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Executive summary

This deliverable is a part of the ForestNavigator project Work Package 4 (Biodiversity and
ecosystem services) and presents outcomes of task 4.2, which focuses on climate regulation
feedbacks associated with forest management. The goal of this task was to develop an emulator
(MESMER-L-X) that can quickly and efficiently reproduce biophysical effects resulting from changes
in forest management practices.

The work began with model simulations using the regional climate model COSMO-CLM? and model
development and exploratory work with the Icosahedral Nonhydrostatic Earth System Model
ICON-ESM/JSBACH4 to assess suitable simulation approaches for the project. Due to the higher
complexity and adaptation demands of the ICON-ESM simulations in the context of the deliverable,
primary efforts were directed towards the COSMO-CLM? simulations. These included several forest
land use scenarios, covering afforestation, deforestation, and forest composition changes. The
statistical relationship between these forest changes and the near-surface air temperature was
investigated and successfully implemented into a novel emulator that can efficiently reproduce
the associated effects of these forest changes on the typical local daily mean, maximum, and
minimum temperatures.

The emulator can successfully capture the effects seen in the original simulations, such as the
spatial patterns of warming associated with afforestation or a conversion to needleleaf trees, the
cooling associated with deforestation, or the conversion to broadleaf trees. The equations have
been shared with project collaborators, and the emulator's preliminary version is available in a
public repository (https://gitlab.iiasa.ac.at/forestnavigator/wp4/forestnavigator d4.3 mesmer-I-

x.git).

This emulator will be used to support WP7, where they can be incorporated into the G4M-X meta-
model via the modification of climate input parameters. Ultimately, we expect that the emulator
may play a valuable role in supporting European forest policymaking by providing fast, reliable
insights into the climate impacts of different forest management scenarios.
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I. Introduction

Forests play an important role in European climate policy due to their capacity to absorb and store
carbon dioxide. Sustainable forest management, therefore, is a key strategy for achieving the EU’s
climate neutrality goals (Grassi et al., 2017). As natural carbon sinks, forests can help offset
greenhouse gas emissions from other sectors, such as energy and transportation (Whitehead,
2011). They also contribute to biodiversity conservation, soil protection, and water regulation,
which are integral to climate adaptation strategies. European policies like the EU Forest Strategy
and the Regulation on land use, land-use change and forestry (LULUCF) underscore the importance
of sustainable forest management in enhancing carbon sequestration while ensuring the resilience
and health of forest ecosystems (Romppanen, 2020). By preserving and restoring forests, Europe
can strengthen its efforts to combat climate change and protect environmental sustainability.

Beyond their role in carbon sequestration, forests can also have pronounced biogeophysical
impacts that influence climate at both regional and global scales (Winckler et al., 2018; Davin et al.,
2020; De Hertog et al., 2022, Pongratz et al., 2021). These effects include changes in albedo, surface
roughness, and evapotranspiration efficiency. Forests typically have a lower albedo than open land
(such as grasslands), meaning that they absorb more solar radiation, which can lead to localized
warming (Kirschbaum et al., 2011). However, this is often counterbalanced by increased
evapotranspiration, which cools down the near-surface air through the release of water vapor
(Ellison et al., 2024). Additionally, forests influence wind patterns and cloud formation due to their
complex structure and surface roughness (Teuling et al., 2017; Belusic et al., 2019).

Given the complexity and significance of these processes, climate and Earth System models can
serve as useful tools for projecting climate impacts of different forest systems. However, these
models generally consume large amounts of computational resources. This issue can be addressed
by developing climate model emulators. They serve as simplified, computationally faster versions
of complex climate models, allowing researchers to rapidly explore a wide range of scenarios and
variables without the need for resource-intensive simulations (Beusch et al., 2021). Using
emulators enables quicker decision-making, especially in policy and planning contexts, where
timely insights are essential. Additionally, emulators are particularly valuable for uncertainty
analysis, helping to identify key drivers of climate change impacts and assess potential risks across
various sectors (Nath et al., 2023). By providing faster feedback on potential climate futures,
emulators support informed decision-making for climate adaptation and mitigation strategies,
facilitating more effective and responsive climate action.

In this report, we describe the development of an emulator capable of reproducing direct
biogeophysical impacts of forest changes across Europe, using a set of simulations conducted with
the COSMO-CLM? model, a regional climate model that is coupled with a land model. We outline
the process of creating the emulator, named MESMER-L-X, starting from solving the challenge of
extracting local effects from the simulations. Once local effects could be extracted, the next step
consisted of comparing COSMO-CLM? climate simulations with modified forestation strategy
against control simulations that have a current land-use distribution. The forest changes
considered include variations in forest cover (afforestation, deforestation), shifts in forest
composition (i.e., changes in the fractions of coniferous and broadleaf forests), as well as their
combined effects. From there, statistical relationships between local temperature effects
associated with each land-use change were identified through analysis of monthly means of daily
mean, minimum, and maximum temperatures. As the last step, the emulator was then constructed
based on these identified statistical relationships. The final MESMER-L-X emulator operates by
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taking temperature data as input and applying the land-use change effects to generate the
resulting modified temperature variables as output.

