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Abstract
Background: A regional-scale sensitivity study has been carried out to investigate the climatic effects of forest
cover change in Europe. Applying REMO (regional climate model of the Max Planck Institute for Meteorology), the
projected temperature and precipitation tendencies have been analysed for summer, based on the results of the A2
IPCC-SRES emission scenario simulation. For the end of the 21st century it has been studied, whether the assumed
forest cover increase could reduce the effects of the greenhouse gas concentration change.
Results: Based on the simulation results, biogeophysical effects of the hypothetic potential afforestation may lead
to cooler and moister conditions during summer in most parts of the temperate zone. The largest relative effects of
forest cover increase can be expected in northern Germany, Poland and Ukraine, which is 15–20% of the climate
change signal for temperature and more than 50% for precipitation. In northern Germany and France, potential
afforestation may enhance the effects of emission change, resulting in more severe heavy precipitation events. The
probability of dry days and warm temperature extremes would decrease.
Conclusions: Large contiguous forest blocks can have distinctive biogeophysical effect on the climate on regional
and local scale. In certain regions of the temperate zone, climate change signal due to greenhouse gas emission
can be reduced by afforestation due to the dominant evaporative cooling effect during summer. Results of this
case study with a hypothetical land cover change can contribute to the assessment of the role of forests in
adapting to climate change. Thus they can build an important basis of the future forest policy.
Keywords: Land cover change, Afforestation, Biogeophysical feedbacks, Climatic extremes, Regional climate
modelling

Background
Climate change and its impacts on different spatial and
temporal scales and sectors have been addressed by several
international research projects in the last decade [1-3]. All
regional climate projections agree that at the end of the
21st century, a warming is expected in all seasons over
Europe. The spatial patterns of the temperature changes in
summer indicate the largest increase in the Mediterranean
region, Southern France and over the Iberian Peninsula,
while less warming is projected over Scandinavia [4,5]. Annual precipitation changes show a north–south gradient
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over Europe, with increase in the north (especially in winter)
and decrease in the south (especially in the Mediterranean
area in summer).
The considerable enhancement of inter-annual variability of the European summer climate as well as the
changes of the hydrological cycle can lead to higher probability of extremes compared to present-day conditions
[4,6-11]. The frequency of warm/wet and warm/dry events
is projected to increase while the cold extremes show a
significant decrease by 2100 [12]. The Mediterranean and
the South-East European regions are the most prone to
higher risks of heat waves and prolonged dry spells [8,13].
Whereas in Northern to North-Eastern Europe the
number of days with intense precipitation is very likely to
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increase, which can result in a rise in flood frequencies
[8,14-16]. The Central-Mediterranean and Central-Western
Europe seem to be especially vulnerable to increases in both
summer drought and flood [12,14].
Climate change affects the key sectors such as hydrological systems, infrastructure, human health, agriculture
and forestry. Changes of the climatic means and extremes
already show impacts on land cover that are expected to
be more severe under future climate conditions. Drought
periods and other extremes are responsible for a significant share of agricultural losses in Europe. Impacts of
severe droughts on the composition, structure, and biogeography of forests have been detected worldwide in the
recent decades [17,18]. On the lower limit of the forest
distribution [19,20] ecological models expect growth
decline and mass mortality of many zonal tree species
whose distributions are limited primarily by recurrent
droughts [21,22]. This phenomenon is not typical in
humid areas of Europe [23].
Land cover in turn interacts with the atmosphere, thus
it has an important role in climate regulation. Vegetation
affects the physical characteristics of the land surface
(biogeophysical feedbacks), which control the surface
energy fluxes and hydrological cycle. Through biogeochemical processes, ecosystems alter the biogeochemical
cycles and thereby changing the chemical composition of
the atmosphere [24-27]. Depending on the region, biogeophysical and biogeochemical feedbacks of land cover on
climate can amplify or dampen each other [28]. Through
the land-atmosphere interactions, changes of the land
cover and land use due to natural influence and policy
induced land management alter weather and climate,
hence can lead to the enhancement or reduction of the
projected climate change signals expected from increased
atmospheric CO2 concentration [25,29,30]. Past land use
decisions have been shown to influence the mitigation
potential in the boreal regions [31]. Depending on the
carbon sequestration of the land cover, the CO2 warming
of deforestation can dominate over albedo cooling effect
(forests masks snow, which result in lower albedo). Several
studies have addressed the biogeophysical cooling and
moistening effect of tropical forests [29,32]. Whereas the
magnitude of the net climate forcing and benefit of temperate forests and their role in the climate change mitigation is considered marginal or uncertain [32-34]. Climate
model studies for the temperate region often show contradictory results. Replacing temperate forests with agriculture
or grasslands can lead to lower surface air temperatures in
summer [35,36] and may reduce the number of hot days
[37]. In Canadian and Hungarian areas at the forest-steppe
border forests showed a cooling and moistening effect on
climate, thus may contribute to the drought mitigation
[38,39]. These results indicate that climatic effects of forests are determined by various contrasting feedbacks.
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The variability of the climatic, soil and vegetation characteristics of a region, the length of analysed time scale [40],
as well as the representation of land surface processes in
the applied climate model, also have an influence on the
simulated vegetation–atmosphere interactions.
Europe is the only continent with a significant increase
of forest cover in recent times. In the last two decades the
annual area of natural forestation and forest planting
amounted to an average of 0.78 million hectares/year [41].
Land use and land cover change could be a very important
driver for future environmental changes. The climatic
feedbacks of land cover changes in Europe due to climate
change and regional land use policies as well as the role of
forests in the climate change mitigation are still poorly
understood. The EC-FP7 project CC-TAME (Climate
Change – Terrestrial Adaptation and Mitigation in Europe)
aimed to prepare fine-scale studies not only for the assessment of the climate protecting effects of forests, but also
for the development of adaptation strategies in forestry,
agriculture and water management for the next decades. In
order to contribute to this scientific goal, we prepared a
case study to assess
 the biogeophysical effects of a hypothetic potential

afforestation on summertime temperatures and
precipitations, for the end of the 21st century and
its regional differences within Europe,
 the magnitude of the biogeophysical feedbacks of
forest cover increase compared to the projected
climate change signal with special focus on the
probability and severity of temperature and
precipitation extremes.

