting seasonal response: a
summer warming of 0.53 + 0.15 °C (mainly caused by higher sensible heat fluxes), and a weak winter cooling of
-0.14 £ 0.24 °C (mainly caused by a higher surface albedo). A transition from evergreen to deciduous forests
shows a summer average cooling of -0.57 £ 0.28 °C, mainly attributed to changes in surface albedo. These
temperature effects are equivalent to a relatively large fraction of the expected warming by 2050 in Fenno-
scandia (from 16 % to 70 %, depending on the specific scenario and season). Some modelling outputs appear
inconsistent with observations and past modelling studies, such as the cooling effects in winter of more devel-
oped forests. Our results provide new insights into the complex relationships between forest dynamics and
regional temperature, but modelling improvements are still needed to achieve a robust understanding of the
regional climate effects of forest management.

1. Introduction

Forests cover approximately 30 % of the world’s ice-free land sur-
face, from tropical to boreal regions (Crowther et al., 2015; Hansen
etal., 2013), and play a crucial role in the global carbon cycle (Luyssaert
et al., 2018; Pan et al., 2011). They provide a range of ecosystem ser-
vices, including local-to-regional climate regulation through bio-
geophysical mechanisms (such as water and heat exchange with the
atmosphere) (Anderson et al., 2011; Bonan, 2008). At fine local scales,
forest growth and management primarily induce changes in microcli-
matic conditions, such as those from alterations in shade effects and
exposure of forest understory to solar radiation from variations in forest
canopy and density (De Frenne et al., 2021, 2019; Haesen et al., 2023).
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At a regional level, the climate effects of forests depend on their struc-
ture and composition, and are dependant on the forest development
stage and management (Kellomaki et al., 2021; Kumkar et al., 2020;
Luyssaert et al., 2014; Naudts et al., 2016). Forest disturbances for
timber harvest can directly impact surface albedo by altering land sur-
face cover (Doughty et al., 2018; Luyssaert et al., 2018). Changes in
albedo modify the balance of incoming solar radiation and outgoing
longwave radiation, subsequently influencing regional temperature
patterns and surface energy fluxes (Betts, 2000). The evapotranspiration
process in forests, whereby plants release water vapour into the atmo-
sphere through transpiration and evaporation from soil and canopy
surfaces, also regulates the regional climate (Komatsu and Kume, 2020).
Forest management can modify evapotranspiration rates, affecting
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humidity levels (Ellison et al., 2017; Wei et al., 2022). This can influence
cloud cover and moisture recycling, potentially leading to changes in
local and regional precipitation patterns. Additionally, altered forest
structures induced by management practices can lead to variations in
surface roughness (Winckler et al., 2019) and exert an influence on wind
patterns and turbulence, thereby affecting boundary layer dynamics and
subsequently shaping the regional climate (Venalainen et al., 2004).

Forests are heavily managed in Fennoscandia (i.e., Norway, Sweden,
and Finland), primarily via rotation forestry (Petersson et al., 2022;
Zhou et al., 2021). Harvest disturbances change various forest structural
attributes, including tree density, standing volume, leaf area index,
crown length, and canopy height (Anderson et al., 2011; Jackson et al.,
2008). These attributes control surface energy, moisture, and mo-
mentum fluxes, which have a significant impact on regional climate
through surface albedo, evapotranspiration, and surface roughness
(Anderson et al., 2011; Jackson et al., 2008). However, the represen-
tation of various forest development stages in existing land surface
models is limited. Typically, the same parameterization of leaf area
index or canopy height is used for different vegetation classes and ages,
irrespective of forest development stage or age (Lawrence et al., 2019).
Although efforts have been made to embed different forest stage pa-
rameterizations within gridded land use datasets for various forest types
(Majasalmi et al., 2018; McGrath et al., 2015), linking forest dynamics
with climate models remains complex, limiting the applicability of such
models (Kumkar et al., 2020; Luyssaert et al., 2018; Naudts et al., 2016).

Global climate models, with their coarse spatial resolutions and
uncertainties in physical processes, are unsuitable for studying the im-
pacts of forestry on regional climate and the changes induced by small-
scale management disturbances. Although regional climate models can
achieve a finer resolution, they still face challenges in simulating the
complex spatial and temporal patterns of forest dynamics, and their
simulated response to land cover changes is often contradictory (Davin
et al., 2020; de Noblet-Ducoudré et al., 2012). The availability of ac-
curate spatial datasets of forest composition and structural attributes can
also be a limitation, as deriving these datasets requires regression
analysis based on long timeseries of on-site measurements and
remote-sensing data. Once available, they can enhance the representa-
tion of forest attributes in climate models and potentially improve the
possibilities to capture the regional climate impact of forest dynamics.
This can lead to improved model simulations within climate models and
a better understanding of the complex interactions between the land
surface and the atmosphere, ultimately enhancing our ability to predict
and mitigate the effects of climate change or optimize management
practices.

Forest management interacts with the climate system via bio-
geophysical and biogeochemical (i.e. changes in the carbon cycle)
mechanisms. In terms of the biogeophysical effect, Naudts et al. (2016)
used a land-atmosphere model to analyse the historical impacts of forest
management in Europe, revealing a 0.12 °C average increase in sum-
mertime atmospheric temperature due to the widespread conversion of
broadleaf to coniferous trees (which have higher timber values). More
specifically to Fennoscandia, Kumkar et al. (2020) conducted offline
simulations with a land surface model, showing that older forests induce
a slight cooling while younger forests tend to warm the surface. Huang
et al. (2023a) applied a series of machine learning algorithms to datasets
of forest structural attributes and satellite retrievals of land surface
temperature and found that older forests are generally warmer than
younger forests, except for the summer. Both Kumkar et al. (2020) and
Huang et al. (2023a) lacked consideration of energy and mass feedbacks
between the land surface and the atmosphere, which is a main constraint
to determine the temperature impacts of forest dynamics and
management.

The goal of this study is to assess how a regional climate model
(RCM) enhanced with a land cover dataset with highly parameterized
forest composition and structure can simulate the effects on regional
climate of alternative forest development stages and tree composition.
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This is an attempt to close the existing gap between structural and
compositional variety of forests and the climate modelling framework,
with the ambition to gain new insights into how the surface energy
balance of boreal forests is affected by structural perturbations. More
specifically, the aims of the study are the following: (1) estimate if a
RCM can improve the representation of 2 m (2 m) air temperature and
land surface temperature when an advanced land cover dataset with
more parameterized forest attributes is used instead of default land
cover data; (2) evaluate, across different temporal and spatial scales, the
sensitivity of 2 m air temperature and land surface temperature to
idealized changes in forest structure and composition that resemble
alternative forest development stages and management strategies; (3)
assess the key drivers of the changes in the land surface temperature
through a decomposition analysis.