The initial ForestNavigator project proposal also envisioned the integration of the Earth system
model ICON-ESM simulations into the development of MESMER-L-X. In this context, ICON-ESM
more specifically refers to ICON-ESM coupled with JSBACH4, as JSBACH4 has a more detailed
forest growth representation. The original aim of using the two models was to increase confidence
in the results through two independent sets of simulations. However, due to delays and modeling
limitations (late hiring/change in staff due to challenging applicant situation for both institutions,
slower than anticipated community progress on ICON-ESM features anticipated to be available by
the time of the WP start, higher than anticipated complexity in integrating G4M-X forestry
information into ICON-ESM and COSMO-CLM?), different strategies were adopted: rather than using
the two models for robustness, the focus diverged toward developing specific emulators capturing
different processes (forest cover and composition changes for COSMO-CLM?, forestry/age-
dependent climate effects for ICON-ESM), and an initial focus of the joint effort on the COSMO-
CLM?*-based emulator to ensure its timely delivery to the other ForestNavigator partners.

2. Forest scenarios simulated with COSMO-CLM?

2.1. Simulation setup

In this study, the Consortium for Small-scale Modelling - Climate Limited-area Modeling
Community (COSMO-CLM) regional climate model, coupled with the Community Land Model
(CLM), was employed to simulate regional climate processes with high spatial and temporal
resolution (0.44°x0.44° for the atmosphere and 0.5°x0.5° for the land model (~50 km), 30 minutes
time step). This coupled modeling system, hereafter referred to as COSMO-CLM?

(“COSMO-CLM squared”) (Davin et al., 2011), allows for a more comprehensive representation of
land-atmosphere interactions by integrating the detailed surface processes simulated by CLM
(version 5) with the atmospheric dynamics of COSMO-CLM. The use of COSMO-CLM? enabled
improved simulation of key regional climate features, such as temperature, precipitation, and
surface energy fluxes, which are critical for accurately assessing the impacts of climate variability
and change at the regional scale.

To better represent the heterogeneity within one grid cell, a sub-gridcell structure was designed by
organizing each grid cell into multiple hierarchical levels: land units, columns, and plant functional
types (PFTs). Land units represent broad surface types within gridcells such as vegetated land,
urban areas, lakes, glaciers, and wetlands (Lawrence et al., 2019; Figure 1). Within each land unit,
the model defines columns to account for variations in soil and hydrological processes, such as
differences between irrigated and non-irrigated areas. Finally, within each column, the surface
patchis furtherdivided into PFTs, which represent specific vegetation types. This layered structure
allows CLM5 to simulate the distinct biogeophysical and biogeochemical processes associated
with each land type and vegetation class, improving the model's ability to represent complex land-
atmosphere interactions at sub-grid scales.
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Figure 1. Sub-grid cell level structure of the Commun/ty Land Model version 5 (CLM5; from Lawrence et al., 2019). Land units are
indicated in the top right panel: L = lake, G = glacier, U = urban, V= natural vegetation and cropland. The arrows indicate how
transitions in land-use change can occur in the model.

Seven experiments were conducted using data covering the period 2015 to 2074, with the first 10
years as the spin-up period. The only difference among these seven experiments is the land-use
input, which remains static during the whole simulation period (Table 1). The boundary condition
input data is from the output of MPI-ESM under the framework of CMIP6 under the scenario SSP3-
7.0, and the reason why we chose this scenario is that it can induce the highest warming level
(Wieners et al., 2019). The control experiment (Ctl) represents present-day land-use conditions and
serves as the reference for comparison. The Afforestation scenario (Aff) simulates the conversion
of all grasslands to forests, maintaining the existing forest composition. Conversely, the
Deforestation scenario (Def) involves converting all forests into grassland. Two experiments focus
on forest composition changes: Brd replaces all coniferous forests with broadleaf forests, while Ndl
does the opposite by replacing all broadleaf forests with coniferous forests. The AfB scenario
combines afforestation with compositional change by converting both grassland and coniferous
forests to broadleaf forests. Similarly, the AfN experiment replaces all grassland and broadleaf
forests with coniferous forests. Together, these experiments enabled a detailed analysis of how
different aspects of forest cover and composition influence land-atmosphere interactions and
regional climate.

Table 1: Experimental design

Ctl Present-day land-use

Aff Replacing all grassland with forests, without changing the forest composition
Def Replacing all forests with grassland

Brd Replacing all coniferous forests with broadleaf forests

Ndl Replacing all broadleaf forests with coniferous forests

AfB Replacing all grassland and coniferous forests with broadleaf forests

AfN Replacing all grassland and broadleaf forests with coniferous forests

The goal for the emulator is to capture direct impacts - effects in the location where the changes
occur and are directly caused by the forest land-use changes in this location. Therefore, direct
impacts need to be separated from indirect impacts, and we utilized the sub-grid level outputs of

Public 10



bhm

ForestNévigator

CLMS5 to do this. Relevant to the experiments (Table 1), changes occur over the forest and grass
PFTs (Figure 1). Within the natural vegetation land-unit and column of COSMO-CLM?, there are 3
coniferous tree species, five broadleaf tree species, and 3 grass species, which for this purpose are
grouped together in these main functional categories (Table 2). Shrubland and bare ground are
categorized into a land use tile called “other”, together with other land-use units like cropland,
lakes, urban areas, and glaciers.

Table 2: The categorization of grass and forest PFTs for the separation of direct and indirect effects.

