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ABSTRACT: Changes in vegetation are known to have an impact on climate
via biogeophysical effects such as changes in albedo and heat fluxes. Here, the
effects of maximum afforestation and deforestation are studied over Europe. This
is done by comparing three regional climate model simulations—one with present-
day vegetation, one with maximum afforestation, and one with maximum defor-
estation. In general, afforestation leads to more evapotranspiration (ET), which
leads to decreased near-surface temperature, whereas deforestation leads to less ET,
which leads to increased temperature. There are exceptions, mainly in regions with
little water available for ET. In such regions, changes in albedo are relatively more
important for temperature. The simulated biogeophysical effect on seasonal mean
temperature varies between 0.58 and 38C across Europe. The effect on minimum
and maximum temperature is larger than that on mean temperature. Increased
(decreased) mean temperature is associated with an even larger increase (decrease)
in maximum summer (minimumwinter) temperature. The effect on precipitation is
found to be small. Two additional simulations in which vegetation is changed in
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only one-half of the domain were also performed. These simulations show that the
climatic effects from changed vegetation in Europe are local. The results imply that
vegetation changes have had, and will have, a significant impact on local climate in
Europe; the climatic response is comparable to climate change under RCP2.6.
Therefore, effects from vegetation change should be taken into account when
simulating past, present, and future climate for this region. The results also imply
that vegetation changes could be used to mitigate local climate change.

KEYWORDS: Europe; Atmosphere–land interaction; Climate sensitivity;
Feedback

1. Introduction
The land surface and its vegetation are part of the climate system; manmade and

natural changes in the land cover can potentially have an impact on climate. Land
cover influences climate in two ways: via biogeochemical exchanges—in partic-
ular, carbon dioxide (CO2)—with the atmosphere and via biogeophysical proper-
ties that influence energy balance and exchange at the land surface (e.g., Pielke
et al. 1998; Findell et al. 2007). Biogeochemical changes occur because changes in
land cover also change the chemical composition of the atmosphere; for example, a
growing forest binds CO2 and reduces the amount of CO2 in the atmosphere.
Although there is still a large spread among global climate models in projections of
future climate, the relationship between greenhouse gases and climate change is
relatively well known (Cubasch et al. 2013). This means that the biogeochemical
effects could be associated with a quantitative estimate, given changes in land
cover and vegetation. Biogeochemical feedbacks from regional land-cover changes
have been discussed in the context of global climate change in several studies (e.g.,
Carter et al. 2007; Arneth et al. 2010), where it is found that the biogeochemical
feedback is too big to be ignored in climate change studies. Biogeophysical effects
occur due to changes in the physical properties of the land surface, such as changes
in albedo, soil properties, and roughness. The biogeophysical effects include
changes in radiation, evapotranspiration, and surface heat fluxes. These effects are
likely to act locally, whereas biogeochemical effects are spread globally via rel-
atively fast mixing in the atmosphere. Although we have a general understanding
of the biogeophysical processes operating at continental to regional scales, it is
difficult to exactly quantify such processes (Levis 2010; Davin et al. 2014).

Global studies on present and future climate come to the conclusion that the
albedo effect gives colder temperature as a consequence of deforestation but that
this cooling effect is much smaller than the warming effect from greenhouse gas
forcing (e.g., Brovkin et al. 2006; Bala et al. 2007; Betts et al. 2007; Forster et al.
2007; Teuling et al. 2010; Brovkin et al. 2013). Other experimental climate model
studies with prescribed deforestation in large parts of the globe show a similar
cooling effect on global mean temperature (Kleidon et al. 2000). Some studies have
also shown regional effects of deforestation on climate, but the results from
changing heat fluxes are described as ambiguous (Pitman et al. 2009) or hard to
evaluate (Goosse et al. 2012). Biogeophysical effects work on local scales, and the
response in climate can vary significantly between regions; even the sign in tem-
perature and precipitation response depends on local/regional characteristics such
as length of snow season, amount of water available for evapotranspiration, and
time of year (Wramneby et al. 2010; Strandberg et al. 2014; Alexandru and
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Sushama 2016). Global climate models involve the whole climate system; they
include global budgets of CO2, which means that they can describe biogeochemical
effects. However, due to the coarse horizontal resolution generally used, global
climate models cannot resolve biogeophysical effects at regional to local scales (e.g.,
Findell et al. 2007, 2009; Avila et al. 2012; Christidis et al. 2013; Myhre et al. 2013).

The higher resolution in the regional climate models (RCMs) enables studies of
local effects. RCMs improve the representation of regional-scale climate features
(e.g., Rummukainen 2010). For future climates, the effects of afforestation have
been studied with RCMs in Europe (e.g., Wramneby et al. 2010; Gálos et al. 2012),
North America (e.g., Alexandru and Sushama 2016), Africa (e.g., Wu et al. 2016),
and South America (e.g., Wu et al. 2017). The main finding is that the climate
mitigation benefits of afforestation (due to CO2 uptake from the atmosphere) may be
offset to some extent by counteracting biogeophysical forcing, but the exact balance
between these two opposing forcings varies depending on the region considered. It is
clear, however, that there are uncertainties in how the climatic response to vegetation
changes varies between parts of Europe and parts of the year. Strandberg et al. (2014)
shows in a paleo context that the climate forcing from regional land-cover changes in
Europe may be strong, but the sign of the forcing varies according to local condi-
tions. Studies with high resolution over Europe exist, but they are focusing on only
one season (Zampieri and Lionello 2011; Stéfanon et al. 2014) and/or a limited part
of Europe (Gálos et al. 2011; Zampieri and Lionello 2011; Gao et al. 2014; Stéfanon
et al. 2014). The general conclusion from these studies is that afforestation leads to
reduced temperatures in summer due to increased evapotranspiration.