Results and discussion
Methods overview

This subsection summarizes the most important aspects
that are essential for the appropriate interpretation of
the results. The experimental set-up and the method of
the analyses are introduced in Sect. 4 more in detail.
In order to provide climate change information due to
emission change, an emission scenario simulation for
the future (2071–2090) and a reference simulation for
the past (1971–1990) has been carried out applying the
regional climate model REMO [42,43]. Both of them
were performed with present (unchanged) forest cover
(Table 1, Figure 1). To quantify the sensitivity of the
model to changes in land cover, a hypothetic potential
afforestation simulation has been prepared for the period
2071–2090 (Table 1, Figure 2). The analyses of the simulation results focused on the biogeophysical effects of
forest cover increase on precipitation and temperature
means and extremes in the summer months (June, July,
August).
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Table 1 Analysed data and time periods
Experiment
Characteristics
Time period

Reference simulation

Potential afforestation simulation

Present forest cover unchanged

Deciduous forests cover all additional vegetated area

1971–1990

2071–2090

2071–2090
Greenhouse gas forcing
Horizontal resolution
Lateral boundaries
a

IPCC-SRES emission scenario A2
0.22°
ECHAM5/MPI-OMa

Roeckner et al. 2006, Jungclaus et al. 2006.

Biogeophysical effects of emission change and potential
afforestation on the summer temperature means and
precipitation sums in Europe

First, the sign and magnitude of the climate change signals
without any land cover change have been investigated
comparing the summer temperature means and precipitation sums in the time period 2071–2090 to 1971–1990.
Increase of temperature is projected to occur with precipitation decrease in Southern- and Central-Europe and in
the southern part of Scandinavia, whereas NortheastEurope can be characterized with warmer and wetter

conditions (Figure 3). In agreement with the results of
other regional climate model simulations for Europe,
the strongest warming and drying are expected in the
Mediterranean area, southern France and over the Iberian
Peninsula (Figure 3).
Second, climate change signal due to potential afforestation has been determined comparing the simulation
results with- and without forest cover increase for 2071–
2090. The regions have been identified, where the hypothetic forest cover increase shows the largest effects on
summer temperature and precipitation (Figure 4). Land

Figure 1 Simulation domain with the present forest area in the model. Horizontal resolution: 0.22°.

Figure 2 Increase of the forest cover in the potential afforestation simulation compared to the present forested area in the model. The
three analysed regions are marked: Northern Germany (DE), Northeast France (FR) and Northeast Ukraine (UA).
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Figure 3 The mostly climate change affected regions due to emission changes (Δ T: temperature change, Δ P: precipitation change
2071–2090 vs. 1971–1990). Only those regions are coloured, which are significant for Δ T and Δ P at 90% confidence level.

cover change affects the near-surface energy fluxes. The
larger leaf area index and low aerodynamic resistance of
forests (through increased roughness length) compared to
other vegetated surfaces support the more intense vertical
mixing. It leads to enhanced ability of evapotranspiration,
thus to larger latent heat flux (not shown) and cooler surface temperatures. In northern part of Central-Europe and
in Ukraine temperatures decreased by 0.3–0.5°C
additionally to more than 10% increase (approx. 50 mm)
of the summer precipitation sum in the potential afforestation simulation compared to the reference experiment
with unchanged land cover (Figure 4). The precipitation
conditions are also influenced by large-scale atmospheric
circulation patterns, thus the precipitation signal is not
linearly correlated with the amount of forest cover
increase. In some boreal areas a relative small rate of afforestation resulted in a significant decrease of precipitation.
Consequently, the regions characterized by largest
climatic effects of afforestation do not correspond to the
areas with the largest signals due to emission change.
The magnitude of the climatic effects of both emission
change and potential afforestation differs among regions.

In most parts of the temperate zone the cooling and
moistening effects of afforestation are dominant during
summer. These feedbacks can reduce the projected
warming and drying especially in the northern part of
Central-Europe and Ukraine. Whereas increase of the
forest cover can enhance the climate change signal for
precipitation in some part of Spain, Belarus and Russia
but the magnitude of this impact is relatively small compared to the effect of the emission changes. Thus the
analysis of the magnitude of the climatic feedbacks of
afforestation relative to the effects of the enhanced
greenhouse gas emission can help to determine the
regions, where forests can play an important role in
altering the climate change signal.
The regional characteristics of the effect of the assumed
potential afforestation on temperature and precipitation
have been analysed for three selected regions (Northern
Germany: DE, Northeast France: FR, Northeast Ukraine,
UA; Figure 2). Figures 5–6 show that for both temperature
and precipitation the climate change signal due to emission change and due to potential afforestation have the
opposite sign. It means that climatic effects of emission

Figure 4 The regions characterized by the largest effects of forest cover increase on temperature and precipitation (Δ T: temperature
change, Δ P: precipitation change for 2071–2090, without any change in emission). The dark colour bar on the left side refers to significant
changes, whereas the light colour bar on the right side to large but non-significant changes.
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Figure 5 Change of the summer temperature mean (Δ T) due to emission change (2071–2090 vs. 1971–1990), due to potential
afforestation (2071–2090) and due to emission change + potential afforestation. DE: Northern Germany, FR: Northeast France, UA:
Northeast Ukraine.

change can be reduced by the forest cover increase in the
selected regions. The temperature change signals for
potential afforestation (−0.4 - -0.5°C) are smaller than for
emission changes (+2.4 - +2.9°C). In northeastern part of
Ukraine 20% of the emission change signal could be mitigated by the assumed afforestation (Figure 5).

