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Abstract: The question of how sensitive the regional and local climates are to different land cover
maps and fractions is important, as land cover affects the atmospheric circulation via its influence on
heat, moisture, and momentum transfer, as well as the chemical composition of the atmosphere. In
this study, we used three independent land cover data sets, GlobCover 2009, GLC2000 and ESACCI-
LC, as the lower boundary of the regional climate model COSMO-CLM (Consortium for Small
Scale Modeling in Climate Mode, v5.0-clm15) to perform convection-permitting regional climate
simulations over the large part of Europe covering the years 1999 and 2000 at a 0.0275◦ horizontal
resolution. We studied how the sensitivity of the impacts on regional and local climates is represented
by different land cover maps and fractions, especially between warm (summer) and cold (winter)
seasons. We show that the simulated regional climate is sensitive to different land cover maps
and fractions. The simulated temperature and observational data are generally in good agreement,
though with differences between the seasons. In comparison to winter, the summer simulations
are more heterogeneous across the study region. The largest deviation is found for the alpine area
(−3 to +3 ◦C), which might be among different reasons due to different classification systems in
land cover maps and orographical aspects in the COSMO-CLM model. The leaf area index and
plant cover also showed different responses based on various land cover types, especially over the
area with high vegetation coverage. While relating the differences of land cover fractions and the
COSMO-CLM simulation results (the leaf area index, and plant coverage) respectively, the differences
in land cover fractions did not necessarily lead to corresponding bias in the simulation results. We
finally provide a comparative analysis of how sensitive the simulation outputs (temperature, leaf
area index, plant cover) are related to different land cover maps and fractions. The different regional
representations of COSMO-CLM indicate that the soil moisture, atmospheric circulation, evaporative
demand, elevation, and snow cover schemes need to be considered in the regional climate simulation
with a high horizontal resolution.

Keywords: land cover map; land cover fraction; sensitivity; EXTPAR; COSMO-CLM

1. Introduction

Land cover (LC, see Abbreviations) plays an important role in regional climate via
influencing the heat, moisture, momentum transfer, and chemical composition of the at-
mosphere. Currently, land cover data in regional climate modeling are static in time and
provide different details depending on the land cover data. Land cover changes are among
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the main human-induced activities that significantly contribute to climate change [1,2].
Long-term studies of the land surface in regional climate simulation show that land cover
affects the atmospheric circulation [2–4]. Many studies have revealed that land cover repre-
sentation plays a substantial role in climate simulations [5]. Modifications of land surface
schemes in climate models result in differences in the modeled climate [6–8]. The effects
of land cover on climate vary across different spatial resolutions [9,10]. Earlier studies by
Avissar and Pielke [9] showed that the representation of stomatal conductance affects the
mesoscale atmospheric circulation, while the representation of stomatal conductance is
highly dependent on the vegetation coverage of land [11]. Therefore land cover change
is an important factor influencing regional and local climates [12,13]. By transforming
agricultural land into the forest for bioenergy production [14], convection-permitting cli-
mate model simulations have revealed lower summer temperatures in the order of 1–2 ◦C
over the afforested areas. Thus, changes in local conditions with the underlying surface
have the strongest impact on temperature due to the interplay between surface albedo
and soil moisture changes and evapotranspiration efficiencies. This indicates that changes
in temperature response are to be expected locally, underlying the importance of the
convection-permitting scale when considering land cover changes. In addition, scientific
evidence shows that land cover influences the Earth’s water and energy cycles through heat,
moisture, and momentum transfer as well as chemical composition [12,15,16]. Especially
in regions with strong land–atmosphere interactions, the differences in land cover types
significantly affect weather and climate through atmospheric circulation [16,17]. Therefore,
a convection-permitting simulation with a higher horizontal resolution on a regional scale
is needed, which allows us to investigate how sensitive the land–atmosphere interaction is
with different land cover types [18].

Regional climate models (RCMs) have been developed to overcome the coarse spatial
resolution of global climate models (GCMs) and provide more detailed information on the
regional and local aspects of climate [19]. RCMs allow for studying detailed land cover type
effects on climate, which cannot be studied with coarse global climate models [14,20,21].
RCMs can realistically represent the climate in bio-geophysical, bio-geochemical, and bio-
geographical aspects, and at the same time, with a high horizontal resolution [22]. RCMs
provide regional climate change projections and can be used to evaluate regional climate
model performance through a set of experiments aiming at producing regional climate
projections (cordex.org) [23,24]. The challenge on how to represent the fraction of land
surface in the regional climate modeling procedure is in the frame of the international
initiative. The land surface scheme plays an important role in parameterizing the physical
processes on the Earth’s surface [12]. The land cover has a significant impact on the
atmosphere’s lower boundary via both bio-geochemical and bio-geophysical processes. It
can influence the heat, moisture, momentum transfer as well as the chemical composition
of the atmosphere as well as climate. Therefore, most research papers have focused on
vegetation and land surface modeling by introducing the scheme into climate models [25].
Equilibrium vegetation models (EVMs) allow plants to “move” through the model grid
cells according to the simulated climate change [26]. New dynamic global vegetation
models (DGVMs) have been developed to make use of the interactive plant biogeography
from EVMs and the simplified plant succession and biogeochemistry [25]. In current
regional climate simulations, the land cover stays static through the whole simulation
period, which results in uncertainty in the model output [27]. Consequently, it is necessary
to perform research on a regional scale at a higher spatial resolution with different land
cover data.