2. Methods
2.1. Datasets used for model validation

The performance of the model in capturing near surface air tem-
perature is evaluated by validating model outputs against monthly
means of 2 m air temperature from the E-OBS datasets (Cornes et al.,
2018). E-OBS is an observational dataset that provides daily gridded
land-only data over Europe. The dataset includes a blend of time series
obtained from the station network of the European Climate Assessment
& Dataset project. To assess the model’s ability to replicate land surface
temperature, data from ERAS5-Land datasets (Munoz-Sabater et al.,
2021) are used. The ERA5-Land dataset is a reanalysis of land variables,
offering consistent information on land surface temperature evolution
over several decades. With a resolution of approximately 9 km (0.1° x
0.1°), ERA5-Land combines observations with model data to create a
globally complete and coherent dataset. To prevent model-based esti-
mates from deviating too far from actual conditions, ERA5-Land adjusts
the input air temperature, humidity, and pressure for the altitude dif-
ferences between the forcing grid and the higher-resolution ERA5-Land
grid through a lapse rate correction.

The E-OBS and ERA5-Land datasets integrate multiple sources of
information (field measurements, remote sensing and modelling/inter-
polation) and are typically chosen as observational data to validate
climate model outputs due to their robustness and extensive area
coverage. In regional climate model simulations, the land surface tem-
perature indicates the combined temperature of surface components
(including both the ground and the vegetation cover), meaning that it is
the temperature above the canopy when the grid is covered by forests. In
contrast, the near-surface air temperature is traditionally defined as the
2 m air temperature, and it is situated below the canopy if the grid is
covered by tall trees. As ERA5's land surface temperature and E-OBS’s
air temperature assume an unforested surface as they are mainly
extrapolated from weather stations that are typically located outside
forests, some discrepancies between model simulations and observations
may occur. Both the E-OBS and ERA5-Land datasets were subjected to
bilinear interpolation onto our model simulation grids, and were aver-
aged over the period 2012-2015 to align with model simulations.
Indices like the pattern correlation coefficient (PCC), the regional mean
bias (BIAS), and the root-mean-square error (RMSE) were used for
model validation (see Supplementary Text 1 in the Supplementary
Information).

Future temperature projections for 2050 (as ten-years mean
2046-2055) are used to benchmark the temperature effects of the forest
development scenarios described below. They were obtained at a grid
resolution of 0.11° from the ensemble mean of CORDEX regional climate
models for two Representative Concentration Pathways (RCPs): RCP2.6
(corresponding to a global average temperature increase of 0.9-2.3 °C
by 2100) and RCP4.5 (1.7-3.2 °C). RCP8.5 is excluded because is usually
considered to induce an excessive warming level that is inconsistent
with current emission trajectories (Hausfather and Peters, 2020), and
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RCP6.0 because of a lack of model outputs for this scenario in the
CORDEX dataset. The details of the considered model simulations are
available in Table S1. For each scenario, the multi-model mean of the
temperature change was calculated from 12 simulations for RCP2.6 and
13 simulations for RCP4.5, relative to 2010 (intended as a ten-year mean
2006-2015).

2.2. Enhanced land cover dataset with improved forest parameterization

Forest structure parameters were derived from an improved land
cover dataset created to represent forest conditions in Fennoscandia
(Majasalmi et al., 2018). This dataset was integrated into the European
Space Agency Climate Change Initiative Land Cover (ESA CCI LC) map
(ESA, 2017), where the forest classes are updated with attributes from
National Forest Inventory data from 2015. The dataset identifies the
three main tree species in the region (two evergreen species, pine and
spruce, and one deciduous, birch) and provides information on various
structural attributes for each species in four different forest development
stages. Forest areas are grouped into four classes, ranging from a forest
with predominately young or less developed trees, as commonly found
in post-harvest sites and early successional forest, to a forest with a
well-developed tree structure and canopy, indicative of low manage-
ment intensity or mature secondary forests. Attributes such as total stem
volume, maximum growing season leaf area index, tree crown length,
and mean tree Lorey’s height (i.e., the basal-area-weighted mean tree
height) are available for each tree species and development class.
Although the definition of the different classes is to a large extent
generic, it differentiates between tree species and between forest
development stages, and it is based on observed physical characteristics
of the forest. This is a considerable improvement relative to default
datasets typically used in RCMs, which assign a forest to a single class (e.
g., evergreen needleleaf forest or broadleaf deciduous forest) whose
parameterization is standardized without any further distinction of age
or vegetation structure. The time-invariant nature of the fixed parame-
terization in each forest class is here avoided by increasing the number
of classes for the same type of forest with a differentiation in key
structural attributes (i.e., from young to mature forests). By prescribing
changes amongst forest classes, it thus becomes possible to explore with
a climate model the effects of alternative forest development stages on
the regional climate.

To better represent forest characteristics and facilitate their inte-
gration into the RCM, some changes have been made to this dataset. Pine
and spruce trees have been grouped into one forest class (evergreen
forests) and birch trees have been categorized as deciduous forests. In
order to optimize the computational time and reduce the need to create
new land cover classes, three development classes (DC) have been
created out of the four available in the original dataset: DC1 for young or
less developed trees, DC2 for middle-developed trees, and DC3 for well-
developed trees. Here, DC2 includes classes 2 and 3 from the original
classification by Majasalmi et al. (2018). To assign forest attributes like
leaf area index, tree crown length, and mean tree Lorey’s height to
different forest types and development classes, the averages of these
attributes have been calculated for relevant trees (Table S2). For ever-
green forest DC1, the average attributes of class 1 for spruce and pine are
considered, while evergreen forest DC2 is the average of the attributes of
spruce and pine for classes 2 and 3. Evergreen forest DC3 corresponds to
the average attributes of class 4 for spruce and pine. The same approach
has been followed to assign forest attributes for deciduous forest. The
enhanced land cover dataset with improved forest parameterization is
only used inside Fennoscandia. Our simulation domain includes some
bordering areas for which the default land cover classes (i.e., the ESA
CCI LC) are used and are not affected by the simulated transitions dis-
cussed below. Both the enhanced land cover and the default dataset have
been aggregated to align with the model simulation grid (5 km), thus
harmonizing the distribution of land cover across the domains.
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2.3. Regional climate model

The Weather Research and Forecasting (WRF) model version 4.3 was
used for regional climate simulations, which is a state-of-the-art meso-
scale model suitable for operational research across scales (Skamarock
et al.,, 2021). The model uses actual atmospheric conditions based on
observations and analyses, and has been validated against observations
in Europe to accurately capture spatiotemporal climate patterns
(Katragkou et al., 2015; Kotlarski et al., 2014). WRF has also been uti-
lized in investigating the interaction between land cover changes and
climate variability in Europe (Huang et al., 2020; Mooney et al., 2020).
In regional climate models, mesoscale processes do not interact with the
global climate, and large-scale feedbacks that depend on these in-
teractions are not properly represented. However, many important
feedbacks operate at the local scale, such as the snow-albedo feedback,
and these are captured by RCM simulations.

