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A B S T R A C T

Extremes in climate and weather can pose significant challenges to economy, ecosystems and human health.
Changes in land cover are one of the drivers for variability in frequency and magnitude of extreme climate at
regional and local levels. In this study, a regional climate model (COSMO-CLM v4.8) is used to simulate effects in
climate extremes from two different idealized land cover change scenarios in Europe. These two simulations
involve abrupt large-scale conversion of today forestland to herbaceous vegetation (deforestation), and of today
cropland to evergreen needle-leave forest (afforestation). A control simulation with today land cover distribution
is used to identify differences in extreme climate. We find significant changes in extreme climate in both de-
forestation and afforestation simulations, with seasonal and spatial differences. Deforestation causes a warmer
summer (with higher annual maximum temperature) and a colder winter (with lower annual minimum tem-
perature). Afforestation slightly increases the average intensity of the hot extremes, although with high spatial
variability (a reduction is common in several locations), and mitigates cold extremes in winter. Changes in
extreme indices show that deforestation increases both the frequency and duration of hot and cold extremes,
while afforestation causes a lower frequency of extreme cold climate. The two simulations show opposing results
in the number of frozen days, as they increase for deforestation and decrease for afforestation. A drier climate is
found after deforestation, whereas a wetter climate is observed after afforestation. In general, deforestation and
afforestation increase the frequency of hot extreme climate as they reduce the return period and increase the
return level. Overall, our findings show the potential critical effects that land cover changes can have on climate
extremes, and the possible synergies that land management strategies and planning can have for climate change
mitigation and adaptation at a regional scale.

1. Introduction

Extremes in climate and weather are a challenge for human societies
and ecosystems. For example, heat waves are frequently associated with
excess mortality (Pirard et al., 2005; Astrom et al., 2013; Mitchell et al.,
2016; Mora et al., 2017), and average higher temperatures in winter
nights favors survival of pests across the winter (Peterson et al., 2008),
thereby increasing insect outbreaks with potentially large effects on the
carbon cycle (Arora et al., 2016). Heat waves also increase the risk of
natural disasters, such as forest fires (Seidl et al., 2014). The diffusion
processes of extreme climate also impact on environmental sustain-
ability (Aldieri and Vinci, 2018; Hájek and Stejskal, 2018). It is thus
important to understand not only how these extremes are changing over
time, but also their drivers and opportunities for mitigation and adap-
tation.

Extreme climate is an un-normal climate which occurs at a parti-
cular time and place (Hegerl et al., 2007). It is defined as the occurrence
of a value of a climate or weather variable which is above or below a

given threshold in the tail of the observed values of the variable
(Seneviratne et al., 2012). The analysis of extreme events thus focuses
on investigating the behavior of the events with very low probability
(Zhang and Zwiers, 2013). The definition of extreme events in climate
and weather fits well to statistical science, and it facilitates the use of
classical statistical theories and the corresponding tools for detecting
changes in extremes (Coles et al., 2001; Katz et al., 2002; Beirlant et al.,
2006; Reiss et al., 2007; Gilleland et al., 2013; Gilleland and Katz,
2016). With these theories and tools, it is possible to analyze extreme
events that are beyond the range of the datasets. For instance, based on
a 30-year sample, it is possible to predict the event that only happens
every 50-year or 100-year. It is also possible to calculate how rare an
event is expected to occur for a given extreme value. Understanding of
extreme events is a crucial objective for climate mitigation and eco-
system/society adaptation in a risk assessment framework, which re-
quires to investigate the behaviors in the tails of the probability density
function (PDF).

In order to harmonize the analysis on extreme events, several widely
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used descriptive indices have been defined (Frich et al., 2002;
Alexander et al., 2006; Tank et al., 2009; Zhang et al., 2011). Previous
studies show that land cover changes (LCC) alter land-atmosphere
processes, with changes in local temperature and precipitation
(Seneviratne et al., 2010; Stefanon et al., 2014; Cherubini et al., 2016),
including extremes (Davin et al., 2014; Findell et al., 2017; Lejeune
et al., 2018). Land-atmosphere processes change local energy transfer
and water cycle, and merge to large scale general circulation to interact
to other climate systems (Findell et al., 2009). Open lands such as
cropland or grassland are frequently measured to be warmer than for-
ests during daytime in summer, although there are sometimes con-
trasting outcomes due to regional differences and experimental ap-
proaches (Easterling et al., 2000; Davin et al., 2014; Findell et al.,
2017).