The role of past and future land cover changes (LUCs) forcing the occurrence of ex-
tremes on land, is still poorly studied, especially at regional and local scales. This is because
of the inadequately quantified effects of different land cover maps and fractions in regional
climate models. Furthermore, the current GCMs and RCMs have a rather coarse horizontal
resolution, which cannot provide detailed and accurate information at smaller scales. Al-
though the land cover has a detectable role in changes in temperature and precipitation
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extremes [28,29], convection-permitting modeling can improve the representation of the
regional climate by better resolving the regional forcing and processes [30]. Topography
and land cover are two of the reasons to increase the uncertainty in RCM simulations aris-
ing from the parameterization of sub-grid scale convection [31]. Meanwhile, few studies
have addressed the impacts of different land cover maps and fractions in climate modeling
with a higher horizontal resolution than 5 km on a regional scale. For example, some of
the research within EURO-CORDEX (Coordinated Downscaling Experiment - European
Domain) has focused on either the precipitation variability or temperature representation
in the COSMO-CLM model [32,33]. Over Central Europe, the vegetation is highly diverse,
containing many different land cover types such as cropland, forest, and pasture. By
performing seasonal simulations with RCMs, sensitivity studies have explored the impact
of land cover change, seasonal vegetation and soil scheme on the climate [34]. It is known
that the vegetation cover in forest areas and seasonal crops play a major role in modifying
the climate [35]. Nevertheless, current research does not provide more insights on how the
local and regional climates in Europe react to different land cover maps and fractions.

Therefore, a sensitivity study on the relationship between different land cover maps,
land fractions, and regional climate at a high horizontal resolution scale is needed. The
main objective of this study was to investigate the effects of different land cover maps
on the regional climate with convection-permitting modeling. In this contribution, we
anticipated answering the following questions:

• Do the three land cover maps in regional climate simulations reliably compare to
observational data?

• Do regional and seasonal temperatures change according to the different land cover
maps and fractions? If yes, why, where and in which season?

• How do the leaf area index (LAI) and plant coverage react or change according to the
different land cover data sets?

• How do the different land cover fractions affect the temperature, LAI and plant
coverage in COSMO-CLM regional climate simulation?

To address these questions, we performed convection-permitting simulations with the
regional climate model COSMO-CLM [36] using three different land cover data sets. The
simulation with the land cover data GlobCover 2009 was the reference simulation to which
the simulations with the land cover data GLC2000 and ESACCI-LC were compared. All the
LC maps were unified into the same LC types with respect to GLC2000 (see Appendix B)
so that the differences in the results can be attributed to different land cover fractions. The
simulation period covers two years, 1999 and 2000.

The remainder of this paper is as follows: Section 2 introduces the three different
land cover sets and the data for evaluation. Then, the climate model setup, as well as the
analysis methods, are explained in Section 3. Section 4 presents the results and discussion,
followed by a conclusion and a short outlook for further research in Section 5.

2. Data
2.1. Input Land Cover Data Sets

The GlobCover 2009 (global land cover product of 2009) at 300 m spatial resolu-
tion [37], which is produced from the automated classification of satellite MERIS (MEdium
Resolution Imaging Spectrometer) time series. The GlobCover 2009 classification consists
of 23 different land cover types [38] (see Appendix B). It is a high horizontal resolution
land surface product and has been used to compare the effects of different land cover types
in atmospheric circulation [39,40].

The GLC2000 (Global Land Cover map for the year 2000) has a spatial resolution of
1 × 1 km for its land cover data set and is compiled by the Joint Research Centre of the
European Commission (JRC; Table 1). It is produced through the Global Land Cover 2000
Project (GLC2000), which aims to provide information to the International Conventions on
Climate Change. Daily SPOT4 vegetation sensor data are the basic input data of this land
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cover product [41]. GLC2000 is the former standard input land cover data in CCLM and it
contains 23 LC types.

Table 1. Characteristics of the three different land cover data sets used in this study: GlobCover 2009 [42], GLC2000 [43],
and ESACCI-LC [36], created by author.

Characteristics/Data Set ESACCI-LC GLC2000 GlobCover2009

Data Source Satellite, observation SPOT4 MERIS
Time Span 1992–2015 2000 2009

Temporal Resolution Yearly – –
Land Use/Cover Types 37 23 23

Spatial Resolution 300 m 1 km 300 m
Classification System Unsupervised Unsupervised Unsupervised and supervised

Data Format Tiff/netCDF ESRI/Binary Tiff

ESACCI-LC (European Space Agency Climate Change Initiative Land Cover) global
land cover maps are available at the 300 m spatial resolution on an annual basis from 1992
to 2017 [42] (Table 1). It is produced by the European Space Agency (ESA) Climate Change
Initiative (CCI) project. The Coordinate Reference System used for the global land cover
database is a geographic coordinate system (GCS) based on the World Geodetic System 84
(WGS84) reference ellipsoid. It contains 37 land cover types on a regional scale.

The three land cover products are different in terms of source data, classification sys-
tem, spatial resolution, and land cover types, as presented in Table 1. Different classification
systems result in differences related to land cover fractions and distribution, even with
the same source data. The impacts of different classification systems are addressed in the
discussion of Section 4 below.

ESACCI-LC maps also offer a global scale legend, which contains 23 classes. They
are produced based on the view of as much compatibility as possible with GLC2000 and
GlobCover 2009. With these two legends offered by ESACCI-LC maps, according to the
regional and global LC information offered by ESACCI-LC, and compared to the GlobCover
2009 LC class, we unified the ESACCI-LC class as GlobCover 2009. For example, in the
37 LC legends, LC type 61 (tree cover, broadleaved, deciduous, closed (>40%)) and 62 (tree
cover, broadleaved, deciduous, open (15–40%)) is unified as 60 (tree cover, broadleaved,
deciduous, closed to open (>15%)) in the 23 LC types. Based on this, the ESACCI-LC types
were unified into 23, the same as GlobCover 2009. Although, after unifying the ESACCI-
LC types, three LC maps have the same number of LC types. However, the LC types
differ in names. Therefore, we transferred the GlobCover2009 and ESACCI-LC legends
into GLC2000 (see details in Appendix B). However, there are some land cover types in
GLC2000 that do not exist in GlobCover 2009, for example, class number 10: burned tree
cover. While this land cover type shares a very low fraction in GLC2000, so in our research,
we did not consider it as a factor affecting the COSMO-CLM results.