In this study, the model simulations were based on the EURO-
—CORDEX configuration in the first domain (Domain 1) and a one-way
nested simulation over Northern Europe (Domain 2). The simulations
have an approximate spatial resolution of 15 km within the first domain
(Domain 1, comprising 346 x 290 grids) and 5 km within the inner
domain (Domain 2, consisting of 351 x 393 grids). The initial and lateral
boundary conditions were obtained from the European Centre for
Medium-Range Weather Forecasts (ECMWF) fifth reanalysis (ERA5)
(Hersbach et al., 2020). The model employed physical parameterization
schemes such as the Thompson microphysics scheme (Thompson et al.,
2008), the Rapid Radiative Transfer Model for longwave and shortwave
radiation (Iacono et al., 2008), the Mellor-Yamada Nakanishi and Niino
boundary layer scheme (Nakanishi and Niino, 2006), and the
Kain-Fritsch convection parameterization (Kain, 2004). All simulations
were conducted for the period 2011-2015. The first year is considered a
spin-up time and excluded from the subsequent analysis.

WREF is coupled to the Community Land Model version 4.0 (CLM4) to
simulate land surface processes, with the International Geosphere-
Biosphere Programme (IGBP) — Moderate Resolution Imaging Spec-
troradiometer (MODIS) land use classification (Lawrence et al., 2011;
Oleson et al., 2010). CLM4 is a comprehensive land surface process
model that includes components related to land biogeophysics, hydro-
logic cycle, biogeochemistry, human dimensions (i.e., land use, agri-
culture, urbanization), and ecosystem dynamics. The model
incorporates a single-layer vegetation canopy, a five-layer snowpack,
and a ten-layer soil column with a detailed description of the land sur-
face, including surface heterogeneity (Skamarock et al., 2021). The land
surface is categorized into five primary subgrid land units, each with
unique characteristics that share the same atmospheric forcing and flux
feedback within a grid cell. The urban land unit is represented by the
“urban canyon” concept (Oke, 1987), while the vegetated subgrid
comprises up to 15 plant functional types (PFTs) with different optical,
physiological, and aerodynamic properties. The PFTs’ parameters are
prescribed monthly and updated daily using linear interpolation (Lu and
Kueppers, 2012). CLM4 includes new treatments of soil
column-groundwater interactions, soil evaporation, and snow cover
fraction, amongst others. The model equivalent surface albedo is
calculated using monthly soil moisture and PFT parameters. The energy
balance and surface fluxes are calculated at the PFT level before being
aggregated at the grid-scale level based on the proportion of PFTs in the
grid cell. A simulation was initiated employing the default IGBP-MODIS
land use classification (referred to as DEFAULT). This simulation serves
as a basis for contrasting the model’s performance with a novel land use
classification derived from an enhanced land cover dataset.

In order to enable WREF to read the enhanced land cover dataset, the
latter has to be converted from the ESA CCI LC classification to the IGBP-
MODIS classification system via a cross-walking table (Table S3), and
then to PFTs (Table S4), in line with the approach used in other studies
(e.g., Duveiller et al. (2018) and Huang et al. (2020)). In this study, we
have further redefined the IGBP-MODIS classification system by
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introducing three new classes to represent the three alternative devel-
opment classes for evergreen forest and deciduous forest discussed
above, with their respective forest structure attributes. These new
classes are used to simulate forest transitions and management. These
classes are then associated with different parameterizations by alterna-
tive PFTs, for which the forest characteristics explained above (i.e., leaf
area index, crown length, and canopy height) are modified according to
the specific development class (the other forest-based parameters are
kept the same) (Table S5).

2.4. Scenarios of alternative forest development stages and tree
composition

The enhanced dataset that provides an observation-based represen-
tation of the current structure and composition of Fennoscandian forests
is utilized to set the present condition of the forest and to establish a
control experiment (CONTROL). To analyse the potential impacts of
different states of the forest, we consider three alternative scenarios of
forest development stages and composition that cover the breadth of the
possible changes affected by alternative management systems: unde-
veloped forests (undevelopedF), fully developed forests (developedF),
and a forest transition from spruce or pine forests to birch dominated
forests (moredecidF). These scenarios have been designed in light of the
main contrasting approaches that are frequently discussed for changing
the management of boreal forests for better contributing to climate
change mitigation and/or nature conservation, i.e. increase harvesting
(undevelopedF), reduce harvesting to maximize vegetation carbon
stocks (developedF), or to promote regeneration of naturally occurring
deciduous species to support nature conservation (moredecidF)
(Ameray et al., 2021; Hogberg et al., 2021; Makela et al., 2023).

In undevelopedF, all grid cells covered by forests in CONTROL are
converted to DC1 of the corresponding tree type (either evergreen forest
or deciduous forest), which is the least developed class. This is imple-
mented across all tree species in all forested regions of Fennoscandia.
This scenario can be considered as a proxy to simulate a situation where
only low-developed and/or early successional forests are present,
reflecting major losses in standing forest stocks or effects of clear-cut
harvesting.

In developedeF, all grid cells where forests are dominant in CONTROL
are converted to DC3 of the corresponding tree type, which corresponds
to the most developed forest class. This case is indicative of an idealized
situation where there is no or limited forest harvest, as all forests are at
their mature state (characterized by the highest leaf area index, canopy
height etc.). It can be interpreted as representative of a strategy aiming
at maximizing forest carbon stocks through no harvest and/or avoidance
of clear-cut, fertilization, increased plant density, etc.

In both undevelopedF and developedF scenarios, the forest compo-
sition remains unaffected, and only the structural attributes are
changed. In moredecidF, a change in tree composition is modelled. All
grid cells where evergreen forest cover is dominant in CONTROL are
converted to the same deciduous forest class, so to explore the effects of
a tree species change. This scenario can be interpreted as a strategy that
favours the natural regrowth of deciduous species to co-promote vege-
tation carbon storage and nature conservation, as deciduous species are
usually of higher value for biodiversity than artificially planted ever-
green species like spruce and pine (which in turn have higher timber
value than birch).