Bare Ground Other

Needleleaf evergreen tree - temperate Coniferous forests
Needleleaf evergreen tree - boreal Coniferous forests
Needleleaf deciduous tree - boreal Coniferous forests
Broadleaf evergreen tree - tropical Broadleaf forests
Broadleaf evergreen tree - temperate Broadleaf forests
Broadleaf deciduous tree - tropical Broadleaf forests
Broadleaf deciduous tree - temperate Broadleaf forests
Broadleaf deciduous tree - boreal Broadleaf forests
C3 arctic grass Grassland

C3 grass Grassland

C4 grass Grassland

We explain this process of separating direct and indirect effects using the experiment Aff as an
example, which is visualized in Figure 2. Assuming that we have a grid cell, which in the control
simulation is divided into three land-use tiles: forest (green: F), grassland (light green: G), and other
(orange: 0). In the afforestation simulation, grasslands are converted into forest, so there are only

two land-use types left.
o mmp 0
G

Figure 2. Visual example of the separation process of direct and indirect impacts

We define temperatures before afforestation over each land-use type as T¢, Ty, and T,, and the

temperatures after afforestation over each land-use type are T¢ and T,. A basic assumption is that

the indirect impacts (AT;,,) are the same over the whole grid cell, which can be calculated as
ATy = ((To’ ~ T,)xF, + (T} = Ty) fo) = (F + F,)

, Where Fr and F,, indicate the fraction of forest and other land-use tiles in the grid cell before

afforestation. Consequently, the direct impacts ATy;,- can be calculated as:

ATy =T} =T,

g _'AYEnd

A corresponding method is used for the separation of impacts induced by other forest changes.
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2.2. Modelled biophysical responses

In this section, we present the results from the above-described experiments regarding forest-
changes-induced impacts on temperature. The Forest changes included afforestation,
deforestation, forest composition change, etc. (Table 2). For each month, the results of the monthly
mean daily maximum temperature changes are analyzed here, and the results of daily mean and
daily minimum temperature are also calculated (not presented in this report). Both direct and
indirect impacts are presented here for comparison. All results shown below are the difference
between the corresponding experiment and the control simulation. In this section, we only present
the results of four experiments, Aff, Def, Brd, and Ndl in this section. The results from AfB and AfN
are approximately the sum of Aff and Brd or Ndl, which are provided in the netCDF files prepared
for emulator users.

2.2.1. Afforestation

Afforestation (grassland to forests) induces pronounced biogeophysical impacts on 2-meter air
temperature across Europe, with distinct spatial and seasonal patterns for both direct and indirect
effects. The direct effects result in widespread warming throughout the year, especially during the
spring and summer months (Figure 3). Notably, from April to July, northern and eastern Europe
experience direct temperature increases exceeding +1.2°C compared to the control simulation
average over the period 2025-2074, and similar warming is also observed in many grid cells over
southern regions.
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Figure 3. Direct biogeophysical impacts of the conversion from grassland to forests on average (2025-2074) monthly mean daily
maximum temperature (in K)

In contrast, the indirect effects show a more heterogeneous response (Figure 4), which is likely
mediated by changes in soil moisture and evapotranspiration. Indirect warming is dominant in the
boreal and temperate zones, particularly from March to May, with northern Europe consistently
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experiencing warming effects exceeding +1.0°C relative to the control simulation. During summer
(July-August), indirect warming effects disappear in the Northern regions but occur in parts of
southern and eastern Europe, potentially due to moisture-related feedbacks.
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Figure 4. Indirect biogeophysical impacts of the conversion from grassland to forests on average (2025-2074) monthly mean

2.2.2. Deforestation

daily maximum temperature (in K)

Direct effects of deforestation (forests to grassland, Figure 5) predominantly indicate a cooling
signal throughout most of the year, particularly over southern and eastern Europe, with the
strongest cooling (>0.8 or even 1.6 °C in many grid cells) observed during the spring and summer
months. Some localized warming appears in northern latitudes, especially in winter.

In contrast, the indirect effects (Figure 6) are more spatially extensive and show stronger cooling
across northern and eastern Europe from February to July, peaking in spring and early summer
(over 1.6 °C). Interestingly, indirect warming emerges in the boreal regions during late autumn and
early winter, suggesting a seasonal shift in feedback such as changes in cloud cover or surface

albedo.
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Figure 5. Direct biogeophysical impacts of the conversion from forests to grassland on average (2025-2074) monthly mean daily
maximum temperature (in K)
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Figure 6. Indirect biogeophysical impacts of the conversion from forests to grassland on average (2025-2074) monthly mean
daily maximum temperature (in K)

2.2.3. Conversion from needleleaf to broadleaf

The seasonal patterns of biogeophysical effects resulting from the conversion of needleleaf
(coniferous) to broadleaf forests reveal nuanced temperature responses across Europe (Figure 7).
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The direct effects indicate a slight tendency toward cooling across most of the continent, with
enhanced responses in Scandinavia and parts of Eastern Europe from April through July (more
than 0.4 °C in many grid cells).