The fraction of the land cover is shown in Figure 1 (over the whole research domain)
and Figure 2 (over the six different sub-domains) after unifying these three maps into the
same land cover types. ESACCI-LC and GLC2000 share a similar fraction of land cover
types for the whole of the domain, which is different to GlobCover2009. We studied the
links between the different land cover factions and simulated output by comparing the
differences in temperature, LAI, and plant coverage.
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Figure 1. Land cover data sets of the fraction of three land cover maps over the whole study area based on unified land
cover types (see Appendix B).

Figure 2. Land cover data sets of the fraction of three land cover maps over six different study areas based on unified
land cover types (see Appendix B); (a) Southern England; (b) Germany; (c) France, Belgium, and Netherlands; (d) Iberian
Peninsula; (e) Switzerland/Austria (the Alpine area); and (f) Italy.
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2.2. HYRAS Data Sets

HYRAS (HYdrological RASter data sets) is a daily gridded data set based on observa-
tions from 1951 to 2015 with a resolution of 5 × 5 km for temperature. The HYRAS data
set is used for bias correction of regionalized climate projection data and as input data
for hydrological modeling. The data set is often used for various applications in climate
modeling and impact research [44]. Herein, we used this data set to evaluate our simulation
results. We compared the mean temperature COSMO-CLM output with HYRAS data over
Germany and the Alpine area to evaluate our simulation results for both summer and
winter (described in Section 4.1).

2.3. ERA-Interim Data Sets

ERA-Interim is a global atmospheric reanalysis data set that contains re-analyzed and
homogenized observation data by the computerized weather data from the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) [45], at a maximum 0.125◦ horizontal
resolution. It is continuously updated in real time, from 1979, and includes several surface
parameters that describe weather, ocean-wave and land surface conditions. It is commonly
used as driving data in COSMO-CLM, as well as in our simulation.

2.4. Model Description

COSMO-CLM (COnsortium for Small-scale MOdeling-CLimate Model) is a limited
area model and the climate version of the COSMO model [8,46]. The COSMO model
was introduced in 1998 and the model equations were formulated in rotated geographical
coordinates and a generalized terrain-following height coordinate. Since 2005, COSMO-
CLM has been the community model of the German regional climate research community
jointly further developed by CLM-Community. It has been used in many simulations at
different time scales and spatial resolutions from 1 to 50 km.

The COSMO model version 5.0 with CLM version 15 (COSMO-CLM v5.0-clm15)
was used for the following simulations. The interpolation was carried out with INT2LM
in version 2.05 with CLM version 1 (INT2LM-v2.05 clm1). The time integration is the
two time-level Runge–Kutta scheme [43] and the model time step was 25 s. Following
convection-permitting simulations, only shallow convection parameterization based on the
Tiedtke scheme [45] was used. COSMO-CLM includes a variety of physical processes, and
the energy and water balance are simulated at the land surface and the ground, providing
the surface temperature and humidity as the lower boundary conditions [36,47]. The
radiation scheme of COSMO-CLM is based on the solution of the δ two-stream version
of the radiative transfer equation, allowing for a very flexible treatment of clouds by
hiring partial cloud cover and relating the cloud optical properties to the cloud liquid
water content [48]. Furthermore, the cloud microphysical processes were considered by
developing different basic microphysical processes, such as the nucleation of particles,
particle growth by diffusion, and growth by interparticle collection [49].

The investigated modeling domain was chosen according to the setup of the WCRP
Coordinated Regional Downscaling Experiment (CORDEX) in its European realization
(EURO-CORDEX), excluding northern Africa, Scandinavia, eastern European countries,
and Northern England. The size of the computational domain was 760 × 600 grid cells at a
horizontal resolution of 0.0275◦ (approximately 3 km) in a rotated grid; the left bottom point
geographical coordinates are 7.6050973 degrees east longitude and 34.4874324 degrees
north latitude.

3. Methods
3.1. External Data Acquiring

Regional climate models require geographically localized data sets including the
topographic height of the Earth’s surface, the plant cover, the distribution of land and sea,
and a variety of other external parameters. These parameters are constant in COSMO-
CLM. EXTPAR [50,51] (External Parameter for Numerical Weather Prediction and Climate
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Application) is used for generating appropriate external parameters such as plant coverage,
LAI, and land fraction. EXTPAR can adapt all external data into the experimentally required
horizontal resolution [50–52]. It contains three basic steps:

• Specify the target spatial resolution (rotated or non-rotated): In our simulations, the
target grids were rotated.

• Aggregate the different raw data sets into the target horizontal resolution.
• Check the consistency of the different external parameter sets to make sure that the

generated external data are consistent. This procedure includes a grid cell check,
which ensures that all of the external parameters are of the same grid scale, either
rotated or non-rotated. This step also checks the availability of the necessary variables
for the simulation.

According to our needs, we used the following parameters as the input of EXTPAR
(see Table 2). We acquired three different sets of external data with the GlobCover 2009,
GLC2000, and ESACCI-LC maps separately. These three external data sets were the input
data for the three simulations.

Table 2. Input parameters for start EXTPAR software.