Contrastingly, however, Zampieri and Lionello (2011) get colder summer cli-
mate when potential natural vegetation is replaced by crops, but as a result of
higher evapotranspiration from crops. Gao et al. (2014) report that the effect in
spring is opposite in Finland due to decreased albedo. Only Bathiany et al. (2010)
studied both afforestation and deforestation, but that was on 3.758 horizontal res-
olution. Their conclusion was that boreal afforestation warms the surface and
deforestation cools the surface, due to albedo changes and despite counteracting
changes in CO2. Still, detailed information about the effect of afforestation on
winter climate as well as the effect of deforestation is missing. Studies of changes
in the available water at the surface or in the soil show that such changes affect
precipitation and circulation on the local/convective scale, but mostly the timing
and location of precipitation rather than the total precipitation within a larger area
(e.g., Roy et al. 2007; Quintanar and Mahmood 2012; Seneviratne et al. 2013;
Winchester et al. 2017).

Europe has experienced substantial deforestation during the last 100–1000
years; within this time, the forest fraction has decreased from 100% to 30% in most
parts of continental Europe (e.g., Kaplan et al. 2009; Klein Goldewijk et al. 2011).
For different periods of the past, climate studies conducted with global models at a
coarse spatial resolution suggest that the albedo effect is the dominating bio-
geophysical effect leading to a colder climate when deforestation occurs in the
Northern Hemisphere (e.g., Jahn et al. 2005; Brovkin et al. 2006; Pitman et al.
2009; Pongratz et al. 2009; Goosse et al. 2012; He et al. 2014). Currently, affor-
estation is considered as a mitigation strategy by CO2 sequestration (Mykleby et al.
2017); despite that, the reduced radiative forcing from reduced CO2 in the at-
mosphere might locally be counteracted by biogeophysical positive forcing.

Earth Interactions d Volume 23 (2019) d Paper No. 1 d Page 3



Biogeophysical impacts of land-cover changes are recognized to be an important
driver of climate change on the global scale (e.g., Myhre et al. 2013) and even the
fourth most important anthropogenic driver during the historical period (Andrews
et al. 2017). This, together with the relatively wide climate gradients across Eu-
rope, makes it a suitable area to study the magnitude and size of biogeophysical
forcing from changing forest cover. However, the climatic effects of afforestation
are still not completely understood, especially in northern high-latitude regions
where the snow albedo effect induces local cooling (Mykleby et al. 2017). Thus,
there is a need for a comprehensive study of both afforestation and deforestation
that distinguishes between seasons on European scale at a resolution that is high
enough to resolve regional characteristics and responses.

2. Aim
This study aims to estimate the magnitude and size of biogeophysical forcing

from changing vegetation in Europe. Globally the greenhouse gas forcing is of
much greater importance, but on the local/regional scale the size of the bio-
geophysical forcing may be of equal size (e.g., Levis 2010; Wramneby et al. 2010).
Furthermore, the sign of the response to biogeophysical forcing varies between
regions due to local surface properties and climate context. The biogeophysical
forcing is a potentially large forcing that is not well constrained in climate models.
We aim to investigate the possible effects of maximum deforestation and affor-
estation as possible mitigation strategies for the future. To this end, we simulated
and compared two scenarios for land-cover changes: 1) maximum afforestation
(potential vegetation) and 2) maximum deforestation. Both simulations are com-
pared with a control simulation representing present-day conditions. Effects of
each scenario on mean climate and extreme climate were investigated. It is, of
course, not realistic to think that Europe will be completely deforested/afforested
all at the same time. This approach enables us, however, to study the potential
maximum effect of deforestation/afforestation. Instead of just selecting one region
in Europe, by changing the land cover in the whole model domain we can identify
the regions with large/small response and how the response varies within Europe.
Also, this study investigates how these responses vary over the year.

To investigate whether land-cover changes have any nonlocal effects, we per-
form two additional simulations in which afforestation and deforestation are only
done in the western part of the domain (west of 158E). The western part of the
domain is more likely to affect the eastern part than the other way around since the
prevailing winds are westerlies (e.g., Keys et al. 2016). In these experiments, cli-
matic change in the eastern part of the domain is a nonlocal effect of vegetation
changes in the western part.

3. Methods

3.1. The regional climate model RCA4

The Rossby Centre regional climate model RCA4 (Strandberg et al. 2015;
Kjellström et al. 2016) is used to perform the climate simulations. RCA4 and its
predecessors, RCA, RCA2, and RCA3, have been extensively used and evaluated
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in studies of present and future climate (e.g., Rummukainen et al. 2001; Räisänen
et al. 2004; Kjellström et al. 2011; Nikulin et al. 2011). Also, RCA3 has been used
in palaeoclimatological applications for downscaling global model results for the
last millennium (Graham et al. 2009; Schimanke et al. 2012), for parts of the
Marine Isotope Stage 3 (Kjellström et al. 2010), for the Last Glacial Maximum
(Strandberg et al. 2011), and for 200 yr before present (BP) and 6000 yr BP
(Strandberg et al. 2014). RCA4 is run on a horizontal grid spacing of 0.448 (cor-
responding to approximately 50 km) over Europe with 24 vertical levels and a time
step of 30min. Every 6 h, RCA4 reads surface pressure, humidity, temperature, and
wind from ERA-Interim (Dee et al. 2011) along the lateral boundaries of the model
domain, and sea surface temperature and sea ice extent within the model domain.