In this paper, we investigate several extreme indices including warm
and cool days and nights, frozen days, warm and cold spell duration,
and consecutive dry and wet days, under different idealized large-scale
LCCs in Europe using a regional climate model. We apply the classical
extreme value theories and tools to compare the changes in probability
of extreme events in our datasets from different simulations, i.e. a
control run under present land cover against simulations after land
cover changes.

2. Materials and methods

2.1. Model configuration

The simulations are performed with the regional climate model
Consortium of Small scale Modelling (COSMO-CLM; v4.8) (Rockel
et al., 2008). COSMO-CLM is a non-hydrostatic climate model. It has
been widely used in dynamical downscaling, regional climate modeling

and for research on land-atmosphere interactions in Europe (Kotlarski
et al., 2014; Davin et al., 2016; Cherubini et al., 2018). The model uses
the split-explicit third-order Runge-Kutta time discretization on the
Arakawa-C horizontal grid (Arakawa and Lamb, 1981; Wicker and
Skamarock, 2002). Characteristics of the terrain is based on height
coordinates with rotated geographical coordinates in the vertical level
(Schär et al., 2002). Turbulent kinetic energy is used as a prognostic
variable for vertical turbulent mixing parametrized according to a level
2.5 closure (Mellor and Yamada, 1982). The moist convection is de-
scribed by the Tiedtke (1989) mass flux scheme, and the radiative
fluxes are calculated by the δ-two stream radiative transfer scheme
(Ritter and Geleyn, 1992). Biophysical exchange processes between the
atmosphere, land surface, and soil are presented by the soil-vegetatio-
natmosphere model TERRA-ML (Schrodin and Heise, 2001). The tur-
bulent exchange between the underlying surface and the atmosphere in
TERRA-ML is modeled by a stability and roughness length-dependent
surface flux (Doms and Schättler, 2002; Ament and Simmer, 2006).
TERRAL-ML calculates the hydrological processes by soil moisture
diffusion between 10 soil layers up to 15m. At each grid cell, the soil
texture and dominant vegetation type are taken from gridded ob-
servation. The vegetation type is classified by different parameters in-
cluding plant coverage, leaf area index, roughness length, and root
depth.

2.2. Simulations

In our study, one control run and two simulations with idealized
LCC are performed. All simulations follow the EURO-CORDEX frame-
work and use the same configuration as COSMO-CLM in EURO-COREX
(Kotlarski et al., 2014). We use the European Centre for Medium-Range
Weather Forecasts Interim reanalysis (Dee et al., 2011) to drive

Fig. 1. Spatial distribution of the dominant land covers in the control simulation (CTRL), forest to herbaceous vegetation (FOR to HV) and cropland to evergreen
needle-leaf forest (CROP to ENF), in the EURO-CORDEX domain.
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COSMO-CLM between 1980 and 2010. The first simulation year is ex-
cluded from further analysis as it is a spin-up time. The simulations are
integrated at 0.44° (∼50 km) horizontal resolution, 40 atmospheric
vertical levels, and 300 s for a time step.

We first conduct a control simulation (CTRL) with the present-day
soil and vegetation cover using the global land cover database GLC2000
(GLC, 2005). This simulation is used as the baseline scenario. Then, we
set up two idealized simulations based on extreme land cover changes
to maximize model’s response, which are called deforestation and af-
forestation simulations, respectively. One replaces all the forested grid
cells in Europe with herbaceous vegetation (FOR to HV), and the other
one replaces all the cropland grid cells with evergreen needle-leaf forest
(CROP to ENF). In each changed pixel, we change the dominant land
cover at each grid cell by modifying the land cover parameters. These
prescribed parameters have strong seasonal difference but are constant
without year-to-year variation. The change in plant cover are re-
presented by changes in vegetation coverage, roughness length, root
depth and LAI (Tölle et al., 2017). Serval studies used this method to
study the interactions between LCC and climate (Tölle et al., 2014,
2017; Cherubini et al., 2018; Tölle et al., 2018). In the deforestation
simulation, the land cover transition mainly occurs in eastern and
northern Europe, and in the afforestation simulation the land cover
transition primarily takes place in central Europe covering the middle
part of the domain from east to west (Fig. 1).