In contrast, the indirect effects (Figure 8) show a stronger response and a marked cooling signal
during spring and summer months, especially across northern and eastern Europe, with
temperature reductions reaching up to-1.6°C in some regions. This cooling is most prominent from
March to August, suggesting a strong influence of changes in surface albedo, evapotranspiration,
and atmospheric feedbacks during the growing season. Conversely, weak warming appears in

northern latitudes during winter months, particularly in December and January.
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Figure 7. Direct biogeophysical impacts of the conversion from coniferous forests to broadleaf forests on average (2025-2074)
monthly mean daily maximum temperature (in K)
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Figure 8. Indirect biogeophysical impacts of the conversion from coniferous forests to broadleaf forests on average (2025-2074)
monthly mean daily maximum temperature (in K)

2.2.4. Conversion from broadleaf to needleleaf

The conversion from broadleaf to needleleaf forests yields a predominantly warming
biogeophysical signal across Europe, as indicated by both direct and indirect effects on 2-meter
daily maximum temperature. The direct effects (Figure 9) reveal widespread warming throughout
the year, with the most substantial increases in temperature occurring over northern and eastern
Europe during spring and summer (March-August), where anomalies often exceed +0.8°C. This
warming is likely linked to the lower albedo and greater canopy roughness of needleleaf forests.

The indirect effects (Figure 10) reinforce this pattern, showing an even stronger and more spatially
extensive warming response from late spring through summer, particularly over southeastern and

eastern Europe, with July and August seeing peak warming of up to +1.6°C in some areas.
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Figure 9. Direct biogeophysical impacts of the conversion from broadleaf forests to coniferous forests on average (2025-2074)
monthly mean daily maximum temperature (in K)
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Figure 10. Indirect biogeophysical impacts of the conversion from broadleaf forests to coniferous forests on average (2025-2074)
monthly mean daily maximum temperature (in K)

Public

17



b

ForestNavigator

3. Development of the MESMER-L-X Emulator

3.1. Formulation of the emulator equations

MESMER-L-X is designed to emulate the direct impacts of forest changes on near-surface
temperature. This is a new emulator dedicated to reproducing the direct biogeophysical impacts
of forest change, while previous MESMERs focus on reproducing the spatial distribution of mean or
extreme temperatures from a global mean temperature (Beusch et al., 2020; Nath et al., 2021,
Quilcaille et al., 2023). As outlined above, direct impacts indicate the impacts directly induced by
forest change, which only occur over the land-use tile where forests change. Indirect impacts are
the impacts caused by advection and general circulation.

Like previous MESMER emulators, the emulator designed in this study could be divided into two
parts: a local response module and a local residual variability module. The local response module
is based on the relationship between the direct impacts of forest change and local grid cell
temperature, while the local residual variability module is used for reproducing the local
variability.

The linear relationship between the direct impacts of forest change and local grid cell temperature
is built based on the simulations from the years 2015-2074 (60 values for each month). Thus, it can
be represented as:
TTtQSP — ﬁtrend . Tstm+ ﬁint
s, tm ,L,
Where Tsr’tej,’l’ is the response temperature change calculated based on the linear relationship,
pirend indicates the slope and Bt indicates the intercept. The local residual variability should
roughly follow a Gaussian distribution:
n(0,0)
, Where ¢ indicates the standard deviation. Thus, the whole emulated temperature should be
se,?nli = ﬂtrend ’ Ts,t,m + /Bmth,t,m + 77(0; 0_)
Where T is the emulated temperature change. The slope and intercept of the linear relationship
are different for different types of forest change scenarios, and also different for monthly mean,

daily mean, daily maximum, and daily minimum temperatures.

To conclude, there are three parameters: g™, gt and g, which need to be calculated through
the training based on COSMO-CLM2 simulations, in which the slope (B¢°"?) represents the
sensitivity of direct temperature change to the background temperature, and the standard
deviation (o) indicates the uncertainty level of the linear relationship. Moreover, we also use two
indices, R-squared value and p-value, to evaluate the robustness of the linear relationship we build.

3.2. Statistical relationships between forest type changes and
temperature variables

3.2.1. Afforestation

Positive slopes dominate during summer months (May-August), especially across central and
northern Europe, suggesting that forest changes tend to amplify warming during already warm
months (Figure 11). Conversely, in spring (March-April) and autumn (September-October),
negative slopes appear in parts of Scandinavia, indicating a dampening response. The residual
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standard deviation plots (Figure 12) show where the uncertainty in the linear relationship is
highest. Peak residual variability occurs in northern and eastern Europe from March to August,
reflecting greater local temperature variability not explained by the linear model. The R-squared
maps (Figure 13)—measuring the proportion of variance explained—reveal relatively strong model
performance during summer months, especially in Scandinavia and central Europe, where values
exceed 0.5in many grid cells. In contrast, lower R-squared values are seen in western and southern
Europe during winter, indicating that the linear relationship is weaker or more influenced by
residual variability during those periods. Finally, the p-value maps (Figure 14) confirm that most
slope coefficients are statistically significant (p <0.05) over large parts of the continent, particularly

from April through September.
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Figure 11. Slope of the linear relationship between direct biogeophysical impacts of the conversion from grassland to forests on
monthly mean daily maximum temperature and the temperature of the grid-cell
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Figure 12. Standard deviation of the residual calculated based on the linear relationship between direct biogeophysical impacts
of the conversion from grassland to forests on monthly mean daily maximum temperature and the temperature of the grid-cell
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Figure 13. R-square value of the linear relationship between direct biogeophysical impacts of the conversion from grassland to
forests on monthly mean daily maximum temperature and the temperature of the grid-cell
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Figure 14. P-value of the linear relationship between direct biogeophysical impacts of the conversion from grassland to forests
on monthly mean daily maximum temperature and the temperature of the grid-cell