Parameters Input Data

Topography data GLOBE
Soil map FAO digital soil map of the world

NDVI (normalized differential vegetation index) NDVI Climatology from NASA
Lake fraction Global lake database (DWD, RSHU, MétéoFrance)

Albedo MODIS albedo (NASA)

3.2. Regional Climate Simulation

In Section 3.1, we described how to generate external parameters with the EXTPAR
software based on the three LC maps. With the three generated external parameters, three
simulations were conducted. Each simulation covered the period January of 1999 to March
2000, including the first three months of 1999 as spin-up. We chose this period because it is
the initial year of our following study in the project, as the project aimed to investigate the
regional climate behavior in the 21st century. All the simulations mentioned in this paper
were driven by ERA-Interim reanalysis data [53]. In this paper, we performed all of the
simulations based on COSMO-CLM-v5.0-clm15, with the following initial and boundary
data (Table 3).

Table 3. COSMO-CLM simulation set up.

Parameters Input Setting

Interpolation INT2LM-v2.05 clm15
Forcing ERA-Interim

External data GlobCover2009, GLC2000, ESACCI-LC
Domain Middle Europe, approximately 3 km (0.0275◦), 740 × 600 grid points

Time integration Two time-level Runge–Kutta schemes
Model time step 25 s

Convection Shallow convection based on Tiedtke scheme
Simulation period 1999.01.01 to 2000.03.31

3.3. Sensitivity Study

The simulated temperature was compared with the observational data from HYRAS.
Furthermore, the COSMO-CLM outputs (plant coverage and LAI) were compared sepa-
rately in six different sub-regions. The different LC fractions of these six regions are shown
in Figure 2. To investigate how the different land cover maps and land cover fractions
affect the COSMO-CLM output, the correlation between the temperature and the COSMO-
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CLM output (LAI and plant coverage) is shown by scatter plots (Figures A1 and A2). The
sensitivity study included the following three parts:

• The temperature output from COSMO-CLM based on the three LC maps GlobCover
2009, GLC2000, and ESACCI-LC was compared with the observational data—HYRAS.
We evaluated the COSMO-CLM results by comparing the mean temperature with the
HYRAS observational data over Germany and the adjacent area: the Alpine area.

• Comparison of the COSMO-CLM results between three land cover sets: In this part,
we focused on the differences between the output plant coverage and LAI by setting
GlobCover 2009 as the reference simulation. The research domain was divided into
six sub-domains, and the LC fraction of each domain is shown in Figure 1.

• The relation between the difference in the three LC data sets (LAI and plant coverage)
and the simulated temperature are shown by scatter plots (Figures A1 and A2).

We concentrated on summer (June, July, and August) 1999 and winter (December,
January, and February) 1999/2000, investigating the impacts of different land cover maps
and fractions on temperature, LAI, and plant cover. Furthermore, we also addressed the
performance of COSMO-CLM in the two seasons.

3.4. Statistically Study

The performance of the three different land cover data sets was evaluated by the
statistical significance t-test [54] and bias (calculated through mean bias error).

• The differences of the three land cover data sets with respect to the reference simulation
(HYRAS or GlobCover 2009) were statistically assessed with a one side t-test under
the following null hypothesis: the target simulation is not different compared to the
reference. The degrees of freedom for the t-test was calculated as n−2, where n is the
grid number for each group.

• For the evaluation of the simulated temperature, bias (see Equation (1)) was calculated
through the sub-domain to see the average bias towards the observational data in the
simulations. Where n indicates the total grid number, i indicates the specific grid box,
and x presents the value of every grid box.

Bias =
1
n

n

∑
i=1

(xi − x) (1)

4. Results and Discussion
4.1. Evaluation of Simulated Temperature Based on the Three LC Maps

There were two main questions we sought to answer. Is the simulated temperature
based on three different land cover maps reasonably simulated compared to the observa-
tional data? How does the temperature react to different land cover maps and fractions in
the summer and winter seasons? To evaluate the simulations and study the temperature
response to different LC maps and fractions, we first calculated the mean seasonal tem-
perature difference between the three COSMO-CLM outputs and the observational data
HYRAS for each grid point over the summer (JJA) in 1999 and winter (DJF) in 1999/2000
(Figures 3 and 4).

In summer, the simulated mean temperature over southern Germany is overestimated
by approximately 2 ◦C but underestimated in parts of the Alpine region (Figure 3). There
are differences in the north of the sub-domain, where the difference in Figure 3a,c is not as
high as in Figure 3b. This is interesting because GLC2000 and ESACCI-LC share similar
land cover type fractions, as seen in Figures 1 and 2b,e. These results demonstrate that apart
from the LC fraction, it is also necessary to study the role of LC distribution in regional
climate modeling.

Over the Alpine area, the simulated temperature shows differences ranging between
−3 and +3 ◦C compared to the observed temperature (Figure 3). The orographic and soil
moisture settings in the COSMO-CLM play an important role in affecting the temperature
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distribution. The long-term snow cover may also affect the temperature simulation in this
case. Future studies should further investigate the relationship between the temperature
and the elevation and soil moisture settings in COSMO-CLM.
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GlobCover 2009 GLC2000 ESACCI-LC

Area 1 36.6 35.5 36.5

Area 2 22.4 25 26.9

Area 3 38.4 36.4 –18.4 *

Area 4 66.9 75.2 39.1
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remarkable difference over the whole region, especially over the south of Germany and 
the Alpine area. As for the summer analysis, a relationship between the LC fraction and 
the regional climate simulation in terms of seasonal temperature does not hold (Figure 3 
and Table 4), which also reinforces the need to further investigate the effects of LC distri-
butions. 