Surface albedo in RCA4 is a function of leaf area index (LAI). LAI is calculated as
a function of the soil temperature with a lower limit set to 0.4 and upper limits to 2.3
(forest free) and 4.0 (deciduous forest). If deep soil moisture reduces to the wilting
point, the LAI is set to its lower limit. LAI in coniferous forests is set constant to 4.0
regardless of soil moisture. For snow in forest-free areas, RCA4 has a prognostic
albedo that varies between 0.6 and 0.85; the albedo decreases as snow ages. For
snow-covered land areas in forest regions, the albedo is set constant to 0.2. The
snow-free albedo is set to 0.15 and 0.28 for forest and forest-free areas, respectively
(Samuelsson et al. 2011). The root depth varies from around 1.5m for open land to
2m for forest (Champeaux et al. 2005). Surface resistance depends on a vegetation-
dependent minimum surface resistance, LAI, photosynthetically active radiation,
water stress, vapor pressure deficit, air temperature, and soil temperature. The most
important differences in surface resistance between forest and open land are the
effect of water stress, which depends on root depth, and the effect of vapor deficit;
open land resistance is independent of vapor deficit (Jarvis et al. 1976).

To minimize model dependencies in the results, all RCA4 simulations have been
driven by the ERA-Interim data. By using the same climate forcing in all simu-
lations, the differences in results are only an effect of how vegetation and climate
interact within RCA4. Every simulation starts with a 1-yr spin up; after that, the 30-
yr period 1981–2010 is simulated. For each simulation of a 30-yr period, we
calculate the average of the nominal seasons winter [December–February (DJF)]
and summer [June–August (JJA)]. In addition, cold and warm extremes are ana-
lyzed by investigating differences in monthly minimum value of daily minimum
temperature (TNn) and monthly maximum of daily maximum temperature (TXx)
and how they relate to the changes in mean temperature (cf. Kjellström 2004). For
two selected summer months, the number of days with TXx above the 90th per-
centile of TXx (TX90P) is calculated. Percentiles are calculated empirically as the
climatological value over the entire 30-yr period. The results are shown as dif-
ferences between the afforestation and deforestation simulations relative to the
control simulation. The statistical significance for the difference between
the simulations is determined by a Student’s t test based on daily data to see if the
difference between two simulations is statistically significant. We choose a sig-
nificance level of 0.05. Three different regions in Europe are studied in more detail;
annual cycles for selected variables are shown for them as well. These regions are
west continental Europe (WCE; 3.428–11.578E, 47.088–51.388N), east continental
Europe (ECE; 18.008–29.508E, 43.918–48.328N), and the Iberian Peninsula
(IBP; 26.378E–08, 37.538–42.648N).
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3.2. Vegetation

For the control simulation (CTL), present-day land cover was used as defined in
ECOCLIMAP (Champeaux et al. 2005; Figure 1a). In the afforestation simulation
(AFFOR), a potential land cover is used following Strandberg et al. (2014), where the
dynamic vegetation model LPJ-GUESS (Smith et al. 2001; Hickler et al. 2004, 2012)
was used to simulate potential natural vegetation patterns consistent with the simulated
climate in Europe. Here, potential vegetation means that vegetation is allowed to grow
freely without human intervention under present-day climate conditions; after 300
years of spin up, we take the simulated vegetation as representative of CTL conditions.
This results in a forest cover of 100% almost everywhere and is regarded as an extreme
case for maximum forest cover. This could be seen as a proxy for prehistoric condi-
tions in Europe (e.g., Trondman et al. 2015). In some regions (e.g., around the
Mediterranean Sea), vegetation is limited by precipitation. In mountainous regions
(e.g., Scotland, Scandinavian mountain range, parts of the Alps) the presence of trees
may be restricted by lowwinter temperatures. Consequently, these regions are not fully
forested in the case of potential vegetation (Figures 1b,c). In the deforestation simu-
lation (DEFOR), all forests in the present land cover are replaced by grassland; in this
case, there is no forest anywhere (not shown).

4. Results

4.1. Albedo and evapotranspiration

Forests have a lower albedo than open land, and consequently, afforestation
leads to a reduction in albedo over almost all of Europe: from 20.4 in the east to
close to zero in the west (Figures 2a,b, 3a–c). The largest difference is seen in
eastern Europe in winter. This is a region with a large increase in forest fraction and
a long snow season. When open land (which is more readily covered by snow) is

Figure 1. (a) Fraction of forest in the CTL and (b) AFFOR simulations; (c) the differ-
ence in fraction of forest between the AFFOR and CTL simulations.
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replaced by forest, the change in albedo is larger than when open land is replaced
by forest in a snow-free region. In summer, differences in albedo are much smaller.
A comparison with Figure 4 shows that the largest differences in winter albedo to a
strong degree correspond to changes in the length of the snow season rather than to
changes in forest cover.