3.2.2. Deforestation

The slope coefficients (Figure 15) are predominantly negative from June to September across
central and southern Europe, indicating a cooling response. In contrast, positive slopes in northern
Europe from March to May and again in late autumn (October-December) suggest localized
warming responses in colder seasons. Residual standard deviation maps (Figure 16) highlight
higher model uncertainty over northern Europe in spring and summer, particularly from April to
August. Lower residuals are generally found in western and southern Europe. R-squared values
(Figure 17) reveal the model’s explanatory power, with particularly high values (up to ~0.6) over
Scandinavia, eastern Europe, and parts of central Europe during summer months. P-value maps
confirm that the slope parameters are statistically significant (p <0.05) across large regions during
key transition months, notably from April to August (Figure 18). These results suggest that the
linear emulator reliably captures deforestation-induced temperature responses in these areas and
seasons. However, explanatory power is lower during the winter months and over western Europe,
indicating greater influence of residual variability or non-linear processes not captured by the
emulator.
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Figure 15. Slope of the linear relationship between direct biogeophysical impacts of the conversion from forests to grassland on

monthly mean daily maximum temperature and the temperature of the grid-cell
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Figure 16. Standard deviation of the residual calculated based on the linear relationship between direct biogeophysical impacts
of the conversion from forests to grassland on monthly mean daily maximum temperature and the temperature of the grid cell
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Figure 17. R-square value of the linear relationship between direct biogeophysical impacts of the conversion from forests to
grassland on monthly mean daily maximum temperature and the temperature of the grid-cell
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Figure 18. P-value of the linear relationship between direct biogeophysical impacts of the conversion from forests to grassland
on monthly mean daily maximum temperature and the temperature of the grid-cell
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3.2.3. Conversion to broadleaf forests

The slope coefficients (Figure 19) suggest a distinct pattern: from April to August, northern and
northeastern Europe exhibit negative slopes, indicating that the temperature sensitivity to forest-
type change is reduced when shifting from coniferous to broadleaf species—consistent with
broadleaf forests generally exerting more cooling through enhanced evapotranspiration and
higher albedo. Model residual variability, as indicated by the standard deviation maps (Figure 20),
is highest during the spring and early summer in boreal and eastern European regions—periods
with greater land-atmosphere coupling and phenological transitions, which are harder to capture
with simple linear models. The R-squared values (Figure 21) illustrate strong model performance
in northern and eastern Europe during summer (up to ~0.6), aligning with the regions and periods
where temperature responses to forest type change are most pronounced. Conversely, lower
explanatory power is observed in winter and over western Europe, suggesting greater influence
from local residuals or nonlinear processes not fully captured in the emulator structure. P-value
maps confirm the statistical robustness of the slope coefficients across most of Europe during key
growing season months, with widespread significance (p <0.05) in April-August, especially in high-
latitude and continental interiors (Figure 22).
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forests on monthly mean daily maximum temperature and the temperature of the grid-cell
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Figure 20. Standard deviation of the residual calculated using the linear relationship between direct biogeophysical impacts of
the conversion from coniferous to broadleaf forests on monthly mean daily maximum temperature and the temperature of the
grid-cell
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Figure 22. P-value of the linear relationship between direct biogeophysical impacts of the conversion from coniferous to
broadleaf forests on monthly mean daily maximum temperature and the temperature of the grid-cell

3.2.4. Conversion to coniferous forests

The slope maps (Figure 23) show widespread positive values from March to August, especially over
northern and eastern Europe, indicating that temperature sensitivity increases following the
replacement of broadleaf with coniferous cover. This aligns with the known biogeophysical traits
of needleleaf forests—lower albedo and higher aerodynamic roughness—which contribute to
greater surface warming. Residual standard deviation maps (Figure 24) demonstrate that the
emulator struggles most with capturing variability in northeastern Europe during the growing
season, where standard deviations peak, possibly due to complex land-atmosphere interactions
not fully captured by the linear model. The R-squared values (Figure 25) illustrate strong model
explanatory power in summer, especially in high-latitude and central European regions, where
values approach or exceed 0.5. This suggests that the emulator effectively captures both the
magnitude and variability of temperature changes linked to forest type. Lower R-squared values in
western and southern Europe during winter reflect regions where local factors or non-linear
feedbacks may play a larger role. P-value maps (Figure 26) confirm that the slope coefficients are
statistically significant (p < 0.05) across vast regions during most of the year, particularly from
February through September. These results affirm the robustness of the emulator’s representation
of warming effects due to broadleaf-to-conifer conversion.
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Figure 23. Slope of the linear relationship between direct biogeophysical impacts of the conversion from broadleaf forests to

coniferous forests on monthly mean daily maximum temperature and the temperature of the grid cell
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Figure 24. Standard deviation of the residual calculated based on the linear relationship between direct biogeophysical impacts
of the conversion from broadleaf to coniferous forests on monthly mean daily maximum temperature and the temperature of
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Figure 25. R-square value of the linear relationship between direct biogeophysical impacts of the conversion from broadleaf to
coniferous forests on monthly mean daily maximum temperature and the temperature of the grid cell
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4. Challenges and prospects for incorporating ICON-
ESM Simulations into MESMER-L-X

The ICON-ESM (Jungclaus et al., 2022) is a comprehensive global Earth System Model. Within the
model system, ICON-Land serves as the infrastructural framework for the land component, within
which the “Jena Scheme for Biosphere-Atmosphere Coupling in Hamburg”, version 4, (JSBACH4;
Schneck et al., 2022) is a land surface model responsible for simulating key biogeophysical and
biogeochemical land surface processes, including vegetation dynamics, carbon and water cycling,
and land-use changes.