The magnitude of the precipitation change shows larger
spatial differences. In the northern part of Germany, the
increase of the summer precipitation sum due to potential
afforestation (+ 17%; + 45 mm) would be larger than its
decrease due to the enhanced greenhouse gas emission
(Figure 6). Thus the increase of forest cover would fully

Figure 6 Change of the summer precipitation sum (Δ P) due to emission change (2071–2090 vs. 1971–1990), due to potential
afforestation (2071–2090) and due to emission change + potential afforestation. DE: Northern Germany, FR: Northeast France, UA:
Northeast Ukraine.
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compensate the projected climate change signal, as long as
there is enough soil moisture available. The combined
effect of afforestation and emission changes for 2071–2090
would result in a net precipitation increase compared to
the reference simulation for the past (1971–1990) without
any land cover change.
In the region of Northern France, the precipitation
decrease based on the A2 emission scenario is projected
to be larger (−26%; -69 mm). If emission changes occurred
together with potential afforestation, the half of the
original climate change signal could be relieved (Figure 6).
The relative climate change mitigating effect of potential
afforestation is projected to be similar in Northern
Ukraine (Figure 6), however both climate change signal
and afforestation effect are smaller in this area.
Effects of emission change and potential afforestation on
the summer temperature and precipitation extremes

Increase of forest cover affects not only the climatic means
but also the extremes. The probability density functions
(PDFs) of temperature show that distributions of the daily
temperature means are shifted towards the warmer direction under future climate conditions (Figure 7). The PDF
for the Ukrainian region indicates that the probability and
severity of extreme warm summers may increase significantly under enhanced climate change. The PDF of the
potential afforestation scenario shows a similar shape but
with a slight shift towards colder values and a reduced
upper tail compared to the reference in 2071–90 (the other
two regions show similar behaviour – not shown). Consequently, increase of forest cover can result in cooler
summer mean temperature (−0.5°C in Northern Ukraine)
and may contribute to the decrease of temperature variability, thereby to the reduction of the projected climate
change signal.
In each of the selected regions the total number of warm
extremes (summer days, hot days, extremely hot days) are
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projected to increase significantly at the end of the 21st
century (Table 2). Changes due to potential afforestation
have the opposite sign but they are relatively small compared to the effect of the emission changes. The largest
benefit of forest cover could be reached in the French
region. Here, almost half of the increase in the number of
extremely hot days could be mitigated by the assumed
potential afforestation (Table 2).
Figure 8 illustrates that despite of the decrease of
the summer precipitation sum, the probability of the
extremely large daily precipitation amounts may increase by the end of the 21st century, especially in
Ukraine. Assuming potential afforestation in this region, this tendency could be mitigated. The distribution of the precipitation amounts above 20 mm/day as
well as the effects of emission and land cover change
show spatial differences among the selected regions.
In Northern Germany and Northern France, afforestation may enhance the effects of increased greenhouse gas concentrations, resulting in more severe
precipitation events.
Analysing the selected WMO-CCL/CLIVAR extreme
indices [44] for all summer days in the 20-year time
periods (Table 2) it can be concluded, that under
enhanced greenhouse gas conditions the number of
dry days may increase. Potential afforestation would
result in an increase of the daily precipitation
amount. Thus the probability of dry days would decrease as well as the number of days characterised by
larger than 10 mm precipitation may increase
(Table 2). The latter could fully compensate the effect
of emission change in the German region. In this area
the total number of very heavy precipitation days
show no changes due to emission change, but would
increase by 17 due to potential afforestation (Table 2).
In Northern Germany and Northern France not only
the probability but also the severity of heavy

Figure 7 Probability density function of the daily temperature means (T) in the Northeast Ukrainian region.
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Table 2 Total number of the daily temperature and precipitation extremes [44] for summer in the investigated 20-year
time periods
Extreme index
SU
Number of summer days

Tx30GE
Number of hot days

Tx35GE
Number of extremely hot days

RR1
Number of dry days

RR10
Number of heavy precipitation days

RR20
Number of very heavy precipitation days

Definition [unit]
when
Tmax ≥ 25°C [day]

Region

Number of days

Change of the number of days

REF

SA2 vs. REF

SA2F vs. SA2

SA2F vs. REF

DE

168

+212

−29

+183

FR

248

+365

−32

+333

UA

760

+382

−55

+327

when

DE

21

+54

−20

+34

Tmax ≥ 30°C [day]

FR

24

+152

−26

+126

UA

151

+227

−31

+196

DE

0

+2

−1

+1

when
Tmax ≥ 35°C [day]

FR

1

+22

−10

+12

UA

8

+47

−7

+40

when

DE

796

+124

−53

+71

Rday < 1 mm [day]

FR

931

+185

−45

+140

UA

1098

+132

−68

+64

DE

133

−13

+41

+28

when
Rday ≥ 10 mm [day]

FR

127

−38

+20

−18

UA

110

−21

+14

−7

when

DE

19

0

+17

+17

Rday ≥ 20 mm [day]

FR

16

+1

+10

+11

UA

14

+3

+6

+9

REF: Reference simulation 1971–90, SA2: Emission scenario simulation 2071–90, SA2F: Potential afforestation experiment 2071–90. DE: northern Germany, FR:
northeast France, UA: northeast Ukraine. Bold and scored values: potential afforestation would reduce more than half of the climate change signal. Bold values:
potential afforestation would enhance the climate change signal.

precipitation events would increase assuming potential
afforestation (Figure 8).