We also calculated the overall bias for the six areas, as well as the whole domain (see 
Table 6). Table 6 indicates that the simulated temperature shows a greater difference in 
summer compared to winter. In summer, the temperature was overestimated by COSMO-
CLM with three different land cover maps. In contrast, the winter temperature was mostly 
underestimated over Germany, except over the areas 5 and 6.  

Overall, COSMO-CLM performs better in winter compared to summer. We expect 
this is because of the vegetation scheme, the parameterization of elevation change and the 
snow cover in COSMO-CLM. It is necessary to conduct further studies in this area.  

Table 6. The bias of the simulated temperature compared to HYRAS over the six areas, as well as 
the whole area, both in summer and in winter. 

 Summer Winter 
 ESACCI-LC GlC2000 GlobCover 2009 ESACCI-LC GlC2000 GlobCover 2009 

Area 1 1.25 1.18 1.24 –0.33 –0.14 –0.17 
Area 2 0.59 0.54 0.49 –0.12 –0.07 –0.06 

Figure 4. Winter 1999/2000 mean temperature differences between simulations and HYRAS observations: (a) Glob-
Cover2009, (b) GLC2000, and (c) ESACCI-LC. Numbers 1 to 6 refer to six different sub-regions used to conduct the statistical
significance test (Table 5).
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Table 5. Statistical significance test results (t-value) of the winter temperature differences (◦C)
between the simulated temperature and the HYRAS observations: Critical t-value = 1.960; results
lower than the t-value are marked with * and are in bold.

GlobCover 2009 GLC2000 ESACCI-LC

Area 1 –8.8 * –7.6 * –12.6 *

Area 2 15.9 15.6 13.5

Area 3 9.7 12.3 –4.42 *

Area 4 11.6 9.8 –0.6 *

Area 5 30.0 31.4 –0.4 *

Area 6 23.6 23.8 5.1

The statistical significance test at the 95% confidence level for the simulated tempera-
ture difference to HYRAS and for each of the six sub-areas, as shown in Figures 3 and 4,
are presented in Table 4. Non-significant differences denote a good agreement between
the simulations and the observations. In total, ESACCI-LC shows a better agreement
with HYRAS compared to GlobCover 2009 and GLC2000. Over southwestern Germany
(area 3, 3), ESACCI-LC indicates non-significant differences, while the GlobCover 2009 and
GLC2000 simulated results show a noticeable difference to observations according to the
significance t-test.

In winter (Figure 4), the simulated seasonal mean temperature is in good agreement
with the observational data over most of the area, except for the Alpine area. The COSMO-
CLM output temperature based on the ESACCI-LC is similar to GlobCover 2009 compared
to GLC2000. Although the GLC2000 and ESACCI LC maps have a similar land cover
fraction, the simulation output does not support this similarity, denoting that, the land cover
fraction may not be the decisive component of the LC maps for the simulated temperature.

A much better performance is evident for all simulations with the different LC maps
and all sub-regions during the winter season (Figure 3 and Table 5). The simulated temper-
ature with ESACCI-LC shows more realistic results compared to HYRAS, except in areas
5 and 6. According to Table 5, the GlobCover 2009 and GLC2000 results show a remarkable
difference over the whole region, especially over the south of Germany and the Alpine
area. As for the summer analysis, a relationship between the LC fraction and the regional
climate simulation in terms of seasonal temperature does not hold (Figure 3 and Table 4),
which also reinforces the need to further investigate the effects of LC distributions.

We also calculated the overall bias for the six areas, as well as the whole domain
(see Table 6). Table 6 indicates that the simulated temperature shows a greater difference in
summer compared to winter. In summer, the temperature was overestimated by COSMO-
CLM with three different land cover maps. In contrast, the winter temperature was mostly
underestimated over Germany, except over the areas 5 and 6.

Overall, COSMO-CLM performs better in winter compared to summer. We expect
this is because of the vegetation scheme, the parameterization of elevation change and the
snow cover in COSMO-CLM. It is necessary to conduct further studies in this area.
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Table 6. The bias of the simulated temperature compared to HYRAS over the six areas, as well as the whole area, both in
summer and in winter.

Summer Winter

ESACCI-LC GlC2000 GlobCover 2009 ESACCI-LC GlC2000 GlobCover 2009

Area 1 1.25 1.18 1.24 –0.33 –0.14 –0.17

Area 2 0.59 0.54 0.49 –0.12 –0.07 –0.06

Area 3 1.26 1.15 1.23 –0.03 0.37 0.32

Area 4 0.65 0.65 0.57 –0.10 0.003 0.02

Area 5 0.97 0.85 0.88 0.18 1.10 1.05

Area 6 0.94 0.91 0.88 –0.06 0.24 0.23

Whole region 0.95 0.89 0.89 –0.09 0.17 0.16

4.2. Impacts of Different Land Cover Types on the COSMO-CLM Output LAI

To answer the question on how the LAI (leaf area/ground area, m2/m2) react accord-
ing to different land cover data sets, we compared the summer and winter LAI based on the
three land cover data sets. The GlobCover 2009 data set has been used as the reference data.

The simulated summer and winter LAIs are shown in Figure 5. The simulations
show an agreement over the European study area. Differences over specific areas, such
as the Alps, northern Iberian Peninsula, smaller parts of Germany and France are more
pronounced (±0.6 m2/m2) during the summer. During the winter, the LAI differences
are significantly smaller (up to ±0.2 m2/m2) between the ESACCI-LC/GLC2000 and the
GlobCover 2009.

The highest LAI differences are found in the summer over the Alpine area (Figure 5).
These differences may be related to the orography, snow cover, and elevation parametriza-
tion in COSMO-CLM. The different classification systems that are used for the creation of
the land cover maps may also impact the simulations as seen by the high differences over
the northern Iberian Peninsula that is characterized by different land cover types due to
the different classification systems used by the LC maps. In winter, the LAI distribution is
more homogenous (Figure 5) indicating the higher sensitivity of the COSMO-CLM model
during summer.