In each scenario, the land cover datasets include modifications in
land surface parameters corresponding to different forest development
stages that are amongst the key drivers of variations in the surface en-
ergy balance. For instance, LAI affects the amount of water intercepted
by the vegetation and it directly influences surface albedo and how
energy fluxes are partitioned between sensible and latent heat, or can-
opy height can affect the turbulent mixing of heat in the atmosphere as it
determines roughness length. The changed parameters remain constant
during the entire simulation period to enhance the model response.
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2.5. Decomposition of the surface energy balance

The surface energy balance is a complex interplay between various
biogeophysical properties of the surface, including surface albedo,
ground heat conductance, and partitioning of turbulent heat fluxes. The
land surface temperature (LST) is derived from emitted longwave radi-
ation according to the Stefan-Boltzmann law as described in Oleson et al.
(2013). To understand the most important drivers of LST changes
induced by forest management scenarios, we performed a decomposi-
tion analysis where we attribute the differences in simulated LST (ALST)
between the three scenarios and CONTROL to the underpinning varia-
tions in surface energy/moisture fluxes and albedo (Luyssaert et al.,
2014; Winckler et al., 2019). The analysis aims to explore the relation-
ship between temperature changes and variations in specific compo-
nents of the surface energy budget, elucidating the influence of
simulated modifications in forests. The method can be expressed
through the following equation:

1
ALST:]—r(—RsiAa-&-(l—a)ARsi-‘r ARli— AJE — AH— AG — AI —

— oLST*Ae)
€y

f = 4eLST® &)

The change in land surface temperature (ALST) resulting from land
management changes are thus decomposed into eight factors. The
symbol A represents the difference between two simulations for each
variable in each grid cell. The term % represents the contribution of
change in albedo (a), with a negative Aa indicating that the albedo has
decreased (the surface is darker) following forest cover change, resulting
in more absorption of incident shortwave radiation, and then leading to

1 —— a)ARsi
f

a warming surface (positive ALST). ¢ represents the change in

incoming shortwave radiation (Rsi), with a positive ARsi indicating that
the new land cover receives more incoming shortwave radiation than
the initial land cover (e.g., due to a change in cloud cover from increased
evapotranspiration), implying a warming surface. %ﬁ represents the
contribution of incoming longwave radiation (RIi) in LST change, with a
positive ARli indicating an increase in incoming longwave radiation
from the atmosphere, and then leading to a positive ALST. % shows
the change in latent heat flux (AE) impacting on ALST, with a positive
AZE indicating that the new land cover/management has more evapo-
rative cooling than the original land cover/management, conducting a

cooling land surface. % shows the change in sensible heat flux (H)
contributing to the ALST, with a positive AH indicating a cooling land

surface, similar to changes in AE. % shows the contribution of soil heat

flux (G), also similar to changes in AE. % represents the effect of the

change in residual flux, which combines unmeasured fluxes and mea-

surement errors of the observed fluxes. Finally, %M presents the

change in the thermal emissivity of the surface, with a positive Ae
indicating that the new land cover emits more outgoing longwave ra-
diation due to its higher emissivity coefficient, resulting in a lower LST.
Surface emissivity is closely related to vegetation canopy density. As
forest harvest reduces canopy density, it tends to decrease surface
emissivity and, consequently, results in a warmer surface. The symbol f
refers to the energy redistribution factors for surface temperature.

The decomposition approach offers the advantage of quantifying the
overall impact of dynamic responses. For instance, if forest management
leads to a decrease in LAI the soil heat flux is likely to increase, resulting
in less available energy for latent and sensible heat fluxes, assuming all
other factors remain constant. However, the change in LAI also alters
surface net radiation, which depends on the modified surface albedo and
temperature. The decomposition approach captures the net effect of the
decrease in LAL Nevertheless, this approach does not measure the gross
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fluxes for the above example, i.e., how much of the change in latent heat
is due to the change in LAI, in net radiation, or the change in the tem-
perature gradient between the canopy and the atmosphere.

3. Results
3.1. Current forest structure and composition

In Fennoscandia, forests cover more than 60 million hectares, or 57
% of the land area. Norway, Sweden, and Finland have a forest coverage
of about 30 %, 68 %, and 73 %, respectively, with pine being the most
common tree species, followed by spruce and birch. According to our
enhanced land cover dataset with forest structure parameterization,
spruce or pine at development class 2 (DC2) is the current dominant land
cover in Fennoscandia (Fig. 1a). Spruce or pine DC1 covers a larger area
than DC3, primarily due to historical intensive forest management ac-
tivities (Jordan et al., 2018; Zhou et al., 2021). Deciduous species like
birch, occasionally mixed with other species (e.g. Acer, Fagus, Quercus),
are primarily associated with natural forest succession or early-stage
tree encroachment. Evergreen needleleaf forest (unclassified), crop-
lands, and open shrublands are the most abundant outside Fennoscandia
(Fig. 1f). Fig. 1b, 1d, and 1e show the changes simulated in the dominant
land cover distributions in the forest management scenarios.

As the regional climate model only considers the dominant land
cover per grid cell, the area per land cover class in Fennoscandia ac-
counting for the fraction in each grid cell vs. the area estimated when
only the dominant land cover type is considered are compared in Fig. 1c.
This shows the extent by which the model limitation to read only the
dominant land cover class per grid cell deviates from the real distribu-
tion of land cover classes as fractions of each grid cell. For example,
considering the fractions in each grid, spruce or pine DC2 occupy an area

(a) Current situation

(b) Scenario 1: developedF
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of around 65 Mha. If we only consider the dominant land cover type in
each grid, the area occupied by spruce or pine DC2 decreases to around
40 Mha. amongst the forest development classes of interest, the area
occupied by spruce or pine DC3 when accounting only for the grids
where they are the dominant land cover is less than that obtained by
summing the respective land cover fractions per grid. On the other hand,
the less developed forest classes spruce or pine DC1 cover a larger area,
from around 7 to 14 Mha. Additionally, all classes of birch-dominated
forests (birch dominated DC1 to DC3) show a larger area compared to
the sum of land cover fractions. This indicates the mixes of forest classes
in the various grid cells, as a result of small-scale management in-
terventions that have historically affected forest areas in Fennoscandia.
While these practices did not involve the complete clearance of forests at
the grid-level resolution, they led to the mixing of different forest classes
in the research domain.

3.2. Validation of regional climate projections with the enhanced forest
dataset

The performances of the model simulations with the enhanced forest
cover datasets (CONTROL) in reproducing the European climate are
compared with those from a default experiment (DEFAULT) based on
the conventional land cover dataset. Both the DEFAULT and CONTROL
simulations show a cooling bias in the annual mean 2 m air temperature,
as shown in Fig. 2a and 2b. However, the WRF model with the new forest
cover classification (i.e., CONTROL) has a reduced bias compared to the
DEFAULT simulation (—1.40 °C vs. —1.87 °C). The largest bias between
model simulations and observations is located over the mountains along
the Norway-Sweden border and in western Norway. The CONTROL
simulation exhibits an overall reduced bias, especially in the central-to-
northern part (Sweden and Finland). The probability density function
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Fig. 1. Distribution of land cover types within Fennoscandia and the nearby areas included in the simulation domain. The dominant land cover types are shown for
the current land cover (CONTROL; a) and for the investigated forest management scenarios: fully developed forests (developedF; b), undeveloped forests (unde-
velopedF; d), and forest transitions from spruce or pine forests to birch-dominated forests (moredecidF; e). The bar chart shows the land cover area per each class in
the CONTROL simulation inside (c) and outside (f) Fennoscandia, represented by considering either the fraction of each land cover type in every grid (indicated by
the colour bar with hatch) or the dominant land cover type in each grid (indicated by the full colour). The difference between the bars indicates the approximation
done in the climate model simulations, where only the dominant land cover type is considered. Forests without an indication of development class (e.g., evergreen
needleleaf forest, mixed forest, etc.) are generic classes, and are only present outside Fennoscandia.
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Fig. 2. Performance of WRF model simulations based on either a default (DEFAULT) or an enhanced forest cover dataset (CONTROL) against observations. Both 2 m
air temperature (left panel) and land surface temperature (right panel) are considered for validation. (a) and (b) show the difference in annual mean 2 m air
temperature (unit: °C) between model simulations and observations in the DEFAULT and CONTROL, respectively. (c) presents a probability density plot showing the
distribution of the difference in annual mean 2 m air temperature (unit: %). Boxplots show the annual mean and seasonal mean 2 m air temperature changes (unit: °C,
d); the range represents the 5th and 95th percentiles, the box is the standard deviation, the line is the median and the triangle is the average. (e-h) are the same as (a-
d), but for the land surface temperature. The E-OBS dataset serves as the observational dataset for 2 m air temperature, while the ERA-Land is the observational