Evapotranspiration (ET) also changes with changing land cover. Here, we focus
on differences in the summer season since ET is small in winter. Afforestation

Figure 2. Difference in albedo (label ‘‘alb’’) (a),(b) between the AFFOR and CTL
simulations and (c),(d) between the DEFOR and CTL simulations for (left)
winter (DJF) and (right) summer (JJA). Grid points that do not show sta-
tistically significant differences are omitted.
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generally enables more ET (Figure 5a). Forests have higher LAI and larger root
depth than open land. Since vegetation transpires water through leaf stomata, a
higher LAI gives not only more water intercepted on the leaves, but also more
transpiration, as long as water availability or temperature are not limiting factors.
Furthermore, the larger root depth increases the ability to extract water from the
ground. Most of southern Europe sees an increase of 25%–35%, while ET is rel-
atively unchanged in northern Europe. However, comparing Figures 1 and 5 does
not show a clear correspondence between changes in forest fraction and ET. The
same change in forest fraction in southern and northern Europe does not give the
same change in ET. The spatial pattern correlation between difference in forest

Figure 3. Annual cycles in the CTL (black lines), AFFOR (blue lines), and DEFOR (red
lines) simulations: (a)–(c) albedo (alb), (d)–(f) evapotranspiration (ET, (g)–(j)
temperature (Tmean) for (left) west central Europe, (center) east central
Europe, and (right) the Iberian Peninsula. Solid lines and the left-side y axes
show absolute values; dashed lines and the right-side y axes show differ-
ences relative to CTL.
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cover and difference in ET is 0.28 and 0.19 for AFFOR-CTL and DEFOR-CTL,
respectively. Further, we note that a higher value of seasonal mean ET does not
necessarily mean that the annual maximum ET is higher. In central and southern
Europe, the AFFOR simulations give a longer period of high ET rather than a
higher annual maximum. Compared to grasses, trees with long roots can utilize
water from deeper soil layers, which prolongs the period of ET (e.g., Kelliher et al.
1993). The timing of the annual maximum ET is also delayed by about 1 month
(Figures 3d–f).

The JJA albedo in DEFOR shows only small increases compared to CTL in
most of Europe. In DJF, however, it is considerably higher (0.2–0.5) in Scandi-
navia and northwestern Russia (Figures 2c,d) due to the interaction between
surface characteristics and the extensive snow cover present in these regions. ET
in summer is lower in DEFOR in large parts of Europe, although the difference is
not always statistically significant (Figures 3d–f, 5b). The largest differences in
ET coincide with the largest differences in fraction of forest (e.g., a reduction of
20%–35% in Scandinavia and a reduction of around 20% in scattered parts of
south-central Europe). ET increases with around 20% over the Baltic Sea in
summer. This may seem counterintuitive, but when the warmer and drier air from
the surroundings (cf. Figure 6d) comes in contact with the sea, it favors increased
ET over sea. Similar, although less significant, increases are also seen off other
coastal areas.

Despite similar differences in forest fraction, the responses in ET in the three
regions WCE, ECE, and IBP are different (Figures 3d–f). In WCE, the climate is to
a large degree governed by the large-scale circulation and the weather systems
coming from the Atlantic, which makes the climate in this region less sensitive to
land-cover changes. Here, the difference in ET is within610% for most of the year
in both simulations (Figure 3d). ECE is a region less influenced by the North

Figure 4. (a) Number of days with snow cover (days) in the CTL simulation, along
with the difference in number of days with snow cover in the (b) AFFOR
and (c) DEFOR simulations relative to CTL.
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Atlantic and with water available for ET. Increased forest fraction in AFFOR
enables the season of high ET to expand into the late summer; ET is up to 40%
larger in August and September relative to CTL (Figure 3e). IBP is a dry region,
where the available soil moisture is used already in the spring; hence, ET is not
sensitive to further deforestation since there is not much water to evaporate or
transpire in any case (Figure 3f). However, a substantial increase in forest cover on
the Iberian Peninsula as in AFFOR results in less significant drying in late winter
and spring, with more water available for ET.

4.2. Seasonal mean temperatures

The winter temperature (Tmean) in AFFOR is significantly colder by up to228C
in central and southern Europe (i.e., the areas affected by afforestation; Figure 6a).
This is not explained by albedo changes (Figure 2) since decreased albedo should
lead to higher temperature. Also, ET is not responsible, because it is low in winter
and changes in it are small (e.g., Figure 6b for ET in the IBP). The lower temper-
atures may instead be explained by changes in the atmospheric circulation. Because
of increased roughness, the low pressure systems in AFFOR lose their energy earlier
because of increased friction over land, compared to CTL and DEFOR, which in turn
suggests a climate with less cyclonic activity in central Europe. This effect would be
strongest in winter (when most of the cyclones occur). In winter, we note a rising of
the mean geopotential height at 500 hPa (GPH500) with around 100m in an area
centered on the Baltic states and a weakening of the u wind at 850hPa in central and

Figure 5. Difference in ET (%) relative to CTL in the (a) AFFOR and (b) DEFOR simu-
lations for summer (JJA). Grid points that do not show statistically signifi-
cant differences are omitted.
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southeastern Europe (Figures 7a,c), all of which could contribute to the lower
temperatures. A similar but slightly northward-shifted pattern is shown in summer
with the addition of a lowering of the GPH500 of around 80m in southern Europe
(Figures 7b,d). This is a thermal effect caused by the cooler lower atmosphere
(McIlveen 1992) over southern Europe that is caused by increased ET (cf. Figure 5).
Another potential explanation is that an initial increase in ET leads to decreased
Tmean; together, this could lead to a lowering of the condensation level, which is

Figure 6. Difference inmean near-surface temperature (Tmean; 8C) (a),(b) between
the AFFOR and CTL simulations and (c),(d) between the DEFOR and CTL
simulations for (left) winter (DJF) and (right) summer (JJA). Grid points that
do not show statistically significant differences are omitted.
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Figure 7. Difference in (a),(b) geopotential height (GPH500; m) and (c),(d) uwind at
850hPa (U-wind850; ms21) between the AFFOR and CTL simulations in the
(left) winter (DJF) and (right) summer (JJA). Grid points that do not show
statistically significant differences are omitted.
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beneficial for cloud formation (Pinto et al. 2009). These cause–effect chains are,
however, far from clear, and the relationship among afforestation, deforestation,
storm tracks, and cloud formation could be investigated further.