Summary and conclusions
A case study has been prepared with the regional climate
model REMO to assess the biogeophysical effects of a
hypothetic potential afforestation scenario during summer
in Europe for the end of the 21st century. Results of the
A2 IPCC-SRES emission scenario simulations with and
without forest cover increase have been compared to each
other, in order to quantify the sensitivity of the regional
climate model to land cover changes. For precipitation
and temperature means and extremes, the sign and the
magnitude of the biogeophysical effects of afforestation
have been analysed relative to the climate change signal
due to emission change. The regional characteristics of
the effects have been investigated in three selected areas.
Results of the sensitivity study can be summarised as
follows:
 In the temperate region potential afforestation can
Figure 8 Daily precipitation sums (P) in the summer months
within the investigated 20-year time periods. DE: Northern
Germany, FR: Northeast France, UA: Northeast Ukraine.

result in a decrease of the summer temperature
mean (0.3-0.5°C) and an increase of the summer
precipitation sum (up to 50–60 mm).
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 For precipitation, the climate change mitigating

effects of afforestation differs among the selected
regions. In the northern part of Germany the
increase of forest cover would fully compensate the
projected climate change signal. In Northern France
the precipitation decrease based on the A2 emission
scenario is projected to be larger than in Northern
Ukraine. In both regions the half of the climate
change signal could still be relieved assuming
potential afforestation.
 In each of the selected regions increase of forest
cover may contribute to the decrease of the
variability of the daily temperature means, thereby
to the reduction of the projected climate change
signal. The strong increase of the number of warm
extremes (summer days, hot days, extremely hot
days) due to emission change can be slightly
reduced by the assumed potential afforestation.
 In Northern Germany and France, the forest cover
increase would enhance the effects of emission
change on extreme precipitation, resulting in more
severe heavy precipitation events. The probability of
dry days would decrease.
The magnitude of the possible climate change reducing
effects of a potential afforestation for Europe, on regional
scale, for longer future time period have not assessed
before. Based on the simulation results it can be concluded
that large, contiguous forest blocks can have distinctive
biogeophysical effect on the climate on regional and local
scale. Our land cover change study confirm that in smaller
areas the biogeophysical feedback processes can significantly affect and modify the weather and climate, the
temperature and precipitation variability [45,46]. The magnitude of the climatic effects of afforestation shows large
spatial differences. Although even the hypothetic, practically unrealistic increases of forest cover could not offset
the projected climate change in the most affected SouthEuropean regions, ecological services and local scale benefits of forest cover are highly valued. In the northern part
of the temperate zone forests may play an important role in
reducing the expected warming and drying during summer.
Northern Germany is a relative humid region. Here, afforestation shows large climatic effects, as long as there is
enough soil moisture available. The limiting role of the
available soil moisture during the summer months has
recently been investigated for this area for shorter time
period (Petersen pers. comm.).
For the introduced sensitivity study, one regional climate
model has been applied driven by one emission scenario.
Multimodel ensembles and intercomparison studies are
needed for studying the robustness of the results, which is
the aim of recent EU-projects (e.g. LUCID; [47]). The
spatial and temporal changes of vegetation cover due to
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climate change were not considered. So far, there is no information available about the climate change effects on the
distribution of forest in Europe beyond limited case studies.
Our sensitivity study focused on the biogeophysical
feedbacks, the biogeochemical interactions, the processes related to the carbon sequestration of forests and
soil were not taken into account. In the temperate zone,
net climatic effects of forests are determined by various
contrasting feedbacks [29]. In case of biogeophysical processes, trees may contribute to warming due to their lower
albedo relative to grass. But depending on regional characteristics forests can lead to cooling through the larger
amount of evapotranspiration compared to other land
surfaces. Similarly to Hogg et al. [38] Sánchez et al. [48],
Wramneby et al. [30] and Gálos et al. [39], our simulations
showed the dominant evaporative cooling effects for the
entire summer period. However the results regarding the
impacts of afforestation on temperature extremes are in
contradiction with Anav et al. [37] for the same region.
This result underlines that the simulated effects can
largely depend on the description of the land surface properties and the representation of physical processes at the
land surface and in the soil in the applied climate model
[49]. Biogeophysical and biogeochemical effects can enhance or dampen each other. Forested areas sequester
more carbon than grasslands. The carbon – climate feedbacks under future climate conditions are large unknowns
[50]. Higher CO2 concentrations can also lead to the increase of the stomatal resistance thereby to the inhibition
of the transpiration, which can amplify the global warming
[51,52]. Therefore for the quantification of the net climatic
benefits of forests, and to give appropriate suggestions for
carbon management options an integrated assessment of
these processes would be essential.
From a practical point of view, results of this case study
related to the investigation of the climate sensitivity due to a
hypothetic land use change and its regional differences can
contribute to the future adaptation strategies in European
agriculture and forestry. The understanding of the role of
land cover in the climate system becomes even more
important. Land cover characteristics due to climatic conditions as well as policy induced land management are
region-specific. The sign and magnitude of the climatic
effects of afforestation and emission change also shows large
spatial differences. Therefore, to obtain regional scale information, similar fine scale case studies are essential to quantify and predict the climatic effectiveness of the different
land cover and land use practices.