dataset for land surface temperature.

distribution shows that the difference between the simulated and
observed 2 m air temperature resembles a Gaussian distribution for both
DEFAULT and CONTROL simulations (Fig. 2c). The majority of the
temperature differences are clustered around the mean with a sym-
metric pattern, and confirm the improved model performance achieved
with the new land cover classification. The cooling bias of both simu-
lations occurs in all seasons, but it is generally smaller in the CONTROL
simulation than in the DEFAULT simulation (Fig. 2d). All grids are
cooler in the CONTROL simulation than observations during spring and
autumn, with a range of —3.43/—1.38 °C and —3.17/—1.36 °C (as 5th/
95th percentile), respectively. However, some grids show a warming
bias in summer and winter, with biases up to 0.66 °C and 2.34 °C,
respectively.

WRF model simulations with the new forest cover classification also
reduce the bias of land surface temperature (Fig. 2e-2h). The annual
mean bias shows some positive values at high elevations for both sim-
ulations (Fig. 2e and 2f). The CONTROL simulation shows an overall
improvement in model performance, as confirmed by the annual mean
bias (—0.79 vs. —0.33 °C for DEFAULT and CONTROL, respectively) and
the probability density function distribution of the difference between
simulated and observed values (Fig. 2g). The improvement in model
performance also occurs throughout the seasons (Fig. 2h). In comparison
to the DEFAULT simulation, the CONTROL simulation has a comparable
pattern correlation coefficient, while concurrently achieving a consis-
tent reduction in the root-mean-square error across all seasons
(Table S6).

3.3. Temperature effects of alternative forest scenarios

The WRF model with the enhanced forest cover dataset is used to
assess the temperature changes resulting from three alternative sce-
narios of forest development stages and composition (developedF,
undevelopedF, moredecidF) in Fennoscandia (Fig. 3). If all forests in the
region are at a mature and developed stage DC3 (developedF), the
annual average 2 m air temperature would experience a cooling of
—0.21 °C (—0.40/-0.05 °C as 5th/95th percentile) for the entire Fen-
noscandia, and —0.25 °C (—0.42/—0.10 °C) on the grids affected by the
forest structural change (Fig. 3a). The cooling effect is consistently
spread across the domain, and it is mostly pronounced in central-
northern Sweden, where there is a high concentration of poorly devel-
oped forest (DC1 and DC2) that is replaced by more structured forest
(DC3). The statistical distribution of the changes in annual mean 2 m air
temperature has a gaussian distribution, with a peak at about —0.25 °C
(Fig. 3d). The statistics for the developedF scenarios produced from the
WREF simulations are shown in Supplementary Table S7. The cooling
effect is mainly seen in the summer season, with a regional cooling of
—0.49 4 0.20 °C (mean =+ standard deviation), or —0.53 £ 0.20 °C in
the grids with forest changes only (Figure S1b). Results are more scat-
tered in spring and autumn, while a temperature reduction is also
observed in winter. This winter cooling effect (—0.22 + 0.14 °C in grids
with forest change) in the developedF is difficult to explain, and it is
discussed in more detail in the section on the decomposition analysis.

The undevelopedF scenario simulates a situation where all forests in
Fennoscandia are at a low development stage (DC1), and it is associated
with a predominant annual 2 m air temperature warming of 0.28 + 0.18
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Fig. 3. Changes in near surface 2 m air temperature (upper row) and land surface temperature (lower row) induced by the investigated forest scenarios. Annual mean
2 m air temperature differences between: (a) a scenario with full development class (DC3) of all forested areas and present-day forests (developedF — CONTROL); (b)
all undeveloped forests (DC1) and present-day forests (undevelopedF — CONTROL); (c) transition from evergreen forests to deciduous forests and present-day forests
(moredecidF — CONTROL). Probability density distribution (in %) of difference in annual average 2 m air temperature between simulated scenarios and present-day
(d). Annual mean land surface temperature differences between: (e) a scenario with full development class (DC3) of all forested areas and present-day forests
(developedF — CONTROL); (f) all undeveloped forests (DC1) and present-day forests (undevelopedF — CONTROL); (g) transition from evergreen forests to deciduous
forests and present-day forests (moredecidF — CONTROL). Probability density distribution (in %) of differences in annual average land surface temperature between
the simulated scenarios and present-day (h). The boxplots are based on the average regional 2 m air temperature/land surface temperature change for each
simulation (the range indicates the 5 % and 95 % percentile values, the box the standard deviation, and the line the mean). The colour of the boxes around the maps
corresponds to the colors of the management scenarios in the probability density distributions.

°C (with a range of —0.02-0.54 °C as the 5th-95th percentile) (Fig. 3b).
Several grids experience warming that can be up to 1.0 °C (especially in
the southern part of the domain), while others in the north show a light
cooling effect (around —0.1 °C). The statistical distribution of changes in
annual mean 2 m air temperature shows a predominant abundancy of
positive changes, with a peak at about 0.3-0.5 °C (Fig. 3d). The induced
temperature effect shows a strong seasonality, with significant regional
warming in summer (0.41 + 0.19 °C) (Figure S1f). This warming effect
is more pronounced in the grids with forest changes (0.53 + 0.15 °C).
We can also observe regional warming in most grids in spring and
autumn, with average temperature increases of 0.43 + 0.29 °C and 0.31
+ 0.21 °C, respectively. In contrast, there is cooling in winter (—0.19 +
0.24 °C), caused by more exposed snow surfaces in younger forests
(higher albedo, Figure S2) and therefore more reflected sunlight. Sup-
plementary Table S7 provides the statistics regarding the undevelopedF
scenarios generated from the WRF simulation.