In winter, temperature differences due to deforestation are generally relatively
small. Small positive temperature (Tmean) differences of 0.58–18C in DEFOR rel-
ative to CTL are seen over parts of the Iberian Peninsula (Figure 6c). These changes
are connected to the lower albedo. The large difference in winter albedo in northern
Europe and over the Alps does not have an impact on winter Tmean. This is due to
the small solar radiation in winter at these latitudes. The effect is stronger in spring;
when there is more sunlight and also remaining snow on the ground, high albedo
leads to significantly lower temperature in Scandinavia (not shown). In summer,
Tmean is 18–38C higher in the parts of Europe where deforestation takes place as an
effect of the reduced ET (Figure 6d). Areas without forests in the control climate,
however, see only a little difference. This includes parts of the Iberian Peninsula,
Italy, coastal areas in northwestern Europe including the British Isles, Denmark,
large parts of Norway, and the Kola Peninsula. Furthermore, parts of the Iberian
Peninsula are already dry in the control experiment, and ET cannot be much lower in
summer even if there is some local deforestation (Figure 3f). Under these conditions,
the higher albedo even leads to locally colder temperature, down to a difference
of218C, which is most pronounced in southern Portugal. This can be compared with
the differences in Tmean in WCE and ECE, where the same difference in forest
fraction gives different responses in Tmean. This is coupled to differences in ET as
well as to changes in the large-scale circulation (see section 4.1).

4.3. Extreme temperatures

The monthly minimum of daily minimum temperature (TNn) in winter does not
change in the same way as winter Tmean in AFFOR. TNn increases by up to 68C in
eastern Europe, as compared with a decrease of around 18C in Tmean (Figure 8a).
Less-pronounced cold conditions in this area may seem counterintuitive, given the
longer snow season (cf. Figure 4). This apparent discrepancy can be explained by
changes in the cloud cover. The outgoing longwave radiation is decreased in this
region as a result of increased cloud cover (not shown), leading to less-cold extreme
conditions. It is interesting to compare with winter Tmean, which is colder in
AFFOR than in CTL (cf. Figure 6). Cold extremes (TNn) mostly occur during night
when increased cloud cover (reemitting longwave radiation back toward the surface)
leads to increased TNn, whereas increased cloud cover during daytime (reflecting
incoming shortwave radiation back to space) acts to reduce warm extremes.

The summertime monthly maximum of daily maximum temperatures (TXx)
differs in a way that is similar to that of daily mean temperatures between the
different experiments, with strong differences in southern and central Europe. The
difference in TXx is more pronounced than the difference in Tmean, however. TXx
is reduced by 68–108C in an area reaching from France and the southern parts of the
British Isles eastward through Europe to areas north of the Black Sea (Figure 8b).
Summer is the season with largest ET; therefore, changes in vegetation will impact
ET the most in summer and even more so on the warmest days. The difference
between Tmean and TXx is decreased, indicating that the summer temperature is
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less variable in AFFOR than in CTL. An exception to this is dry regions in the far
south where ET does not change much, even with afforestation.

Cold winter extremes (TNn) in DEFOR change in the same way as the winter
mean temperature, but with somewhat larger differences in TNn in parts of central
and eastern Europe (Figure 8c). This can be attributed to the combined effects of
changes in outgoing longwave radiation and albedo, as described for AFFOR.
Without trees, more of the incoming radiation is reflected, and less outgoing

Figure 8. Difference in (left) winter minimum temperature (TNn; 8C) and (right) sum-
mer maximum temperature (TXx; 8C) (a),(b) between the AFFOR and CTL
simulations and (c),(d) between the DEFOR and CTL simulations. Grid points
that do not show statistically significant differences are omitted.
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radiation is captured by the vegetation and is instead released to space. In summer, defor-
estation exacerbates the difference in TXx in both directions; the increase in TXx is as
much as 108C in northeastern Europe and 28–68C in most of continental Europe, as
compared with 128–38C in Tmean (Figure 6d). Both the decrease in TXx over the
Iberian Peninsula and the increase in the rest of Europe are larger than the differences
in the mean temperature.

4.4. The heat waves of August 2003 and July 2010

To further investigate how land-use changes can ameliorate or exacerbate ex-
treme temperatures, we take a look at the heat waves of August 2003 (centered over
western Europe) and July 2010 (centered over eastern Europe), the top two Eu-
ropean heat waves in 1981–2010 (Russo et al. 2015). First, the climatological 90th
percentile of summer TX is calculated for every grid point over the period 1981–
2010. Then, for August 2003 (AUG03) and July 2010 (JUL10), we calculate how
many days in each grid box have a TX above the climatological 90th percentile;
this number of exceedances is called TX90P. In a ‘‘normal’’ month, TX90P is
around 3 (i.e., 10% of the days). In AUG03, the CTL simulation has a TX90P of
16–22 in a band over France, Germany, and Poland, meaning that at least one-half
of the days of the month were extremely warm (Figure 9).