2.3. Statistical indices of extremes

To quantify the impact of LCC on extreme climate in Europe, we
analyze the changes of extreme climate indices between the FOR to HV,
CROP to HV and the CTRL simulation. We select nine extreme climate
indices for further analysis. The definition and abbreviation of the in-
dices (Table 1) follow the standard report on climate change detection
(Peterson et al., 2001). These indices have been widely used in the
existing literature (Klein Tank and Können 2003; Vincent and Mekis,
2006; Zhang and Zwiers, 2013; Sheikh et al., 2015). We use the daily
maximum and minimum temperature to calculate the indices of ex-
tremes involving temperature. Precipitation (PR) is selected to compute
extreme indices related to wet days. We also show the changes of
average annual maximum temperature (TASMAX) and average annual
minimum temperature (TASMIN).

2.4. Extreme values theory

Extreme climate events can be investigated with the extreme value
analysis (AghaKouchak et al., 2012; Fischer and Knutti, 2015; Gomes
and Guillou, 2015). Previous studies successfully applied the statistical
extremal value theory to hydrology and environmental systems in
general (Naveau et al., 2005; Katz, 2013; Cheng et al., 2014), including
specific applications related to climate change and risks (Coles et al.,
2001; Peterson et al., 2008; AghaKouchak et al., 2012; Cooley, 2013;
Findell et al., 2017).

In this paper, the extreme values theory is applied to the three

simulations described above in order to investigate the changes in long-
term low probability extremal events, such as the return level and re-
turn period. These two concepts are frequently used to quantify risks
(Cooley, 2013). In general, the extreme events Mn can be explained as

= …M X X Xmax{ , , }n n1 2 (1)

where = …X i n{ ; 1, 2, , }i is a sequence of independent random vari-
ables and identically distributed with a common statistical distribution.
The Extremal Types theorem states that suppose there exist the nor-
malizing constants, an > 0 and bn, such that

− ≤ → → ∞M b a x G x nP{( )/ } ( ) asn n n (2)

where P denotes the probability, and then the cumulative distribution
function G is a generalized extreme value (GEV) distribution (Coles
et al., 2001),
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with the condition + − >ξ x μ σ1 ( )/ 0, the location parameter
− ∞ < < ∞μ , the scale parameter σ > 0 and shape parameter
− ∞ < < ∞ξ . Using this notation, the GEV distribution can have three
different types, a Fréchet type (ξ > 0 with a heavy tail), a Weibull type
(ξ < 0 with a bounded tail) and a Gumbel type (the limit as →ξ 0 with
a light tail) (Coles et al., 2001; Katz, 2013). Own to the unification of
the three types of extreme value distribution to a single GEV distribu-
tion, we can use the data to determine the best appropriate type of tail
behavior through the inference on the shape parameter ξ.

The GEV distribution has theoretical foundation for modeling the
block maxima of data, such as annual maxima, and the quantiles of the
GEV distribution are commonly interpreted as return levels (Coles
et al., 2001; Cooley, 2013; Gilleland et al., 2013; Gilleland and Katz,
2016). Therefore, we analyze the quantiles using annual maximum
series from our simulations. By inverting Eq. (2), we can get the ex-
treme quantiles of the annual maximum distribution
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with G(xp)= 1− p, and xp is called the return level in common ter-
minology, and correspondingly, 1/p is called the return period. We
assume that both the return level and return period are stationarity,
where the return level is constant every year, the return level xp is
exceeded by the annual maximum with probability p in any particular
year. The return period inverts to the probability p (Coles et al., 2001;
Cooley, 2013).

3. Results

3.1. Changes in the indices of extremes

To understand the effects on extreme climate from land cover
changes in CCLM, we assess nine commonly used extreme indices

Table 1
Definition and abbreviation of the extreme indices considered in this study (Zhang and Zwiers 2013).

Indices Indicator name Definition Units

TX90% warm days number of days with daily max temperature above the 90th percentile per year days
TN90% warm nights number of days with daily min temperature above the 90th percentile per year days
TX10% cool days number of days with daily max temperature below the 10th percentile per year days
TN10% cool nights number of days with daily min temperature below the 10th percentile per year days
FD Frost days number of days with daily minimum temperature below 0 °C days
WSDI warm spell duration indicator number of 6 consecutive days above daily max temperature above the 90th percentile per year/season
CSDI cold spell duration indicator number of 6 consecutive days with daily min temperature below the 10th percentile per year/season
R95% very wet days number of days with precipitation above 95th percentile per year days
R99% extremely wet days number of days with precipitation above 99th percentile per year days
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(Table 2). On the regional and local scale (i.e. grids affected by land use
change only), the TX90%, TN90%, TX10%, TN10% and FD show a
positive response to deforestation (Table 2). The effects on the extremes
are more relevant when the indices are averaged in the grid cells with
LCC (i.e. local scale). This means that forest clearance exacerbates
temperature extremes in both winter and summer. Deforestation is also
found to decrease precipitation extremes, as the climate becomes drier
because less water is transpired to the atmosphere. This can also lead to
a reduction of cloud cover, with land surface absorbing more solar ra-
diation thereby further changing the surface extreme temperatures. A
similar finding has been reported in previous studies (Tölle et al.,
2017).