As for the temperature assessment, the European study has been divided into six
different regions (see Figure A3 in Appendix A) according to the LC fraction differences
in order to evaluate the COSMO-CLM output (LAI and plant cover) via a differences
statistical significance test. The six areas: southern England, Germany, France with Belgium
and the Netherlands, the Iberian Peninsula, Switzerland/Austria and the Alpine area, and
Italy, are shown in Table 7 together with the t-test results for LAI. The areas of southern
England, Germany, France with Belgium, and the Netherlands show good agreement
between the two LC maps and the reference data set. Larger deviations are found over
complex topography areas as the Iberian Peninsula, the Alpine area, and Italy. Over the
complex orographically Alpine area, larger significant differences are found for both winter
and summer.
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Summer Winter

t-value ESACCI-LC GLC2000 ESACCI-LC GLC2000

Southern
England 26. –62.5 * –38.0 * –39.1 *

Germany 3.1 –17.5 * –15.0 * 8.6

France, Belgium,
and the

Netherlands
−9.0 * 1.5 –51.5 * 4.7

Iberian
Peninsula 10.8 29.9 15.1 13.9

Switzerland/
Austria 57.9 22.4 8.5 40.3

Italy 35.6 10.7 –9.3 * 56.6
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In the summer, smaller differences characterize the ESACCI-LC simulations compared
to GLC2000 over the areas with lower terrain complexity (Figure 6). The GLC2000 summer
map shows a clear overestimation of the LAI over the Iberian Peninsula. The same map is
characterized by a significant underestimation over the northern Alpine areas, in contrast
to the overestimation of LAI over the southern rim. Most of the sub-regions show smaller
LAI differences of around ±0.2 during winter with lower sensitivity to the two different
land cover maps (Figure 6).
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4.3. Impacts of Different Land Cover Types on the COSMO-CLM Output Plant Coverage

With the aim to investigate how the plant coverage is changing with the different land
cover data sets, we compared the simulated summer and winter plant cover with three
land cover data sets and looked at their differences with respect to the reference data set
GlobCover 2009. Figure 7 presents the mean seasonal simulated plant coverage simulated
with the three different land cover data sets (GlobCover 2009, GLC2000, and ESA-CCI-LC).
It is obvious and expected that during winter, the plant coverage is lower than during
the summertime, especially over central Europe (Germany, the Netherlands, and France).
Seasonal vegetation, such as crops, which are under agricultural rest conditions during
winter over these regions, is a major feature of this difference.



Atmosphere 2021, 12, 1595 14 of 24

Atmosphere 2021, 12, x FOR PEER REVIEW 14 of 24 
 

 

three land cover data sets and looked at their differences with respect to the reference data 
set GlobCover 2009. Figure 7 presents the mean seasonal simulated plant coverage simu-
lated with the three different land cover data sets (GlobCover 2009, GLC2000, and ESA-
CCI-LC). It is obvious and expected that during winter, the plant coverage is lower than 
during the summertime, especially over central Europe (Germany, the Netherlands, and 
France). Seasonal vegetation, such as crops, which are under agricultural rest conditions 
during winter over these regions, is a major feature of this difference.  

In the summer, the three simulations show similar plant coverage, while differences 
are concentrated over the Iberian Peninsula and the Alpine area (Figure 7). Lower plant 
coverage is produced over both areas with GlobCover 2009. In winter, the simulated plant 
coverage shows smaller differences between the three land cover data sets. Larger differ-
ences can be seen over the Alpine area (Figure 7), where the simulations show strong var-
iation, mainly due to the high elevation range and the forest vegetation type. The Alpine 
area has different LC fractions because the land cover classification system varies among 
the LC maps (see Figure 2e). Further work should investigate the relationship between 
these. 

 
Figure 7. Seasonal simulated plant coverage: (a) GlobCover2009 in summer, (b) ESACCI-LC in summer, (c) GLC2000 in 
summer, (d) GlobCover2009 in winter, (e) ESACCI-LC in winter, and (f) GLC2000 in winter. 

Figure 7. Seasonal simulated plant coverage: (a) GlobCover2009 in summer, (b) ESACCI-LC in summer, (c) GLC2000 in
summer, (d) GlobCover2009 in winter, (e) ESACCI-LC in winter, and (f) GLC2000 in winter.



Atmosphere 2021, 12, 1595 15 of 24

In the summer, the three simulations show similar plant coverage, while differences
are concentrated over the Iberian Peninsula and the Alpine area (Figure 7). Lower plant
coverage is produced over both areas with GlobCover 2009. In winter, the simulated
plant coverage shows smaller differences between the three land cover data sets. Larger
differences can be seen over the Alpine area (Figure 7), where the simulations show strong
variation, mainly due to the high elevation range and the forest vegetation type. The
Alpine area has different LC fractions because the land cover classification system varies
among the LC maps (see Figure 2e). Further work should investigate the relationship
between these.

The simulated plant coverage with ESACCI-LC is lower overall than the GlobCover
2009 both in summer and winter (Figure 8, Table 8). Plant coverage differences between
the two simulations are maximized over the high plant coverage areas, compared to the
lower plant coverage areas. Differences between GlobCover 2009 and GLC2000 are less
pronounced. Nevertheless, the difference between the simulated plant coverage based on
ESACCI-LC and GlobCover 2009 is not as obvious as it is between GLC2000 and GlobCover
2009. During summer, ESACCI-LC simulations seem to agree well with the reference map
over most of the area, when compared with GLC2000 (Figure 8). The ESACCI-LC map
performs better for plant coverage, especially in summer.
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Table 8. Statistical significance test results (t-value) of the plant cover differences between two land
cover data sets and GlobCover 2009. Results lower than the critical t-value (1.960) are marked with *
and are in bold.