In AFFOR, summer temperatures are lower than in CTL (cf. Figures 6 and 8), and
consequently, TX90P is lower (Figure 9b). The decrease in TX90P is about the same as
the absolute value of TX90P in CTL; thus, the August 2003 heat wave is more or less
completely mitigated in AFFOR (Figures 9a,b). DEFOR shows a strongly contrasting
pattern and an even more pronounced heat wave in many areas. The largest increase in
TX90P is outside the area of the CTL center of the heat wave, where the room for
prolonging the heat wave is larger; most of central Europe gets a TX90P of more than
15 days (Figures 9a–c). Note that TX90P also decreases over the Iberian Peninsula in
DEFOR, which agrees with the differences in Tmean and TXx (cf. Figures 6d and 8d).

In JUL10, the center of the heat wave was in eastern Europe, where TX90P reached
over 16 days in large areas. In AFFOR, most of the heat waves disappear in the central
and southern parts of the heat-wave area, and in DEFOR, the area of TX90Pmore than
15 days expands to the north and northeast (Figures 9d–f). That TX90P increases over
Scandinavia in both AFFOR and DEFOR is unexpected. Since the difference in land
cover is small between CTL and AFFOR over Scandinavia, wewould expect a weaker
response relative to between DEFOR and CTL. A possible explanation for differences
in TX90P in areas with small differences in land cover may be changed atmospheric
circulation. As shown above, afforestation affects circulation in all of Europe, which in
turn affects the characteristics of specific events such as heat waves. A small dis-
placement of a high pressure blocking can change the characteristics of a heat wave.

4.5. Precipitation

RCA4 shows only a few significant precipitation differences in AFFOR relative to
CTL: around 10% less in winter, mainly in parts of western central Europe, and around
20%more in scattered parts of southern and central Europe in summer (Figures 10a,b).
Also, a decrease of the maximum daily precipitation of 10%–20% is present in the
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areas of mean precipitation decrease (not shown). The differences in summer pre-
cipitation are mainly because of differences in convective precipitation, which is
mostly determined by local ET (not shown). Precipitation differences in DEFOR are
small relative to CTL for both mean and daily maximum precipitation and are sta-
tistically significant only over a few small scattered regions (Table 1; Figures 10c,d).

4.6. Nonlocal effects

In the simulations with vegetation changes in only half of the model domain, the
results in the western part of the domain are very similar to those in AFFOR and
DEFOR (Figure 11; cf. Figures 5 and 6). The eastern part of the domain is very
similar to that in CTL in both simulations. There are some areas with statistically
significant differences in ET in the east, but they are small, randomly scattered
spatially, and possibly an effect of internal variability. In DEFOR, there is some in-
creased ET just east of 158E (Figure 11b). It is difficult to determinewhether this is due
to internal variability or is an actual response to the decreased ET in the vicinity.
However, this difference in ET, random or not, has little effect on Tmean (Figure 11d).

Figure 9. Number of days with temperature maximum above the 90th percentile
(TX90P; days) in (a) August 2003 (AUG03) and (d) July 2010 (JUL10) in the CTL
simulation. Also shownare the (b),(e) differencebetween theAFFORandCTL
simulations and (c),(f) difference between the DEFOR and CTL simulations.
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5. Discussion

5.1. What determines the response in climate to changes in land
cover?

This study estimates the potential response in climate due to maximum potential
vegetation changes in Europe. It is clear that vegetation changes can have a sig-
nificant impact on mean temperature that is of the same magnitude as the

Figure 10. Difference in mean precipitation (Pmean; %) (a),(b) between the AFFOR
and CTL simulations and (c),(d) between the DEFOR and CTL simulations
for (left) winter (DJF) and (right) summer (JJA). Grid points that do not
show statistically significant differences are omitted.
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temperature changes resulting from the greenhouse-gas-driven external forcings. For
example, Strandberg et al. (2015) show that changes in seasonal mean temperature
over large parts of Europe are on the order of 18–38C at the end of the century under
the RCP2.6 scenario with changing greenhouse gases but constant land cover. This is
similar to the warming that Europe would experience in a 28C warmer world (e.g.,
Vautard et al. 2014; Kjellström et al. 2018). However, the differences seen here show
a different geographic pattern as the vegetation-induced changes are more confined
to the areas where vegetation changes as compared with the relatively more uniform
greenhouse-gas signal. Our results show that the impact on extreme temperature is
even larger; this is also in accord with Vautard et al. (2014). A decrease (increase) in
mean temperature tends to be associated with an even larger decrease (increase) in
extreme temperature. For example, in summer in southern Europe an increase in ET
will decrease temperature; this effect is even stronger during the warmest days,
which are usually connected with a lack of soil moisture. This asymmetric impact on
temperature is seen in previous studies of observations, reanalyses, and climate
models (e.g., Kjellström 2004; Seneviratne et al. 2013; Davin et al. 2014).