Incorporating simulations with ICON-ESM/JSBACH4 into the emulator were met with some
challenges, which caused delays, such as ICON-ESM, which is a collaborative effort across several
institutions as part of the “National Earth System Modeling Strategy” (natESM), initially still
ongoing frequent updates and debugs, missing processes and development requirements and
complexities in formulating strategies to fit together the simulations and the requirements for the
emulator training data.

Relative to its predecessors, a key advantage of JSBACH4 for forest management modelling is the
presence of forest age classes (Nabel et al., 2020), which offer process-level realism to the
representation of forest aging. As this feature is unrepresented in COSMO-CLM? but could be
particularly valuable for an emulator for forest management scenarios, a strategic decision was
made to focus the JSBACH4-based emulator component around forestry and associated age
effects, while the COSMO-CLM? emulator component centers around land cover change as
described above.

While it represents an opportunity for more realistic forest management modeling, the aging forest
feature introduces considerable complexity into the model simulations’ applicability for emulator
training. By definition, aging shifts forests continuously through age classes, and this flow cannot
be easily paused without extensive manipulation of the model’s code and functionality. This
understanding led us to identify that a dynamic approach is required: unlike in the COSMO-CLM?
case, where simple static surface conditions are feasible for emulator training simulations, the
JSBACH4 forest age structures are best controlled dynamically through a harvesting process that
serves as the model's technical mechanism.

JSBACH4 was however wholly lacking a harvesting process at the beginning of the project, which
is why its development has been a significant focus. So far, the development work has established
the basic module structure and framework of the process, with the capacity of applying manual
harvesting rules in a hard-coded manner. A first version for reading in harvesting input has also
been implemented, with functionality to allocate harvesting to input-defined age classes. The
current status of the implementation is already sufficient for the generation of idealistic scenarios
suited for emulator training, where only immediate biogeophysical impacts are of interest. Future
development will further build on this foundation. It will incorporate the handling of varying input
use cases (e.g. where harvesting age class is specified and where it is not), as well as internal
harvesting rules such as mismatches between input and initial land cover present. Importantly, the
current rudimentary harvesting process also merely releases the carbon back into the atmosphere
as if the biomass were burned, but the final process will include more realistic carbon and product
pools. Ultimately, the finished harvesting process will have the full capacity to run realistic
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scenarios based on harvesting input data and will include all the key biogeophysical and
biogeochemical surface processes, providing also a realistic carbon cycle.

COSMO-CLM? has the benefit of generating sub-grid-level output, and it was decided to take
advantage of that capability for extracting direct effects, as outlined earlier. In ICON-ESM, however,
fluxes from JSBACH4 are aggregated to the grid cell level, and the atmosphere only observes the
total grid cell effect; therefore, no similar sub-grid level output can be accessed as in the COSMO-
CLM? case. Therefore, extracting both the direct and indirect effects would require a different
workaround, such as the method by Winckler et al. (2017), where land cover changes are done
selectively in only some grid boxes. An alternative approach to extract the direct effects is to run
the offline version of the land component only, i.e., just the land-component JSBACH4 on its own,
with the atmosphere only as input. This approach offers the benefit of being computationally
efficient and straightforward to implement in the current model status. The offline setup,
disallowing atmospheric adjustment or feedback, is a realistic approach to investigate small-scale
land cover/land-use changes (which would not affect the boundary layer) and is commonly used
as such in the literature (e.g., Duveiller et al., 2018; Forzieri et al., 2018). A limitation, however, is
that changes in temperatures higher up, such as the 2-meter air temperature, in response to larger-
scale vegetation changes are not simulated and could only be approximated with rough
assumptions.

For demonstration purposes, Figure 27 and Figure 28 illustrate the model’s sensitivity to variations
in forest age. The figures present differencesin mean monthly surface temperature for each month,
based on JSBACH4 standalone (or “offline”) simulations under SSP3-7.0 forcing for the years 2041-
2053 (using 1979 land cover fraction map). The simulations assume uniform forest age
distributions across the land surface. Three forest age conditions are examined: a “young forest”
scenario where forest ages range from 27 to 39 years, a “mature forest” scenario with ages from 62
to 74 years, and an “old-growth forest” simulation where the forest age is >150 years. All age ranges
correspond to a single age class within JSBACH4’s default “increasing spacing” age-class scheme
(27-39-year-old forests fall within the 27-55-year age class, and 62-74-year-old forests within the
56-T4-year age class, while the oldest tracked age is 150, belonging to the oldest age class of the
model). The subplots in each panel show monthly surface temperature differences between
mature and young forest simulations (Figure 277), and mature and old-growth forest simulations
(Figures 28). The differences are relatively small but not insignificant, especially for monthly mean
values (max 0.36°C). There’s regional and seasonal variation, as can be expected, depending on
where and when latent heat and albedo effects dominate, for example. The differences between
mature and old-growth forest (Figure 288) are more subtle, which is not unsurprising, as properties
influencing the surface energy balance (e.g., roughness, albedo) differ more between younger
forest age groups, where stand structure and canopy closure evolve more quickly. These figures
demonstrate that the model captures biogeophysical effects linked to the forest age. However, it
should be noted that these land surface temperature differences are not expected to translate to
equally significant effects at, for example, 2m air temperature (which could be captured in a
coupled model setup, as described before). The 2m air temperature is typically more buffered due
to atmospheric mixing and may show considerably smaller differences between forest age
scenarios (Winckler et al., 2019). Whether such effects would be significant enough to warrant
creating an emulator remains an open question that can ultimately be evaluated only in coupled
model runs.