Model and methods
The regional climate model REMO – general
characteristics and land surface representation

REMO (regional climate model at the Max Planck Institute
for Meteorology; [42,43]) is a regional three-dimensional
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numerical model of the atmosphere. The calculation of the
prognostic variables is based on the hydrostatic approximation. The physical parameterizations are based on the global climate model ECHAM4 [53]. Land surface processes
in REMO are controlled by physical vegetation properties.
The parameters of leaf area index and fractional vegetation
cover for the growing and dormancy season, background
albedo, surface roughness length due to vegetation, forest
ratio, plant-available soil water holding capacity and volumetric wilting point are allocated to the different land cover
types of the Olson distribution [54,55]. The parameters are
aggregated to the model grid cell in the given horizontal
resolution. The vegetation parameters can be linearly averaged, weighted by the fractional areas of the component
land cover classes [56]. The only exception is the roughness
length due to vegetation, which has to be logarithmically
averaged at a so-called blending height [57]. In the current
model version the vegetation phenology is represented by
monthly varying values of leaf area index and vegetation
ratio [58]. The mean climatology of the annual cycle of
background albedo is also implemented [59,60]. All other
land surface parameters remain constant throughout the
year. REMO has been validated for Europe [43] and the
simulation results have been compared to an ensemble of
regional climate model projections [61].
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was driven with lateral boundary conditions from a simulation conducted with the coupled atmosphere–ocean
model ECHAM5/MPI-OM [62,63].
The following experiments have been performed and
analysed (Table 1):
 Reference simulation for the past (1971–1990) with

present (unchanged) forest cover.
 Emission scenario simulation for the future

(2071–2090) with unchanged forest cover applying
the A2 IPCC-SRES emission scenario (continuously
increasing global population and regionally oriented
economic growth that is more fragmented and
slower than in other storylines [64]). This
experiment was the reference simulation to the land
cover change study.
 Emission scenario simulation with potential
afforestation for 2071–2090. The potential
afforestation map (Figure 2) is based on the net
primary production map for Europe derived from
remotely sensed MODIS (Moderate-Resolution
Imaging Spectroradiometer) products,
precipitation and temperature conditions from
the Wordclim database and soil conditions from
the International Institute for Applied Systems
Analysis.

Experimental set up

The simulations have been carried out for Europe
(Figure 1), with 0.22° horizontal grid resolution. REMO

Based on these conditions, areas on Figure 2 could be
theoretically forests. However, land cover is also

Figure 9 Changes of the roughness length ([m]; left) and leaf area index (right) for potential afforestation compared to the unchanged
land cover (summer mean).
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influenced by the land use policy, therefore the afforestation scenario in our study is a hypothetic one, where additional forested areas were assumed to be deciduous.
In case of the new potential forest cover map the fractional area of the forests has been increased. In order to
include these changes into REMO, all characteristic land
surface parameters (i.e. leaf area index and fractional
vegetation cover for the growing and dormancy season,
background albedo, surface roughness length due to
vegetation, forest ratio, plant-available soil water holding
capacity and volumetric wilting point) have been recalculated and reaggregated for all model grid cells. Figure 9
represents the changes of two selected land surface parameters, which play a determining role in the landatmosphere interactions of the model. The increase of
the forested area in Europe (Figure 2) corresponds to an
increase of roughness length and leaf area index in
summer (Figure 9).
Method of analyses

The analyses of the simulation results focused on the
summer months (June, July, August), because of the
high radiation input, intense heat and mass exchange.
The leaf area index of the deciduous forests reaches its
maximum in this period, which has a strong control on
the land-atmosphere interactions.
The sign and the magnitude of the temperature and
precipitation changes have been analysed for the following three cases:
 Climate change due to emission change has been

investigated comparing the results of the simulations
with unchanged land cover for 2071–2090 to
1971–1990.
 Climate change due to potential afforestation have
been calculated comparing the simulation results
with- and without forest cover increase for the
future time period (2071–2090).
 Climate change due to emission change and
potential afforestation has been determined
comparing the results of the potential afforestation
experiment (2071–2090) to the reference study in
the past (1971–1990) without land cover change.
A Mann–Whitney U-Test [65] was applied to test the
significance of the climatic effects of afforestation and
emission change. The regional characteristics of the effect
of afforestation have been investigated for three selected
regions in more detail, where temperature and/or precipitation changes are significant at the 90% confidence level
and the assumed increase of the forested area exceeds
90%. The selected regions are (Figure 2): Northern
Germany (DE), Northeast France (FR) and Northeast
Ukraine (UA). All areas have the same size (15000 km2).
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The probability distribution of temperature has been
calculated from the daily mean values in the investigated
20-year time periods based on the normal distribution
function. The indices of temperature and precipitation
extremes in this study were selected from the list of
climate change indices recommended by the World
Meteorological Organization–Commission for Climatology (WMO–CCL) and the Research Programme on
Climate Variability and Predictability (CLIVAR [44]).
The selected indices (Table 2) describe cold and warm
as well as wet and dry extremes. They are defined in
terms of counts of days crossing absolute thresholds.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
BG carried out the simulations, analyzed and interpreted the results and
drafted the manuscript. GK provided the forest cover database and map for
the potential afforestation case study. KS and CT provided expertise and
guidance during the simulations. AH contributed to the statistical analysis
and to the interpretation of the results. DR and SH participated in the design
of the study and have been involved in the discussion of the results and the
critical revision of the manuscript. DJ coordinated the research, participated
in the design of the study and has given final approval of the version to be
published. All authors read and approved the final manuscript.
Acknowledgements
The authors give special thanks to Swantje Preuschmann and Christopher
Moseley for their scientific contribution to the project that was an important
basis of our study. Thanks to the whole Regional Modelling Group of the
Max Planck Institute for Meteorology, Hamburg for the fruitful scientific
discussions about the simulation results. We thank to Prof. Dr. Csaba Mátyás
for his expertise and suggestions regarding to the practical importance of
this topic. The REMO simulations without land cover change have been
carried out in the frame of the EU-project ENSEMBLES. This research was
supported by the EC-FP7 project CC-TAME (www.cctame.eu; grant
agreement n°212535).
Author details
1
Max Planck Institute for Meteorology, Hamburg, Germany. 2Climate Service
Center – eine Einrichtung am Helmholtz-Zentrum Geesthacht, Hamburg,
Germany. 3IIASA, International Institute for Applied Systems Analysis,
Laxenburg, Austria.
Received: 8 November 2012 Accepted: 10 December 2012
Published: 1 February 2013