The afforestation simulation (CROP to ENF) shows a different pat-
tern in the climate response than deforestation. On the regional scale,
there is a slight increase of TX90% and TN90%. A more noticeable
change is found in TX10% and TN10%. Afforestation also reduces the
number of FD. The corresponding results on the local scale generally
follow the same pattern but are more significant, except for the number
of warm nights that turns to negative. This is due to the presence of
needle-leaf trees which reduce the surface albedo, and the net radiation
on the surface increases (Cherubini et al., 2018; Hu et al., 2018). This
finding is in line with results from other studies (Bala et al., 2007; Davin
and de Noblet-Ducoudre, 2010; Wang et al., 2014; Cherubini et al.,
2018).

Compared to the CTRL simulation, in the deforestation simulation
the regional mean of WSDI increases of 0.28 day, and of 0.94 day on the
local scale. The change of CSDI is more significant than the WSDI, with
0.89 day and 1.70 day, at regional and local scale, respectively.
However, afforestation raises the WSDI, but reduces CSDI.
Deforestation leads to a higher occurrence frequency of TX90%, up to
six days, but with large variability, and the number of TX90%, up to
10 days (Fig. 2). Afforestation increases the occurrence of TX90% with
up to 5 days, but significantly reduces the number of days for TN10%
(8.8 days on regional scale).

Compared to the CTRL run, deforestation decrease R95% and R99%
while afforestation increases the days for both R95% and R99%. On the
local scale, the reduction of R95% and R99% indicates that a lower
frequency of heavy rainfall occurs when the forest land is replaced by
HV. Increases in R95% and R99% in CROP to ENF simulation shows
that afforestation leads to a higher frequency of heavy rainfall. Similar

Table 2
Changes of the extreme indices in the deforestation and afforestation simula-
tions compared to the control simulation.

FOR to HV CROP to ENF

Regional Local Regional Local

TX90% 1.1 4.1 4.6 6.2
TN90% 1.2 6.2 1.0 −2.2
TX10% 3.0 9.9 −8.9 −0.
TN10% 4.6 9.7 −8.8 −0.2
FD 2.0 6.1 −1.3 −3.2
WSDI 0.3 0.9 0.9 1.2
CSDI 0.9 1.7 −0.1 −2.1
R95% −1.4 −4.8 0.6 3.0
R99% 0.1 −0.6 0.6 1.2

Fig. 2. Changes in number of days of temperature extremes measured in the different simulations relative to control simulation. Values show the average number of
days with maximum daily temperature beyond the 90th percentile of the control run or minimum daily temperature below the 10th percentile of the control run.
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findings can be found in previous studies (Abiodun et al., 2013; Wang
et al., 2014; Cherubini et al., 2018).

3.2. Changes in the intensity of the climate variables

There are changes in the intensity of TASMAX and TASMIN in the
two simulations (Fig. 3). In the FOR to HV simulation, we find a slight
lower TASMAX in most parts of the domain with significant higher
TASMAX in Germany, Poland and northeast of the domain. However,
the TASMIN consistently decreases over the whole domain, especially
in the northeast, where massive deforestation happens. The maximum
negative center is in the northeast part, where TASMIN is reduced up to
−2 °C. In this simulation, the hot extreme gets hotter and the cold
extreme gets colder, meaning that reduction in forest cover in Europe
can further exacerbate the effects of climate change on humans and
ecosystems.

In the CROP to ENF simulation, TASMAX and TASMIN show a si-
milar positive response pattern. However, the warmest area differs, it is
central Europe in TASMAX and east Europe in TASMIN. These results
mean that afforestation increases both the hot and cold climate. This is
mainly due to the type of tree considered for afforestation, because
needle leaved forests have smaller evapotranspiration than grasses and
broadleaved forest, especially during summer months. We further
analyze the changes of empirical PDFs of the mean of TASMAX and
TASMIN on regional and local scale for FOR to HV (Fig. 4) and CROP to
ENF (Fig. 5) simulation. The simulated land cover changes alter the
shapes and the ranges of the distributions. On the regional scale, the
two peaks of TASMAX in the CTRL run tend to converge towards a
single peak and higher values in the FOR to HV simulation (Fig. 4a),