This study suggests that afforestation (deforestation) can help to exacerbate
(ameliorate) heat waves. The analysis of two heat waves agrees overall with the
mean climatological responses described in sections 4.2 and 4.3, but it also shows
the difficulties of telling a counterfactual story of specific weather events if the land
cover had been different. Afforestation has an impact on the large-scale atmo-
spheric circulation over most of Europe. This means that synoptic events will not
be exactly the same as in the CTL simulation. When evaluating the long-term
climatological effects of land-cover changes, this is not a problem as this evalu-
ation still shows the general climatic response to land-cover changes. In the case of
specific events, such as for the two heat waves analyzed here, this analysis shows
that it can be difficult to disentangle differences that are due to differences in
biogeophysical effects and differences that are due to circulation changes.

Despite relatively large changes in ET and temperature, precipitation changes
are generally small and confined to a few scattered regions. Previous studies
likewise point to minor effects on seasonal mean precipitation (e.g., Roy et al.
2007; Quintanar and Mahmood 2012; Seneviratne et al. 2013; Winchester et al.
2017); however, comparison with observations suggests that climate models are
not able to fully reproduce the soil-moisture precipitation feedback (Taylor et al.
2012), although it cannot be ruled out that this is because of the coarse resolution in
the investigated global climate models. The current study suggests that these
processes are local and may only be resolved at high horizontal model resolution.
Possibly, even higher resolution—on the order of that of convective rain events—is
needed to adequately capture these feedbacks in a realistic way; nevertheless, when
comparing with observations, it is also unclear what feedback actually dominates

Table 1. Percentage of grid points over land with significant difference in the AFFOR
and DEFOR simulations relative to the CTL simulation.

Season AFFOR DEFOR

Tmean DJF 38% 26%
JJA 64% 57%

Pmean DJF 16% 9%
JJA 16% 8%
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Figure 11. Difference in summer (JJA) (a),(b) ET (%) and (c),(d) Tmean (8C) (left)
between the AFFOR, and CTL simulations and (right) between the DEFOR
and CTL simulations. The vertical black line shows the division between
changed and unchanged vegetation. Grid points that do not show
statistically significant differences are omitted.
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the process (Guillod et al. 2015). Afforestation affects how cyclones travel and evolve
over Europe, with increased roughness generally reducing cyclone activity inland.
Getting this effect, however, requires that large areas are afforested as compared with
the more local albedo and ET effects that result from small-scale land-cover changes.

The interaction between vegetation and climate can mainly be attributed to two
biogeophysical processes: albedo changes and changes in evapotranspiration.
Which process dominates depends on regional characteristics such as length of
snow season, amount of water available for evapotranspiration, and time of year.
For Europe, our results show that winter evapotranspiration is small and thus al-
bedo dominates, especially in regions where open snow-covered land with high
albedo is replaced by dark forests (or the other way around). This kind of change in
vegetation is possible in northern and northeastern Europe and in high-altitude
regions in southern Europe. In summer, evapotranspiration is large enough to
dominate the land-cover-related temperature feedbacks in most of the model do-
main. Exceptions to this are areas around the Mediterranean Sea, especially over
the Iberian Peninsula, where summers are dry and soil moisture is depleted already
in the spring (e.g., Räisänen et al. 2004). Our results agree with previous studies on
afforestation leading to a cooling in summer as a result of increased evapotrans-
piration (e.g., Gálos et al. 2011; Gao et al. 2014; Stéfanon et al. 2014; Perugini et al.
2017). Typically, such cooling is around 18C on a seasonal mean basis, whereas the
effect is stronger for warm extremes (Stéfanon et al. 2014), as also found here.
Similarly, our results are in agreement with previous studies showing that affor-
estation also leads to a warming in boreal regions in winter/spring (Gao et al. 2014;
Perugini et al. 2017). The effect on precipitation is small and seemingly is not
directly coupled to land-cover changes because precipitation to a large extent is
controlled by large-scale meteorological conditions, which is a result in line with
findings presented by Gálos et al. (2011), Gao et al. (2014), and Perugini et al.
(2017). Zampieri and Lionello (2011) get the opposite result: summer temperatures
are higher when crops are replaced by potential vegetation, but it is because crops
in their experiment transpire more than trees. The contradictory results in their
study are thus explained by differences in vegetation characteristics rather than by
a different understanding of the physical mechanisms.

Some studies suggest that there are nonlocal effects, so-called teleconnections,
on climate from vegetation changes, meaning that vegetation at one point will
affect climate somewhere else. Teleconnections have been inferred for soil-
moisture feedback on temperature (Seneviratne et al. 2013), evaporation feedback
on precipitation in GCMs (Seneviratne et al. 2010; van der Ent and Savenije 2011),
albedo feedback on temperature and snow cover in an RCM (Alexandru and
Sushama 2016), and effects of tropical greening on circulation and rainfall patterns
in an RCM (Wu et al. 2016). The simulations made in this study with vegetation
changes in only one-half of the model domain show very small or no effect in the
unchanged part. The conclusion is that there is no robust evidence for tele-
connections given changes in a small area like one-half of Europe; this should be
considered with the caveat that the simulations in this study use reanalysis
boundary conditions and are not totally free to simulate their own atmospheric
circulation. Further tests with global models of high resolution could be a way to
explore possible nonlocal effects on climate from small-scale changes in land
cover.
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Last, it should be acknowledged that there are other possible land-cover changes
besides afforestation and deforestation. In many parts of Europe, it is more likely
that urban areas will spread at the expense of forests or agricultural land. Urban-
ization was not considered here, and for even finer-scale local studies it would be
interesting to investigate the effects of different options in city planning (e.g.,
concrete vs green infrastructure).