References
1. Christensen JH, Carter TR, Rummukainen M, Amanatidis G: Evaluating the
performance and utility of regional climate models: the PRUDENCE
project. Clim. Change 2007, 81:1–6. doi:10.1007/s10584-006-9211-6.
2. Jacob D, Kotova L, Lorenz P, Moseley C, Pfeifer S: Regional climate
modeling activities in relation to the CLAVIER project. Időjárás 2008,
112:141–153.
3. Van Der Linden P, Mitchell JFB (Eds): ENSEMBLES: Climate Change and its
Impacts: Summary of Research and Results from the ENSEMBLES Project.
FitzRoy Road, Exeter EX1 3 PB, UK: Met Office Hadley Centre; 2009:160.
4. Giorgi F, Bi X, Pal JS: Mean, interannual variability and trends in a regional
climate change experiment over Europe. II: climate change scenarios
(2071–2100). Clim Dyn 2004, 23:839–858. doi:10.1007/s00382-004-0467-0.
5. Christensen JH, Christensen OB: A summary of the PRUDENCE model
projections of changes in European climate by the end of this century.
Clim Change 2007, 81:7–30. doi:10.1007/s10584-006-9210-7.
6. Schär C, Vidale PL, Lüthi D, Frei C, Häberli C, Liniger MA, Appenzeller C: The
role of increasing temperature variability in European summer
heatwaves. Nature 2004, 427:332–336. doi:10.1038/nature02300.

Gálos et al. Carbon Balance and Management 2013, 8:3
http://www.cbmjournal.com/content/8/1/3

7.

8.

9.

10.

11.

12.

13.
14.

15.

16.

17.

18.
19.

20.
21.

22.

23.
24.
25.

26.

27.

28.
29.

Seneviratne SI, Lüthi D, Litschi M, Schär C: Land-atmosphere coupling and
climate change in Europe. Nature 2006, 443:205–209. doi:10.1038/
nature05095.
Beniston M, Stephenson DB, Christensen OB, Ferro CAT, Frei C, Goyette S,
Halsnaes K, Holt T, Jylhä K, Koffi B, Palutikof J, Schöll R, Semmler T, Woth K:
Future extreme events in European climate: an exploration of regional
climate model projections. Clim Change 2007, 81:71–95. doi:10.1007/
s10584-006-9226-z.
Kjellström E, Bärring L, Jacob D, Jones R, Lenderink G, Schär C: Modelling
daily temperature extremes: recent climate and future changes over
Europe. Clim Chang 2007, 81:249–265. doi:10.1007/s105800692205.
Vidale PL, Lüthi D, Wegmann R, Schär C: European summer climate
variability in a heterogeneous multi-model ensemble. Clim Chang 2007,
81:209–232. doi:10.1007/s10584-006-9218-z.
Fischer EM, Schär C: Consistent geographical patterns of changes in highimpact European heatwaves. Nat Geosci 2010, 3:398–403.
doi:10.1038/NGEO866.
Beniston M: Trends in joint quantiles of temperature and precipitation in
Europe since 1901 and projected for 2100. Geophys Res Lett 2009, 36:
L07707. doi:10.1029/2008GL037119.
Mishra AK, Singh VP: A review of drought concepts. J of Hydrology 2010,
391:202–216.
Pal JS, Giorgi F, Bi X: Consistency of recent European summer
precipitation trends and extremes with future regional climate
projections. Geophys Res Lett 2004, 31(4pp):L13202.
doi:10.1029/2004GL019836.
Semmler T, Jacob D: Modeling extreme precipitation events – a climate
change simulation for Europe. Special Issue in Planetary and Global Change
2004, 44:119–127.
Buonomo E, Jones R, Huntingford C, Hannaford J: On the robustness of
changes in extreme precipitation over Europe from two high-resolution
climate change simulations. Q J R Meteor Soc 2007, 133:65–81.
Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier
M, Kitzberger T, Rigling A, Breshears DD, Hogg EH, Gonzalez P, Fensham R,
Zhang Z, Castro J, Demidova N, Lim J-H, Allard G, Running SW, Semerci A,
Cobb N: A global overview of drought and heat-induced tree mortality
reveals emerging climate change risks for forests. For Ecol Manage 2010,
259:660–684.
Martinez-Vilalta J, Lloret F, Breshears DD: Drought-induced forest decline:
causes, scope and implications. Biol Lett 2012, 8(5):689–691.
Mátyás C: Ecological perspectives of climate change in Europe’s
continental, drought-threatened Southeast. In Regional Aspects of ClimateTerrestrial-Hydrologic Interactions in Non-Boreal Eastern Europe. Edited by
Groisman PY, Ivanov SV. Berlin: NATO Science Series, Springer Verl;
2009:31–42.
Mátyás C: Forecasts needed for retreating forests (Opinion). Nature 2010,
464:1271. doi:10.1038/4641271a.
Mátyás C, Berki I, Czúcz B, Gálos B, Móricz N, Rasztovits E: Future of beech
in Southeast Europe from the perspective of evolutionary ecology. Acta
Silv Lign Hung 2010, 6:91–110.
Czúcz B, Gálhidy L, Mátyás C: Present and forecasted xeric climatic limits
of beech and sessile oak distribution at low altitudes in Central Europe.
Ann For Sci 2011, 68(1):99–108.
Bredemeier M: Forest, climate and water issues in Europe. Ecohydrol 2011,
4:159–167. doi:10.1002/eco.203.
Brovkin V: Climate-vegetation interaction. J Phys IV France 2002,
12:57–82. doi:10.1051/jp4:20020452.
Feddema JJ, Oleson KW, Bonan GB, Mearns LO, Buja LE, Meehl GA,
Washington WM: The importance of land-cover change in simulating
future climates. Science 2005, 310:1674–1678. doi:10.1126/science.1118160.
Pielke RA, Avissar SR, Raupach M, Dolman AJ, Zeng X, Denning AS:
Interactions between the atmosphere and terrestrial ecosystems:
influence on weather and climate. Glob Chang Biol 1998, 4:461–475.
Pitman AJ: The evolution off, and revolution in, land surface schemes
designed for climate model. Int J Climatol 2003, 23:479–510.
doi:10.1002/joc.893.
Arora VK, Montenegro A: Small temperature benefits provided by realistic
afforestation efforts. Nature Geoscience 2011, 10.1038/NGEO1182.
Bonan GB: Forests and climate change: forcings, feedbacks, and the
climate benefits of forests. Science 2008, 320:1444–1449.
doi:10.1126/science.1155121.