and are more smoothed in the CROP to ENF (Fig. 5a). The empirical
PDFs for annual maximum of the TASMAX for both the deforestation
and afforestation simulations also exhibit right longer tails than the
CTRL run both on the regional and local scales. The explanation is a
higher possibility of hot extremes occurrence when we cut down all the
trees. On the other hand, the empirical PDFs of the TASMIN in the
deforestation and afforestation simulations relative to the CTRL run
behave differently. In the deforestation simulation, the PDF shifts to left
at both regional and local level (Fig. 4b and d), meaning that the cold
extremes become more severe. The opposite occurs in the afforestation
simulation, where the severity of cold extremes is mitigated.

3.3. Changes in return level and return period

Return levels and return periods are commonly employed to char-
acterize and quantify risks of extreme events. We compare the return
levels and return periods of our deforestation and afforestation simu-
lations with the CTRL simulation focusing on the hot extremes, i.e. the
annual maximum of TASMAX.

We model the mean annual maximum of the TASMAX using the
stationary GEV distribution since the likelihood-ratio test against the
nonstationary model (with change in location parameter) returns a p-
value much larger than the significant level of 0.05. This means that we
cannot reject the null hypothesis with the stationary model. The ap-
plication of the stationary GEV model in computing the return level and
return period with the three simulations achieves good performance
using quantile-quantile plots and the theoretical PDFs capture the em-
pirical densities (not shown).

Both the deforestation and afforestation simulations significantly

Fig. 3. Annual daily maximum (TASMAX) and minimum (TASMIN) temperature response to the simulated land cover changes in the deforestation (FOR to HV; a and
b) and afforestation (CROP to ENF; c and d) simulations. Differences refer to ‘simulation minus control’. Units: °C.

X. Hu, et al. Ecological Indicators 104 (2019) 626–635

630



Fig. 4. Probability density distribution (PDF) of annual maximum of TASMAX (a and c) and annual minimum of TASMIN (b and d) on regional scale (a and b) and
local scale (c and d) in CTRL (black lines) and FOR to HV simulation (red lines). The vertical solid line shows the mean value. Unit on x-axis: °C.

Fig. 5. Probability density distribution (PDF) of annual maximum TASMAX (a and c) and annual minimum TASMIN (b and d) on regional scale (a and b) and local
scale (c and d) in CTRL (black lines) and CROP to ENF simulation (blue lines). The vertical solid line shows the mean value. Unit on x-axis: °C.
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Fig. 6. Results of modelling the mean annual maximum temperature using the GEV distribution at a regional scale. Colored lines show the estimated return level in
CTRL (black), in FOR to HV (red) and CROP to ENF (blue). The circles and the dashed-lines are the corresponding empirical estimates and 95% confidence intervals,
respectively.

Fig. 7. Same as Fig. 6, but for grids effected by land cover change.
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change the return levels and return periods, especially for rare event,
such as 50-year and 100-year events (Figs. 6 and 7). For instance, Fig. 6
shows that the return levels for return periods greater than 10 years
increase with both deforestation and afforestation simulations and the
upper bound of the return levels increases dramatically, which means
that the risk of extreme heat is increasing (Fig. 6). The changes of return
levels are more significant at local scale, though the changes follow the
same pattern as at regional scale (Fig. 7). In the CTRL simulation, the
upper bound of the 95% confidence interval of the 100-year return level
is about 38 °C. However, this value increases to 39.8 °C and 42.7 °C with
the FOR to HV simulation at the regional and local scale, respectively.
In the CROP to ENF simulation, these values are increased to 40.1 °C
and 41.6 °C, respectively.

Furthermore, the return levels for the m-years return period events,
=m 20, 50, 100, increase in both the two simulations (Table 3). The

change of return level for the 100-year return of the hot extreme in-
creases up to 0.92 °C in deforestation simulation and 1.14 °C in affor-
estation simulation at the regional scale. At the local scale, it increases
up to 1.67 °C in deforestation and 0.85 °C in afforestation simulation.