We have identified a couple of strategies for generating training data for an emulator extension
capturing forest aging impacts from JSBACH4. The first option involves running simulations similar
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to the figures above, where forests age progressively through a single age class over time. This
would essentially represent a forest management scenario with a relatively uniform forest
structure and a specific rotation length. It would allow linking biogeophysical responses to a single
forest age class. However, gathering enough data points would require multiple simulation periods
(e.g., Figures 27-28 only covered 13 years), with forest aging needing to restart from zero—or from
another experiment—since the current age-class process in JSBACH4 has the technical limitation
of not supporting initialization from a selected age distribution. This makes the approach more
computationally intensive. A more affordable alternative involves prescribing a uniform forest age
distribution, where forest stands are evenly distributed across ages up to a chosen maximum. This
would represent a forest management strategy closer to continuous-growth-type management.
Such a structure could be continuously maintained through a simulation with a relatively simple
harvesting scheme, avoiding the need for repeated simulation runs to capture a single type of
management.

An emulator extended with these forest aging effects would require a different approach for the
"control" than the COSMO-CLM?*-based MESMER-L-X framework, which uses an approximate
present-day static land cover distribution as the reference state. Although the control simulation
could technically be started from a forest age map generated from existing observation or model-
derived forest age structure data, this approach presents complications. Running a dynamically
aging control simulation from then on would require an operational "control" harvesting scheme
to restrict the evolution of the forest age. Implementing such a scheme would also require a fully
completed and operational harvesting process in the model. Therefore, the best approach would
be simply having the emulator compare different age schemes to one another (e.g., like in Figures
27 and 28).

The decision of whether and how to extend the emulator to capture forest aging effects should be
guided by a cost-benefit evaluation, balancing the possible policy-relevant value with the possible
methodological burden. The emulator could be extended with the ICON-ESM/JSBACH4 input, but
with a somewhat different methodology for separating direct and indirect effects if the coupled
setup is used, and for choosing the control simulation. This would still involve several potentially
technically demanding steps, but could be worth pursuing. Extending the emulator based on just
the standalone simulations would instead be relatively straightforward but may not yield the full
desired climatological insight.
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Figure 27. Monthly mean temperature differences between simulations with "young” forests: (27-39 years) and "mature” forests
(62-74 years), using the offline land-component JSSBACH4. SSP3-7.0: 2041-2053 Climatology
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Figure 28. Monthly mean temperature differences between simulations with "old-growth” forests: (>150 years) and “mature”
forests (62-74 years), using the offline land-component JSBACH4. SSP3-7.0: 2041-2053 Climatology
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5. Discussion

In this WP, we first conducted multiple simulations with the regional climate model COSMO-CLM?
under a warming scenario to assess the biogeophysical impacts of forest changes on near-surface
air temperature. Then, based on the outputs from CLM5 at sub-grid level, we separated the direct
and indirect impacts on near-surface temperature caused by forest changes. In the end, we
developed an emulator, MESMER-L-X, which can reproduce the direct impacts induced by forest
change, based on the linear relationship between the background temperature and the direct
impacts. This MESMER-L-X is a computationally efficient alternative to traditional climate or Earth
system models for assessing the biogeophysical climate feedbacks associated with forest cover
and composition changes in Europe.

Results show that afforestation in the majority of Europe can induce a local warming (Figure 3), and
this warming effect intensifies with higher temperature in summer months (Figure 11). This is
consistent with many previous studies (Davin et al., 2020; De Hertog et al., 2023), which reduces the
attractiveness of afforestation in European forest policy. This warming effect is not only limited to
the forest land-use tile, but also over other land-use tiles (Figure 4). This indicates that large-scale
afforestation may increase the risk of the European population to heat extremes.

One possible solution could be the forest composition change from coniferous to broadleaf forests.
This conversion results in net cooling, especially during the growing season and in high-latitude
areas, reflecting higher transpiration and surface moisture availability. Conversely, the shift to
coniferous forests introduces a marked warming signal, driven by their lower albedo and structural
properties that limit evapotranspiration. These findings are consistent with broader literature on
forest biogeophysics and support the idea that not all forest cover is climatically equal (Luyssaert
etal., 2018; Schwaab et al., 2020).

From a policy perspective, afforestation and reforestation projects should be designed not just for
carbon uptake but also for their biogeophysical effects on climate. Promoting broadleaf species in
temperate and boreal regions may offer co-benefits by enhancing cooling, whereas extensive
conifer planting could inadvertently exacerbate local warming. However, changing the
composition of forests may have negative impacts on other aspects of forests, like biodiversity,
resilience to wildfire, and local soil water availability, which requires further investigations.