Page 11 of 12

30. Wramneby A, Smith B, Samuelsson P: Hot spots of vegetation-climate
feedbacks under future greenhouse forcing in Europe. J Geophys Res
2010, 115:D21119. doi:10.1029/2010JD014307.
31. Pongratz J, Reick CH, Raddatz T, Caldeira K, Claussen M: Past land use
decisions have increased mitigation potential of reforestation. Geophys
Res Lett 2011, 38:L15701. doi:10.1029/2007GL031296.
32. Jackson RB, Randerson JT, Canadell JG, Anderson RG, Avissar R, Baldocchi
DD, Bonan GB, Caldeira K, Diffenbaugh NS, Field CB, Hungate BA, Jobbágy
EG, Kueppers LM, Nosetto MD, Pataki DE: Protecting climate with forests.
Environ Res Lett 2008, 3(5pp):044006. doi:10.1088/1748-9326/3/4/044006.
33. Bala G, Caldeira K, Wickett M, Phillips TJ, Lobell DB, Delire C, Mirin A:
Combined climate and carbon-cycle effects of large-scale deforestation.
Proc Natl Acad Sci USA 2007, 104:6550–6555.
34. Anderson RG, et al: Biophysical considerations in forestry for climate
protection. Front Ecol Environ 2010, doi:10.1890/090179.
35. Bounoua L, Defries R, Collatz GJ, Sellers P, Khan H: Effects of land cover
conversion on surface climate. Clim Chang 2002, 52:29–64.
36. Oleson KW, Bonan GB, Levis S, Vertenstein M: Effects of land use change
on North American climate: impact of surface datasets and model
Biogeophysics. Clim Dyn 2004, 23:117–132. doi:10.1007/s00382-004-0426-9.
37. Anav A, Ruti PM, Artale V, Valentini R: Modelling the effects of land-cover
changes on surface climate in the Mediterranean region. Clim Res 2010,
41:91–104.
38. Hogg EH, Price DT, Black TA: Postulated feedbacks of deciduous forest
phenology on seasonal climate patterns in the Western Canadian
interior. J Climate 2000, 13:4229–4243.
39. Gálos B, Mátyás C, Jacob D: Regional characteristics of climate change
altering effects of afforestation. Environ Res Lett 2011, 6(9pp):044010.
doi:10.1088/1748-9326/6/4/044010.
40. Teuling AJ, Seneviratne SI, Stoeckli R, Reichstein M, Moors E, Ciais P,
Luyssaert S, van den Hurk B, Ammann C, Bernhofer C, Dellwik E, Gianelle
D, Gielen B, Gruenwald T, Klumpp K, Montagnani L, Moureaux C,
Sottocornola M, Wohlfahrt G: Contrasting response of European forest
and grassland energy exchange to heatwaves. Nat Geosci 2010, 3
(10):722–727.
41. FAO: The State of the World’s Forests 2011. Rome: Food and Agriculture
Organisation of the United Nations; 2011.
42. Jacob D, Andrae U, Elgered G, Fortelius C, Graham LP, Jackson SD, Karstens
U, Koepken C, Lindau R, Podzun R, Rockel B, Rubel F, Sass HB, Smith RND,
van den Hurk BJJM, Yang X: A comprehensive model intercomparison
study investigating the water budget during the BALTEX-PIDCAP Period.
Meteorology and Atmospheric Physics 2001, 77(1–4):19–43.
43. Jacob D, Bärring L, Christensen OB, Christensen JH, de Castro M, Déqué M,
Giorgi F, Hagemann S, Hirschi M, Jones R, Kjellström E, Lenderink G, Rockel
B, Sánchez E, Schär C, Seneviratne SI, Sommot S, van Ulden A, van den Hurk
B: An inter-comparison of regional climate models for Europe: model
performance in present-day climate. Clim Chang 2007, 81:31–52.
doi:10.1007/s10584-006-9213-4.
44. Peterson TC, Folland C, Gruza G, Hogg W, Mokssit A, Plummer N: Report on
the Activities of the Working Group on Climate Change Detection and Related
Rapporteurs 1998– 2001. Geneva, Switzerland: World Meteorological
Organisation Rep. WCDMP-47, WMO-TD 1071; 2001:143.
45. Seneviratne SI, et al: Investigating soil moisture-climate interactions in a
changing climate: a review. Earth Sci Rev 2010, 99:125–161.
46. Drüszler A, Vig P, Csirmaz K: Effects of historical land cover changes on
the precipitation distribution in Hungary. Riscuri Si Catastrofe (Risks and
Disasters) 2011, 391–418. ISSN: 15845273; I/2011.
47. De Noblet-Ducoudré N, et al: Determining robust impacts of land-useinduced land cover changes on surface climate over North America and
Eurasia: results from the first set of LUCID experiments. J Climate 2012,
25:3261–3281.
48. Sánchez E, Gaertner MA, Gallardo C, Padorno E, Arribas A, Castro M: Impacts
of a change in vegetation description on simulated European summer
present-day and future climates. Clim Dyn 2007, 29:319–332. doi:10.1007/
s00382-007-0240-2.
49. Boisier JP, de Noblet-Ducoudré N, Pitman AJ, Cruz FT, Delire C, Van den
Hurk BJJM, Van der Molen MK, Müller C, Voldoire A: Attributing the
impacts of land-cover changes in temperate regions on surface
temperature and heat fluxes to specific causes: Results from the first
LUCID set of simulations. J Geophys Res 2012, 117:D12116. doi:10.1029/
2011JD017106.