Converting all evergreen forests to deciduous forests (moredecidF) at
their respective development level leads to a slight regional annual
cooling (—0.07 £ 0.18 °C) in Fennoscandia (Fig. 3c). There is an evident
spatial variability in the temperature effect, with a slight warming in the
southwest and a cooling in the northeast. The statistical distribution of 2
m air temperature changes has two peaks, one at about 0.02 °C and
another at about —0.35 °C (Fig. 3d). A similar contrast in the tempera-
ture response is also observed in spring, autumn, and winter (Figure S1i,

S1k, and S11), while there is a significant cooling effect in summer with a
regional mean of —0.47 + 0.32 °C and an effect on the involved forest
grids of —0.57 + 0.28 °C (Figure S1j).

When considering the effects of forest management on land surface
temperature, we observe changes that have the same sign as those in 2 m
air temperature, but the magnitude is more pronounced (Fig. 3e-3g). For
instance, in the developedF scenario, the annual mean changes are
—0.25 £ 0.13 °C for the regional mean (vs. —0.21 + 0.11 °C for the 2m
air temperature) and —0.29 + 0.13 for affected grids only (vs. —0.25 +
0.11 °C for the 2 m air temperature). The statistical distribution of land
surface changes induced by forest management shows a similar shape to
that of the 2 m air temperature (Fig. 3h). Like the 2 m air temperature,
the changes in land surface temperature also have strong seasonality
(Fig. 4). A significant cooling effect in summer can be found in the
developedF and moredecidF scenarios, while a warming summer is
observed in the undevelopedF scenario. The cooling effect in summer is
more substantial in the developedF than in the moredecidF scenario,
with values of —0.71 + 0.28 °C and —0.61 + 0.32 °C, respectively. The
median warming summer in undevelopedF is 0.91 °C, with a range of
0.50-1.22 °C as the 5th-95th percentile, averaged across the affected
grids. The statistics of changes in land surface temperature induced by
developedF, undevelopedF, and moredecidF scenarios are shown in
Supplementary Table S7.
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3.4. Decomposition analysis of temperature changes and key drivers

In the developedF scenario, the mean spring cooling in land surface
temperature over the affected grids (—0.16 °C, with a range from —0.52
°C to 0.13 °C as the 5th and 95th percentile, Fig. 4) can be mainly
attributed to a decrease in sensible heat, an increase in latent heat and
less incoming shortwave solar radiation reaching the surface (Fig. 5a
and Figure S3 in Supplementary Information). In summer, the mean
cooling effect is particularly strong, and it is primarily driven by de-
creases in incoming shortwave radiation. This can be connected to the
higher evapotranspiration rates of mature forests that increase the
presence of clouds, which reduce the amount of solar energy reaching
the surface. Mean changes are smaller in autumn and winter. For the
annual mean changes, the main component is the reduction in short-
wave radiation (together with the imbalance term). The seasonal

breakdown of the decomposition analysis is available in Table S8.

In the case of undevelopedF, the mean warming in spring is primarily
the result of increased sensible heat fluxes and reduced latent heat,
which is the outcome of lower vegetation cover (Fig. 5b). A similar result
is found in summer and autumn, where all components contribute to
warming. In winter, most of the region experiences cooling driven by
reduced longwave radiation and soil fluxes. Annually, the land tem-
perature change is mostly positive throughout the domain (Figure S4),
and it is primarily dominated by increased sensible heat (Figure S5). As
for the developedF case, changes in albedo play a minor role relative to
other changes in the different components of the surface energy balance.

In the moredecidF case, there is almost no change in the mean spring
land surface temperature across the domain, as there is a balance be-
tween moderate warming of approximately 0.1-0.5 °C in southern
Norway, Sweden, and Finland, and moderate cooling of about —0.2 to
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Fig. 5. Decomposition of seasonal, and annual mean land surface temperature (LST) changes (ALST, unit: °C) into different factors induced from the investigated
forest scenarios, i.e. a full development class of all forested areas (developedF; a), all undeveloped forests (undevelopedF; b), and the transition from evergreen forests
to deciduous forests (moredecidF; c). The eight factors include albedo, incoming shortwave radiation, incoming longwave radiation, latent heat flux, sensible heat
flux, soil heat flux, emissivity, and surface imbalance heat flux, using the temperature decomposition method. The white cross represents the net change in LST. The
height of each bar represents the average magnitude of the change in each factor across the entire domain.

—0.5 °C in other regions (Fig. 4). The decomposition analysis shows that
the warming driven by the increase in sensible heat is mainly counter-
balanced by a cooling from surface albedo (as deciduous species have a
lower snow masking effect than evergreen forests) and reduction in
latent heat fluxes (Fig. 5c). In summer, the spatial pattern of the net
temperature changes is largely in contrast to what observed in spring
(Figure S6), but the decomposition analysis shows similar results.
Although of smaller magnitude, the same direction of the individual
components of the surface energy budget is observed for the annual
mean as well. The situation differs for the results in autumn and winter,
but net changes in land surface temperature are small and net variations

of the individual components are more limited.

4. Discussion

In this study, we integrate an enhanced forest structure and distri-
bution dataset with a high-resolution regional climate model to inves-
tigate the model’s capability to capture the direct impacts of alternative
forest development stages and composition on regional climate via
changes in surface energy balance. Compared to the default land cover
classification, an enhanced forest cover product with three different
forest development classes and two main tree species (evergreen and
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Fig. 6. Comparison of the seasonal and annual mean 2 m air temperature changes between the investigated forest scenarios and the predicted temperature changes
between 2010 and 2050 under RCP2.6 and RCP4.5 in Fennoscandia. The uncertainty ranges in the RCPs and forest scenarios represent the standard error in

each scenario.
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deciduous) showed improved accuracy in reproducing observed 2 m air
temperature and land surface temperature, and allowed to explore the
temperature response to alternative forest types.

Increasing the presence of more developed and mature forests in
Fennoscandia can decrease temperatures throughout the year, particu-
larly during summer. This is mainly attributed to a decrease in incoming
shortwave solar radiation induced by changes in cloud cover promoted
by higher evapotranspiration rates. The summer-induced cooling is
large enough to compensate for about 70 % of the future warming ex-
pected in Fennoscandia from the RCP2.6 scenario in 2050 (relative to
2010) (Fig. 6). On an annual basis, the cooling can offset about 25 % of
the predicted warming. These relative contributions to a regional miti-
gation of global warming effects are more reduced in the case of a higher
impact scenario such as RCP4.5. In this case, the cooling benefits in the
summer correspond to about 47 % of the predicted warming, which
becomes 16 % in terms of the annual mean.

The predominance of low-developed and/or early-stage successional
forest (undevelopedF) is associated with a warming contribution in
summer, spring, autumn, and throughout the year, and it is primarily
driven by increased sensible heat due to reductions in evapotranspira-
tion from the decline in vegetation cover. The warming effect in summer
is equal to about 60 % of the one expected in Fennoscandia under
RCP2.6, and 39 % of the one under RCP4.5. In terms of annual mean
temperature changes, the relative importance of the average warming is
more moderate, ranging from about 25 % in RCP2.6 to about 16 % in
RCP4.5.