Summer Winter

t-value ESACCI-LC GLC2000 ESACCI-LC GLC2000

Southern
England –27.7 * –23.2 * 4.5 –64.2 *

Germany –3.9 * 10.2 16.1 –0.6 *

France, Belgium,
and the

Netherlands
–9.7 * 22.6 –9.9 * –40.839 *

Iberian
Peninsula –1.5 * –0.2 * 10.7 –14.9 *

Switzerland/
Austria 13.6 41.6 38.9 –8.2 *

Italy 17.4 38.8 25.6 2.3

4.4. Relationship between Differences in Land Cover Data Sets and Differences in the Simulated
Temperature

In this section, we address the connections between different land cover maps/fraction
effects and temperature, LAI, and plant coverage in the COSMO-CLM regional climate
simulation. LAI and plant coverage influence the evapotranspiration levels, where a higher
LAI or plant coverage lead to higher evapotranspiration and greater evaporation reduces
the air temperature, evaporation cooling, due to energy absorption. To investigate how the
differences between the land cover data sets (LAI and plant coverage) translate into the
differences seen in the simulated temperature, we prepared a scatter plot between the differ-
ences in land cover data and the simulated results in summer (Figure A1 in Appendix A)
and winter (Figure A2 in Appendix A) of ESACCI-LC vs. GlobCover 2009 and GLC2000
vs. GlobCover 2009. We can see that the temperature is affected more by the LAI in
summer (Figure A1a,c) and winter (Figure A2a,c). In summer, the temperature shows a
negative relationship between the differences in the LAI and differences in temperature.
This means that an increase in LAI results in a temperature decrease in the COSMO-CLM
output. In winter, this relationship is not as distinct as in summer but still follows the same
pattern [55]. The temperature does not react as much to plant coverage as to change in
LAI during both seasons (Figure A1b,d and Figure A2b,d). A slightly negative relationship
between plant coverage and temperature is seen in the winter.

4.5. Impact of the Classification System and Land Cover Unifying Methodology

As mentioned earlier, the land cover maps are produced with different classification
systems. These classification systems are categorized into supervised (human-guided) and
unsupervised (calculated by the software) [56,57]. Different classification systems result in
differences in land cover maps both in terms of fraction and distribution by using even
the same source data. The sensitivity of COSMO-CLM to different land cover maps and
fractions is related also to the classification systems used to produce them. Therefore, to
study the impacts of different LC maps on regional climate simulation, we unified the
legend of the three used LC maps. By unifying the legend, we can compare the differences
without concerning the non-identical land cover type definition of three land cover maps.

Further, re-gridding the three land cover maps into the same target horizontal res-
olution by EXTPAR because the different spatial resolutions could also influence the
simulation results.
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5. Conclusions

In this study, we applied three different LC maps (GlobCover 2009, GLC2000, and
ESACCI-LC) as the lower boundary input data to perform simulations with COSMO-
CLM over a large part of Europe at a 3 km horizontal resolution. The analysis of air
temperature, LAI and plant coverage showed that COSMO-CLM is sensitive to different
LC maps and fractions. A comparison of the simulated temperature output shows that all
simulations with the three different LC maps provided reliable results compared to the
observational data. The analysis also showed that the LAI and plant coverage have different
feedback based on different land cover types, especially over the areas with high diversity
in LC fractions (over southern Germany, and the Alpine area) and density vegetation
coverage (e.g., over the northern Iberian Peninsula). Nevertheless, the simulated results
indicate different feedback to different LC maps and fractions in summer and winter.
Generally, the model performed better for the winter compared to the summer. The
different regional representations of COSMO-CLM also indicate that the soil moisture,
atmospheric circulation, evaporative demand, elevation, and snow cover schemes are
located in the frame of land cover impacts. A comprehensive study of all of these factors is
important in terms of high accuracy in climate modeling.

This study indicated that different LC maps and different LC fractions, as lower
boundaries of COSMO-CLM have significant impacts on the simulated air temperature,
the LAI, and plant coverage. The questions raised in the introduction can be answered
as follows:

• The seasonal temperature outputs of the COSMO-CLM based on these three data
sets closely resemble the observations. Over most of the research domain, according
to the temperature anomaly comparison with observational data, all three LC maps
provided reliable COSMO-CLM simulation results. While over the Alpine area, the
results showed higher deviation (differences of –3 to +3 K), further studies are needed
to investigate the effects of soil moisture and orography on temperature.

• The simulated temperature is sensitive to different land cover maps and fractions. The
temperature shows higher dependence on land cover fractions in summer compared
to winter.

• Different LC maps affect the LAI, as well as the plant coverage. The regional and local
simulation results responded differently towards the land cover maps and fractions.
The area covered by forest with a heterogeneous land cover combination showed high
sensitivities related to different land cover maps.

• The COSMO-CLM output did not show a corresponding difference in the LC fraction.
In our experiments, GLC2000 and ESACCI-LC showed similar LC fractions compared
to GlobCover 2009, but the COSMO-CLM output showed greater similarity between
ESACCI-LC and GlobCover 2009. This suggests that we not only need to check the
differences in LC fraction but also the differences in LC distribution, and this will be
the next step of our research.