Gálos et al. Carbon Balance and Management 2013, 8:3
http://www.cbmjournal.com/content/8/1/3

Page 12 of 12

50. Booth BBB, Jones CD, Collins M, Totterdell IJ, Cox PM, Sitch S, Huntingford
C, Betts RA, Harris GR, Jon L: High sensitivity of future global warming to
land carbon cycle processes. Environ Res Lett 2012, 7(8pp):024002.
doi:10.1088/1748-9326/7/2/024002.
51. Cao L, Bala G, Caldeira K, Nemani R, Ban-Weissa G: Importance of carbon
dioxide physiological forcing to future climate change. Proc Natl Acad Sci
2010, 107(21):9513–1918.
52. Gopalakrishnan R, Bala G, Jayaraman M, Cao L, Nemani R, Ravindranath NH
NH: Sensitivity of terrestrial water and energy budgets to CO2physiological forcing: an investigation using an offline land model.
Environ Res Lett 2011, 6(7pp):044013. doi:10.1088/1748-9326/6/4/044013.
53. Roeckner E, Arpe K, Bengtsson L, Christoph M, Claussen M, Dümenil L, Esch
M, Giorgetta M, Schlese U, Schulzweida U: The Atmospheric General
Circulation Model ECHAM-4: Model Description and Simulation of the Present
Day Climate. Max-Planck-Institut für Meteorologie, Hamburg Report 218;
1996. http://www.mpimet.mpg.de/fileadmin/publikationen/Reports/MPIReport_218.pdf.
54. Hagemann S, Botzet M, Dümenil L, Machenhauer M: Derivation of Global
GCM Boundary Conditions from 1 km Land Use Satellite Data. Max-PlanckInstitute for Meteorology, Hamburg Report 289; 1999. http://www.mpimet.
mpg.de/fileadmin/publikationen/Reports/max_scirep_289.pdf.
55. Hagemann S: An Improved Land Surface Parameter Dataset for Global and
Regional Climate Models. Max-Planck-Institute for Meteorology, Hamburg
Report 336; 2002.
56. Feddes RA, Kabat P, Dolman AJ, Hutjes RWA, Waterloo MJ: Large-scale field
experiments to improve land surface parameterisations. In Proceedings of
‘The Second International Conference on Climate and Water’. Edited by
Lemmelä R, Helenius N. Finland: Espoo; 1998:619–646. 17–20 August.
57. Mason PJ: The formation of areally-averaged roughness lengths. Q J R
Meteor Soc 1988, 114:399–420.
58. Rechid D, Jacob D: Influence of monthly varying vegetation on the
simulated climate in Europe. Meteorol Z 2006, 15:99–116.
59. Rechid D, Raddatz TJ, Jacob D: Parameterization of snow-free land surface
albedo as a function of vegetation phenology based on MODIS data and
applied in climate modelling. Theor Appl Climatol 2008, doi:10.1007/
s00704-008-0003-y.
60. Rechid D, Hagemann S, Jacob D: Sensitivity of climate models to seasonal
variability of snow-free land surface albedo. Theor Appl Climatol 2008,
doi:10.1007/s00704-007-0371-8.
61. Déqué M, Jones RG, Wild M, Giorgi F, Christensen JH, Hassell DC, Vidale PL,
Rockel B, Jacob D, Kjellström E, de Castro M, Kucharski F, van den Hurk B:
Global high resolution versus limited area model scenarios over Europe:
results from the PRUDENCE project. Clim Dyn 2005, 25:653–670.
doi:10.1007/s0038200500521.
62. Roeckner E, Brokopf R, Esch M, Giorgetta M, Hagemann S, Kornblueh L,
Manzini E, Schlese U, Schulzweida U: Sensitivity of simulated climate to
horizontal and vertical resolution in the ECHAM5 atmosphere model.
J Clim 2006, 19:3771–3791.
63. Jungclaus JH, Keenlyside N, Botzet M, Haak H, Luo J-J, Latif M, Marotzke J,
Mikolajewicz U, Roeckner E: Ocean circulation and tropical variability in
the coupled model ECHAM5/MPI-OM. J Climate 2006, 19:3952–3972.
64. Nakicenovic N, et al: IPCC Special Report on Emission Scenarios. Cambridge:
Cambridge University Press; 2000:599.
65. Mann H, Whitney D: On a test of whether one of two random variables is
stochastically larger than the other. Ann Math Stat 1947, 18:50–60.
doi:10.1186/1750-0680-8-3
Cite this article as: Gálos et al.: Case study for the assessment of the
biogeophysical effects of a potential afforestation in Europe. Carbon
Balance and Management 2013 8:3.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