A shift in tree species from evergreen to deciduous forests, which can
be interpreted as a strategy to promote nature conservation by favouring
natural regeneration, induces a decrease in shortwave radiation (as
deciduous species have higher evapotranspiration rates, thereby
favouring cloud formation), an increase in albedo (as deciduous trees
have higher albedo values in summer and a lower snow-masking effects
in winter and spring than evergreen species), and an increase in latent
heat flux (from higher evapotranspiration rates), resulting in a robust
summer cooling. This cooling benefit is about 67 % of the expected
warming from RCP2.6, and 45 % in the case of RCP4.5. The cooling
effect in the other seasons and the annual mean is more uncertain
though, as the regional temperature response is spatially heterogenous
and the uncertainty ranges span from negative to positive values. This is
maybe due to the multiple effects at play when a change in tree species is
simulated, and the net effects on temperature are more dependant on the
background climatic conditions.

The simulations with the WRF model coupled to the enhanced land
cover classification exhibit a low level of bias and RMSE. The statistical
performance indicators are comparable to that of the most common
regional climate models used for simulating local-to-regional climate of
land cover changes in Europe (Davin et al., 2020; Huang et al., 2020;
Kotlarski et al., 2014). Most regional climate model simulations from
previous studies typically underestimate annual mean temperature
(—2.0 to —0.2 °C) relative to observations in northern Europe (Kotlarski
et al., 2014). Past simulations specifically based on the WRF regional
climate model show large spread biases in Scandinavia, with a regional
underestimation from —2.2 to 1.1 °C in winter, and from —3.0 to —0.13
°C in summer (Kotlarski et al., 2014; Vautard et al., 2021). Our simu-
lations have smaller error ranges for both annual mean (—1.40 °C) and
seasonal mean temperature (—0.43 °C for winter and —0.32 °C for
summer). Overall, these results demonstrate the advantages of using an
enhanced forest cover dataset with more specific parameterization of
forests in Fennoscandia for improving the accuracy of regional climate
model simulations.

Generally, our findings are consistent with previous observational
studies conducted in boreal forests (Alkama and Cescatti, 2016; Lee
etal., 2011; Zhang et al., 2014), which indicate that forest clearing tends
to increase temperature during summer months, while afforestation has
the opposite effect. Our model simulations show effects of forest dy-
namics that are consistent with other modelling studies investigating the

10

Agricultural and Forest Meteorology 354 (2024) 110083

relationship between forest cover and surface temperature, despite the
significant diversity in climate system responses exhibited by different
climate models. For example, when simulating increased forest cover in
Europe, most regional climate models predict widespread cooling (well
below —2 °C) during summer, but some models suggest widespread
warming (around +2 °C or higher) or even a mixed response (Cherubini
et al., 2018; Davin et al., 2020). Within the Scandinavian domain, pre-
vious studies based on an individual climate model indicated that
expanding forests would lead to additional surface warming during
winter and spring (ranging from 1.0 °C to 1.5 °C) and cooling during
summer (between —1.6 °C and —1.3 °C) (Cherubini et al., 2018; Hu
et al., 2019; Mooney et al., 2021). These studies also suggest that tem-
perature changes are generally smaller in autumn. Although this
response is relatively stronger than what we observed in our forest
management scenarios, the seasonal trend aligns with our findings. Our
study also found similar trends in land surface temperature, although
our estimates were lower in magnitude due to the smaller differences in
vegetation structure and biomass considered in our forest management
scenarios, which involve transitioning from mixed developed forests to
either fully developed or under-developed forests. In contrast, previous
studies compared temperature differences between forests and open
land, either between nearby pairs of sites or before and after affor-
estation/deforestation, where the changes in vegetation structure are
more pronounced. Our study suggests that allowing boreal forests to
develop to more mature stages may lead to lower annual mean surface
temperatures, mostly driven by cooler summer months, potentially
helping to mitigate the effects of summer heat.

There has been limited investigation of the regional climate impli-
cations of forests at different development stages in Fennoscandia,
hindering the possibility of comparing the main findings from our
analysis with previous studies. Consistently with previous research
(Alkama and Cescatti, 2016; Naudts et al., 2016; Zhang and Liang,
2018), our decomposition analysis shows that a cooling effect in summer
is mainly due to increased evapotranspiration and surface emissivity.
Forest development reduces surface albedo, resulting in increased net
radiation at the surface and latent and sensible heat fluxes. The parti-
tioning of this extra energy by the vegetation cover determines the
extent to which trees increase latent heat flux instead of sensible heat,
ultimately leading to cooling effects. Changes in albedo, surface emis-
sivity, and evapotranspiration under varying radiation loads contribute
to the seasonal changes in the local climate response to forest dynamics.
A previous study based on an offline land surface model shows that more
developed forests have a slight annual cooling effect on land surface
temperature of 0.04 °C, while undeveloped forests exhibit an annual
mean warming of 0.14 °C (Kumkar et al., 2020). Using machine
learning-based statistical models, Huang et al. (2023a) found that,
compared to the present state of Fennoscandian forests, fully developed
forests induce an average cooling of land surface temperature in summer
daytime ranging from —0.85 °C to —0.23 °C (depending on the statistical
model), with an annual mean warming of 0.26 °C. Conversely, scenarios
with undeveloped forests result in an annual average cooling of —0.29
°C but daytime warming in summer that can exceed 1 °C. It is important
to note that modelling studies often yield amplified responses compared
to observationally constrained estimates (Perugini et al., 2017). These
differences can be attributed to variations in the accuracy of land cover
representation and physical processes, as modelling studies typically do
not optimize physiological properties of the vegetation with their age.

The main unexpected result from our simulations is related to the
weak albedo response in winter and spring, which is surprising as the
seasonal snow cover should amplify the albedo feedback when reducing
(undevelopedF) or maximizing (developedF) forest structure and
biomass. This is maybe the reason of the uncommon finding of winter
temperature changes in developedF, which shows a slight cooling effect,
with land surface temperature showing a decrease of —0.17 + 0.15 °C
and 2 m air temperature of —0.22 + 0.14 °C. This finding is intriguing
considering that an increase in forest structure (especially in LAI) is
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typically associated with a reduction in albedo due to the masking effect
of snow cover (Anderson et al., 2011; Betts et al., 2007). However,
despite the decrease in albedo reported by the model (Supplementary
Figure S2), a cooling rather than a warming effect occurs. To further
investigate the drivers of these land surface temperature changes, we
employed a decomposition method to analyse the contributions of
different components. Our analysis revealed the weak temperature ef-
fects from albedo changes across all simulations (except for the mor-
edecidF case), and that the changes in temperature in winter and spring
are mostly due to changes in moisture fluxes and shortwave radiation.
Investigations with other regional climate models could shed light on
the extent to which this finding is dependant on an individual model
configuration, or it is due to the limited capability of regional climate
models to represent internal processes when simulating changes in
vegetation phenology of the same tree species that are at different stages
of development (instead of contrasting vegetation types, for which
validation is more robust). This explanation is maybe supported by the
fact that the albedo feedback is more visible when there is a shift from
one tree species to another (moredecidF), but not when the same tree
species is considered at a different stage of development (despite the
structural parameters such as LAI or canopy height are consistently
changed). More research can thus aim to improve the representation of
the fundamental physical processes of trees along different stages in
regional climate models to secure more accurate estimates of the effects
of forest management on regional climate.