The seasonal and regional variation in slope and intercept parameters confirms that MESMER-L-X
captures the direction and magnitude of expected climate responses. Statistically significant
relationships, combined with high R-squared values during key periods, especially summer,
demonstrate strong predictive performance. However, the emulator's performance is less
consistent in winter months and in regions with high residual variability, limiting the confidence to
use MESMER-L-X in those months.

In general, the MESMER-L-X emulator is a valuable tool for forest climate policy modeling. By
enabling spatially explicit, computationally efficient analysis of land-use-induced climate effects,
it bridges the gap between high-resolution process-based models and the practical needs of policy
planning. Future work may extend this framework to include feedbacks on precipitation, integrate
socioeconomic scenarios, or refine residual components through machine learning techniques,
thereby enhancing its scope and accuracy.
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Although the ICON-ESM/JSBACH4 simulations were not included in this report, the process
described here for the development of the emulator based on COSMO-CLM? serves as a proof-of-
concept. A somewhat similar approach could also be utilized for a later extension of the emulator
with ICON-ESM.

6. Conclusion

The MESMER-L-X emulator successfully replicates the direct temperature responses of various
forest cover and composition changes across Europe, providing a scalable and scientifically robust
tool for supporting forest-related climate policy. Its design—leveraging linear response models
with localized variability—ensures both transparency and computational efficiency. The emulator
captures key seasonal dynamics, such as summer warming following afforestation and spring
cooling associated with broadleaf expansion, aligning with the broader understanding of
biogeophysical feedbacks.

These results underscore the importance of accounting for not just carbon fluxes but also
biogeophysical processes when designing forest management strategies. MESMER-L-X enables the
integration of these feedbacks into policy modelling, scenario analysis, and impact assessment
efforts, offering a critical bridge between climate science and decision-making.

Future work should expand MESMER-L-X’s scope by introducing a second component for ICON-
ESM/JSBACH4 forest with age-associated forest management effects. Later enhancements could
include adding interactions with humidity, testing generalizability across other European regions,
and incorporating socio-economic data to support broader sustainability and adaptation goals.
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8. Annexes

8.1. Manual of the emulator

The emulator contains a Python class (BGPImpacts (), version Python 3) and several netCDF files
containing statistical parameters, which are needed by the emulator. To use the emulator, the
users need to download the netCDF files and initialize the class with the directory where the netCDF
files are located. The emulator is available here:
https://gitlab.iiasa.ac.at/forestnavigator/wp4/forestnavigator_d4.3_mesmer-l-x.git

The use of emulator:

bgp = BGPImpacts(base)

Where base is the path to the folder.

Then, to calculate the biogeophysical impacts in one grid cell, the compute function needs to be
called with multiple mandatory input variables:
imp_dir, scaled_imp_dir, rsquared, pvalue = bgp.compute(lat_pt=45.0,
lon_pt=6.0, forchange_type=3, forchange_frac=0.8, month=4,
T _grid=25+273.15, T_type=0, var="TSA’)
Where input variables include:
lat_pt, and lon_pt are latitude and longitude of the center point of the grid cell;
forchange_type is the type of forest change, with six options (

1. afforestation (grassland -> forest);

2. deforestation (forest -> grassland);

3. conversion to broadleaf (coniferous -> broadleaf);

4. conversion to needleleaf (broadleaf -> coniferous);

5. afforestation with broadleaf (grassland -> broadleaf);

6. afforestation with coniferous (grassland -> needleleaf));

forchange_frac is the fraction of the changed area in this grid cell (0-1);

month is the month from January (0) to December (11); T_grid is the temperature of the grid cell
(in K);

T_type includes monthly mean (0: daily mean; 1: daily maximum; and 2: daily minimum);
var has two values (‘TSA’: 2-meter air temperature; ‘TSKIN’: surface temperature).

And output variables are:

imp_dir: emulated direct impacts induced by forest changes;

scaled_imp_dir:imp_dir scaled over the entire grid cell;
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rsquared: R-squared value of the linear relationship trained based on COSMO-CLM? simulations;

pvalue: p-value of the linear relationship trained based on COSMO-CLM? simulations;

8.2. Description of the appendix netCDF files

Several netCDF files with the name starting with Combined_Stats_ are provided, which are
mandatory if users want to use the emulator. The name of every file can be separated into four
parts, representing different information.

Combined_Stats_:shared string of all files.

all forest:the experiment used for the emulator training, together with the control
simulation, with six options (see Table 1):

all forest: afforestation;

all grass: deforestation;

only forest broadleaf: conversion from coniferous to broadleaf forests;
only forest_needleleaf: conversion from broadleaf to coniferous forests;

all forest _broadleaf: afforestation and the conversion from coniferous to broadleaf
forests;

all forest needleleaf: afforestation and conversion from broadleaf to coniferous
forests;

he-h1_mean: type of the temperature, with three options:
h@-h1l_mean: monthly mean daily mean temperature;
h2-h3_max: monthly mean daily maximum temperature;
h2-h3_min: monthly mean daily minimum temperature;
TSA: the variable of the temperature, with two options:
TSA: 2-meter air temperature;
TSKIN: surface temperature.

In addition to the statistical parameters prepared for the emulator, there are some other
variables which may be interesting for users, including

control: temperature of the grid cell;

local_xx: directimpacts;
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nonlocal xx:indirectimpacts.
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