5.2. Implications for past climate change

Even though the exact timing of the start of anthropogenic deforestation in
Europe is debated (see, e.g., Gaillard et al. 2010), it is clear that the vegetation has
gone from natural (potential) to the present highly anthropogenic conditions, with a
forest fraction less than 30% in most parts of continental Europe during the last
1000–3000 years (e.g., Kaplan et al. 2009; Klein Goldewijk et al. 2011). The
results of this study imply that past deforestation is expected to have had a sig-
nificant impact on local climate across Europe. The difference in seasonal mean
near-surface temperature between the simulation with potential vegetation and the
simulation with present-day vegetation is 08–28C in winter and 18–38C in summer
in central and southern Europe (Figures 6a,b). If we change the sign in Figures 6a
and 6b, going from potential vegetation to present-day conditions, we see that the
anthropogenic deforestation over the last 1000–3000 years could have led to a
warming of 08–38C, depending on region and season. Most of this warming should
have occurred during the last part of this period, when changes in land cover have
been most substantial (e.g., Kaplan et al. 2009; Klein Goldewijk et al. 2011). That
the climatic response to land-cover changes is small at 6000 yr BP relative to that at
AD 1800 is supported by an earlier study with the RCA3 model (Strandberg et al.
2014). It should be a topic for future research to better constrain the timing and
contribution of historical land-cover changes to past climate change. Furthermore,
the results indicate that regional and local vegetation changes should be considered
when interpreting past climate proxy records in Europe, so that local-scale changes
are not misinterpreted as large-scale drivers. The results presented here, including
the experiments in which large areas like one-half of Europe undergo a consid-
erable shift in land cover, indicate that the biogeophysical effect primarily affects
local climate.

5.3. Implications for future climate change and for mitigation strategies

The impact on future climate is, of course, dependent on what the actual future
land use will be. There is great potential in using afforestation as a mitigation
strategy for global warming since growing forests serve as sinks of CO2 (e.g.,
Smith et al. 2014), provided, of course, that CO2 is captured and sequestered. Our
results show that afforestation would also be favorable to mitigate regional tem-
perature increase as it leads to lower temperature locally (Figures 6a,b). At the
same time, in stabilization and mitigation scenarios like RCP2.6, the demand for
cropland is increasing as a result of bioenergy production (van Vuuren et al. 2007).
This may lead to decreased levels of atmospheric CO2 if bioenergy replaces fossil
fuels, which eventually will decrease global warming. Regionally, however, this
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may lead to increased temperature if forests are replaced by agricultural land or
land for bioenergy (Figures 6c,d), which may be an unwanted local effect of a
global mitigation strategy. The exact response to these land-cover changes is
not possible to determine in a general way since the response depends on re-
gional characteristics; this should be considered when such mitigation strate-
gies are planned. We show in this study that the response in climate to land-
cover changes varies over Europe; globally, the situation is even more com-
plicated. Highly resolved Earth system models should be used to study the
interplay among atmospheric greenhouse gases, radiative fluxes, and heat
fluxes. Studies of the effect on radiative forcing from changes in land use are
made (e.g., Jones et al. 2015); this should be pursued further, especially at
higher model resolution.

5.4. How can the biogeophysical forcing better be constrained?

This study provides some suggestions, but the question remains as to what the
net effect of land-cover changes on climate is. The effect in the model simulation
is, of course, dependent on the model itself and is not proven to be robust until it is
reproduced by other models. Ways to better constrain the biogeophysical forcing
could be obtained through model intercomparison studies that involve coordinated
simulations with an ensemble of climate models, through more land surface model
simulations, and through more observations (e.g., of heat fluxes and soil moisture).

6. Conclusions
This study demonstrates that the local effect on climate from maximum affor-

estation and deforestation is comparable in magnitude to the effect from green-
house gas forcing in the future. Complete afforestation of all unforested areas in
Europe leads to a general cooling of 0.58–38C in all seasons. The largest differences
are seen in summer in areas of large vegetation change in southern Europe.
Complete deforestation of all forested areas leads to a general warming in summer
of 0.58–2.58C. An exception to this is the Iberian Peninsula, where some regions
show a cooling. In winter, the differences are smaller and of different signs: cooling
in the northeast of around 18C and warming in the southwest of around 0.58C. The
effect on maximum and minimum temperature is stronger than on the mean tempera-
ture. The temperature differences are controlled by differences in albedo and evapo-
transpiration. Albedo tends to dominate in winter and evapotranspiration in summer.
There are exceptions to this (such as the Iberian Peninsula); if there is nowater available
for evapotranspiration, changes in vegetation will not lead to differences in evapo-
transpiration. In this case, albedo will control temperature differences in summer also.
The effect on precipitation is less certain. There are regions with significant precipitation
differences, and increased (decreased) precipitation corresponds to increased (de-
creased) ET, but there are regions with significant differences in ETwithout significant
differences in precipitation. The climatic effects from changed vegetation are local. In
our 50-km-resolution simulations, we detected no evidence that vegetation changes in
one area should directly affect the climate in other regions; however, the results suggest
that large-scale land-cover changes affect the large-scale atmospheric circulation, even
though it is unclear whether these changes have an impact on the climate over 30 years.
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Our simulations imply that vegetation–climate interactions are important to
understand past and future climate change and should be included in climate model
simulations. The results presented here are in general agreement with previous
models and observations in how the biogeophysical effects work and how they may
be affected by land-cover changes, and we further provide the maximum effect of
both afforestation and deforestation, which has not previously been done at the
regional scale.
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