Impacts of forest cover dynamics on land surface temperature are
sometimes found to be more pronounced than those on 2 m air tem-
perature, with changes in land surface temperature being up to 50 %
larger than 2 m air temperature, particularly in terms of maximum
values. However, the overall patterns and directions of the change
remain consistent between the two variables. This finding aligns with
observations from satellite-based studies (Alkama and Cescatti, 2016). It
is important to note that our approach focuses on estimating regional
impacts on temperature resulting from variations in forest structure and
land-atmosphere interactions. We have not explicitly accounted for
possible large-scale feedback that may arise due to teleconnections,
which are long-range atmospheric interactions. These teleconnections
could potentially amplify or dampen the regional temperature impacts
of forest cover dynamics estimated with regional climate models
(Portmann et al., 2022).

Our study focuses on average climatic conditions, thereby dis-
regarding the influence of interannual climate variability. However, the
biogeophysical processes driving these temperature changes can exhibit
sensitivity to varying background climate conditions from year to year
(Lietal., 2016, 2024; Pitman et al., 2011). The evapotranspiration effect
is sensitive to soil moisture, which is susceptible to changes during
drought periods (Davis et al., 2019; Greiser et al., 2024). The expected
increase in drought frequency under climate change can lead to short-
ages in soil moisture and lower evapotranspiration rates (Seneviratne
et al., 2010; von Arx et al., 2013). This means that during dry spells the
moisture benefits associated with developed forests may diminish,
resulting in decreased evapotranspiration and subsequently lower latent
heat fluxes. As a result, the cooling effects typically associated with fully
developed forests in summer can be reduced (Brodribb et al., 2020; Li
et al., 2024). Notably, factors like snow cover and its duration yield a
substantial influence on the surface energy balance and the mechanisms
shaping temperature variations. In warmer years, the presence and
duration of snow cover diminish, thereby reducing the significance of
the albedo mechanism. Elevated winter temperatures lead to shortened
snow cover duration and reduced depth, ultimately diminishing the
cooling impact attributable to snow’s reflective properties on harvested
areas. The reduction in the snow-albedo cooling effect has the potential
to reduce the biogeophysical temperature cooling associated to forest
harvest activities in the region (Wei et al., 2022).
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5. Conclusions

The use of an enhanced forest cover product in an up-to-date regional
climate model can improve model performance in reproducing 2 m air
temperature and land surface temperature, and it facilitates the inves-
tigation of the effects on regional climate of alternative forest develop-
ment stages and composition that are indicative of different forest
management strategies. An expansion of the predominance of mature
and/or fully developed forests in Fennoscandia as advocated to maxi-
mize vegetation carbon stocks has the potential to exert a regional
biogeophysical cooling with reductions in both land surface and 2 m air
temperature, especially in the summer. This cooling benefit is primarily
attributed to reduced incoming shortwave radiation, resulting from an
increase in cloud cover triggered by enhanced evapotranspiration fluxes
from the increased vegetation. On the other hand, the predominance of
undeveloped or early-successional forests induces an annual mean in-
crease in temperature, especially in summer, primarily due to increased
sensible heat fluxes driven by a reduction in evapotranspiration caused
by the simplification of the vegetation cover. Furthermore, a transition
from evergreen to deciduous forests, a proxy for a typical management
strategy aiming at promoting natural regeneration for nature conser-
vation, results in a less certain annual average cooling effect (—0.07 +
0.19 °C), which is mainly due to changes in surface albedo, and to a
more robust summer cooling. Overall, these simulations show that an
extensive change in the forest development stage can induce a temper-
ature effect that corresponds to a significant fraction of the expected
warming by 2050 (from 16 % to 70 %, depending on the specific
scenario-RCP combination and season). As the effective implementation
of alternative management practices will be more gradual and nuanced
than what simulated here, these temperature changes likely represent a
theoretical maximum. However, they provide an indication of the di-
rection that regional temperature effects can take if deploying practices
that either increase or decrease forest structure or favour a tree species
change towards a higher presence of deciduous trees. Overall, these
results can be generally explained by a temperature decomposition
analysis and by comparison with previous studies, although some find-
ings are unexpected (e.g., cooling effects in winter of a fully developed
forest). Simulations with other RCMs and more research at the interface
between observations and modelling are needed to constraint existing
uncertainties on the influence of forest dynamics on regional climate.

Increasing the understanding of the importance of the connections
between forestry and the regional climate can help to inform resource
managers and authorities about the consequences of changes in harvest
intensities or tree species (e.g., from evergreen to deciduous species)
beyond a mere carbon accounting perspective, providing a more holistic
view on the climate change mitigation opportunities connected with
forest management. Only considering carbon fluxes and overlooking
biogeophysical temperature implications can lead to the identification
of sub-optimal practices and miss opportunities for potential synergies
between global climate change mitigation and regional implementation
with co-benefits for adaptation (e.g., potential mitigation of summer
warming). Any large-scale change in management practices requires
social acceptability and political support for financial resources, which
can be facilitated by considering multi-criteria approaches and inte-
grated strategies that can optimize climate change mitigation along with
other environmental aspects, such as biodiversity, sustainable resource
management, and socio-economic benefits for local communities.

Open research
Data availability statement

The source code for the regional climate model (WRF v4.3) can be
found on the wrf-model GitHub repository (https://github.com/wrf-
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2021). The ESA CCI land cover classification map and model validation
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datasets E-OBS (Cornes et al., 2018) and ERA5-Land (Munoz-Sabater
et al., 2021) are available for download from the Climate Data Store
(https://cds.climate.copernicus.eu/, accessed on September 21, 2023).
The enhanced forest data is sourced from the Norwegian Institute of
Bioeconomy Research (NIBIO) (https://bird.unit.no/resources/10,26
1,768-feb9-4c37-8c08-ea2efe5342ef, accessed on September 21, 2023)
(Majasalmi et al., 2018). The CORDEX regional climate model simula-
tions are available from the ESFG platform (https://esgf-data.dkrz.de/
search/cordex-dkrz/, accessed on February 28, 2024). For access to
the model simulation data used to generate figures in the manuscript
and supplementary information via Zenodo repository (https://zenodo.
org/record/8,365,723, accessed on September 21, 2023) (Huang et al.,
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