4. Discussion

Three simulations are conducted to investigate the changes in ex-
treme events due to land cover changes. Changes in standard extreme
indices and the intensity of the climate variables are reported, together
with results on return level and return period. These results can be
explained with the seasonality in the climate parameters, vegetation
characteristics and associated surface properties. In winter, open land
such as HV has higher albedo values than forested land and reflects
more solar radiation back to the atmosphere, thereby reducing the
amount of energy to be dissipated at the surface level. This results in an
average cooling effect that affects extreme indices as well (Table 2). In
winter, surface albedo dominates the local climate, especially in areas
affected by seasonal snow cover (Betts et al., 2007; Anderson et al.,
2011; Hu et al., 2018). Differences in evapotranspiration fluxes such as
latent heat and sensible heat are minimal (Bathiany et al., 2010; Davin
and de Noblet-Ducoudre, 2010; Li et al., 2015, 2016). On the other
hand, the difference between albedo values is smaller in summer, and
dominant role is evapotranspiration fluxes for summer climate (Galos
et al., 2011; Zhang et al., 2014; Li et al., 2015). Forest areas have a
higher partitioning of surface energy as latent heat instead of sensible
heat than HV, which thus contributes to increase local temperature.

Our results are generally in line with other recent simulations that
found significant changes in climate extremes after land cover change.
There are still some differences in the sign of the response among the
studies, mostly due to differences in the investigation approach, type of
land cover parameterization and conversion, and climate model used.
Some studies find that deforestation increases the hot extremes at the
regional scale (Cherubini et al., 2018; Lejeune et al., 2018), while
others draw an opposite conclusion (Pitman et al., 2012; Christidis
et al., 2013). Afforestation increases evapotranspiration (Betts, 2011;
Galos et al., 2011; Cherubini et al., 2018), and increase humidity. Our
simulation shows that afforestation can lead to increases in the local hot

extreme, in accordance to other studies (Wang et al., 2014; Cherubini
et al., 2018), but in contrast to others (Galos et al., 2013). It is im-
portant to remind that our afforestation experiments consider needle
leaved forests, which have lower evapotranspiration rates than broad-
leaved forests, especially during summer. The consideration of the
latter type of trees can lead to opposite results with respect to the effects
on summer temperature (Naudts et al., 2016; Findell et al., 2017;
Cherubini et al., 2018; Luyssaert et al., 2018; Tölle et al., 2018). Miti-
gation of cold extremes after afforestation is found in other articles as
well (Abatan et al., 2018).

Our analysis uses a single model to perform the simulations. Results
depend on model performance to various degrees in representing land
surface processes, and inter-model comparison studies will be useful to
compare different model outcomes, single out differences and in-
vestigate the dependencies of extremal events on different models with
similar and different configurations and resolutions (Davin et al., 2016,
2019). This will help to increase the understanding of the climate
system sensitivity in terms of extremes to land cover changes. More
advanced simulations and model settings can also be used to assess the
explicit impacts of biochemical and biophysical processes on the ex-
treme events. Since the local climate conditions are sensitive to the
exchanges of CO2 between the atmosphere and vegetation (Friend et al.,
2014; Sakaguchi et al., 2016), the dynamic response of the land cover
change through phenology can reveal additional insights. Advanced
statistical technics can also be used to quantify the statistical un-
certainty of the severe climate events (Paciorek et al., 2018).

5. Conclusions

We employed the extreme value theory to investigate the impact of
large-scale idealized LCCs on European extreme climate, using simu-
lation outputs from a regional climate model (COSMO-CLM). We found
that LCCs can modify not only the intensity and frequencies of the
extremes but also the probability of the extreme events. The intensities
of the hot extremes with both deforestation and afforestation increase
together with higher frequencies. With deforestation, the cold extremes
become more severe and their occurrence increases. On the other hand,
afforestation mitigates the intensity and frequency of cold extremes.
Furthermore, deforestation leads to a drier climate while afforestation
produces a wetter climate. In general, the signal is stronger at the local
scale than at the regional scale. LCCs significantly change the regional
and local daily temperature extremes, and they shorten the return
period of the extreme annual daily maximum.

Possible extensions of this work can consider the design of more
realistic land cover changes associated to specific land management
scenarios in Europe and quantify the associated impacts on extremes.
Another possible direction is to quantify the influence on human society
of extreme climate, thereby directly coupling climate modelling with a
society dimension (Patz et al., 2005; Mitchell et al., 2016; Mora et al.,
2017; Paciorek et al., 2018). Detection and attribution is also a useful
pathway to study and attribute the trends of different forces (Trenberth
et al., 2015; Easterling et al., 2016; Stott et al., 2016; Lu et al., 2018).
Since extreme events have large impact on the ecosystem and human
society, changes in such events due to land cover management need to
be taken into consideration by the local or regional authorities and
ideally factored in decision processes. The ultimate goal is to refine land
management strategies in light of climate change mitigation and
adaptation.
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