In future studies, we will analyze how heterogeneous land cover types and seasonal
land cover types affect climate and will also assess the role of land cover in regional climate
modeling. Furthermore, how to select the appropriate land cover maps is in the scope of
the study. Investigating how regional climate sensitively responds to different land cover
distributions is necessary.
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Appendix A

Figure A1. (a) LAI differences between land cover ESACCI-LC and GlobCover 2009 vs. temperature differences of
ESACCI-LC and GlobCover 2009 in summer. (b) LAI differences between land cover ESACCI-LC and GlobCover 2009 vs.
temperature differences of ESACCI-LC and GlobCover 2009 in winter. (c) LAI differences between land cover GLC2000 and
GlobCover 2009 vs. temperature differences of GLC2000 and GlobCover 2009 in summer. (d) LAI differences between land
cover GlC2000 and GlobCover 2009 vs. temperature differences of GLC2000 and GlobCover 2009 in winter.
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Figure A2. (a) Plant coverage differences between land cover ESACCI-LC and GlobCover 2009 vs. temperature differences
of ESACCI-LC and GlobCover 2009 in summer. (b) Plant coverage differences between land cover ESACCI-LC and
GlobCover 2009 vs. temperature difference of ESACCI-LC and GlobCover 2009 in winter. (c) Plant coverage differences
between land cover GLC2000 and GlobCover 2009 vs. temperature difference of GLC2000 and GlobCover 2009 in summer.
(d) Plant coverage differences between land cover GLC2000 and GlobCover 2009 vs. temperature differences of GLC2000
and GlobCover 2009 in winter.
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Appendix B. Landcover Transfer Table

Value of LC
(ESACCI-LC) Land Cover Type of ESACCI-LC

Value of LC
(GlobCover 2009)
GlobCover LC

Type/ESACCI LC Type

Land Cover Type of
GlobCover 2009

Value of
LC

(GLC2000)
Land Cover Type of GLC2000

10 Cropland, rainfed

14/2 Rainfed croplands 16 cultivated and managed areas11 Herbaceous cover

12 Tree or shrub cover

20 Cropland, irrigated or
post-flooding 11/1 irrigated croplands 16 cultivated and managed areas

30
Mosaic cropland (>50%)/natural

vegetation (tree, shrub,
herbaceous cover) (<50%)

20/3 mosaic cropland
(50–70%)—vegetation (20–50%) 17 mosaic crop/tree/natural

vegetation

40
Mosaic natural vegetation (tree,

shrub, herbaceous cover)
(>50%)/cropland (<50%)

30/4 mosaic vegetation
(50–70%)—cropland (20–50%) 18 mosaic crop/shrub or grass

50 Tree cover, broadleaved,
evergreen, closed to open (>15%) 40/5 closed broadleaved evergreen

forest 1 evergreen broadleaf tree

60 Tree cover, broadleaved,
deciduous, closed to open (>15%) 50/6 closed broadleaved deciduous

forest
2 deciduous broadleaf tree closed

61 Tree cover, broadleaved,
deciduous, closed (>40%)
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62 Tree cover, broadleaved,
deciduous, open (15–40%) 60/7 Open broadleaved deciduous

forest 3 deciduous broadleaf tree open

70 Tree cover, needleleaved,
evergreen, closed to open (>15%)

70/8 Closed (>40%) needleleaved
evergreen forest (>5 m) 4 evergreen needleleaf tree

71 Tree cover, needleleaved,
evergreen, closed (>40%)

72 Tree cover, needleleaved,
evergreen, open (15–40%)

90/9
Open (15–40%) needleleaved deciduous or evergreen forest (>5 m)

5
deciduous needleleaf tree

80 Tree cover, needleleaved,
deciduous, closed to open (>15%)

81 Tree cover, needleleaved,
deciduous, closed (>40%)

82 Tree cover, needleleaved,
deciduous, open (15–40%)

90 Tree cover, mixed leaf type
(broadleaved and needleleaved) 100/10 mixed broadleaved and

needleleaved forest 6 mixed leaf tree

100 Mosaic tree and shrub (>50%) /
herbaceous cover (<50%) 110/11

Mosaic Forest/Shrubland
(50–70%)/Grassland

(20–50%)
11 evergreen shrubs

closed-open

110 Mosaic herbaceous cover (>50%)
/ tree and shrub (<50%) 120/12

Mosaic Grassland
(50–70%) /

Forest/Shrubland
(20–50%)

9 mosaic tree / other
natural vegetation

120 Shrubland
130/13 Closed to open (>15%)

shrubland (<5 m) 12 deciduous shrubs
closed-open121 Evergreen shrubland

122 Deciduous shrubland

130 Grassland 140/14 Closed to open (>15%)
grassland 13 herbaceous cover

closed-open

140 Lichens and mosses

150/15
Sparse (>15%) vegetation

(woody vegetation,
shrubs, grassland)

14 sparse herbaceous
or grass

150 Sparse vegetation (tree, shrub,
herbaceous cover) (<15%)

152 Sparse shrub (<15%)

153 Sparse herbaceous cover (<15%)

160 Tree cover, flooded, fresh or
brakish water 160/16 closed to open forest

regulary flooded 7 fresh water flooded tree

170 Tree cover, flooded, saline water 170/17 closed forest or shrubland
permanently flooded 8 saline water

flooded tree

180
Shrub or herbaceous cover,

flooded, fresh/saline/brackish
water

180/18 Closed to open grassland
regularly flooded 15 flooded shrub or

herbaceous

190 Urban areas 190/19 Artificial surfaces 22 artificial surfaces

200 Bare areas

150/15
Sparse (>15%) vegetation

(woody vegetation,
shrubs, grassland)

14 sparse herbaceous
or grass201 Consolidated bare areas

202 Unconsolidated bare areas

210 Water bodies 210/21 Water bodies 20 water bodies

220 Permanent snow and ice 220/22 Permanent snow and ice 21 snow and ice

230 undefined 230/23 undefined 23 undefined
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