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Abstract The extent and magnitude of land cover change effect on local and regional future climate
during the vegetation period due to different forms of bioenergy plants are quantified for extreme
temperatures and energy fluxes. Furthermore, we vary the spatial extent of plant allocation on arable land
and simulate alternative availability of transpiration water to mimic both rainfed agriculture and irrigation.
We perform climate simulations down to 1 km scale for 1970-1975 C20 and 2070-2075 A1B over Germany
with Consortium for Small-Scale Modeling in Climate Mode. Here an impact analysis indicates a strong
local influence due to land cover changes. The regional effect is decreased by two thirds of the magnitude
of the local-scale impact. The changes are largest locally for irrigated poplar with decreasing maximum
temperatures by 1◦C in summer months and increasing specific humidity by 0.15 g kg−1. The increased
evapotranspiration may result in more precipitation. The increase of surface radiative fluxes Rnet due to
changes in latent and sensible heat is estimated by 5 W m−2 locally. Moreover, increases in the surface latent
heat flux cause strong local evaporative cooling in the summer months, whereas the associated regional
cooling effect is pronounced by increases in cloud cover. The changes on a regional scale are marginal and
not significant. Increasing bioenergy production on arable land may result in local temperature changes but
not in substantial regional climate change in Germany. We show the effect of agricultural practices during
climate transitions in spring and fall.

1. Introduction

Climate change mitigation and adaption actions encompass CO2 reduction [Intergovernmental Panel on
Climate Change (IPCC), 2007]. Achieving this, the European Union (EU) enacted to increase the percentage
of energy from renewable sources like solar, wind, and bioenergy to 20% of the total energy consumption
by 2020 [EU, 2009]. Involved land use and land cover change (LULCC) due to bioenergy production may thus
increase in Europe in the future. Özdemir et al. [2009] estimated an increase in the land area dedicated to
energy crops of ∼21 million ha in the EU. This in turn can trigger climate changes especially on local and
regional scales.

Previous LULCC studies used mainly global or regional climate models with coarse resolution to evaluate
potential biosphere-atmosphere effects with conflicting results. First, studies focused on land cover changes
concerning a complete change mostly from forest to grassland by clearance for pasture on a global scale
[Turner et al., 1994]. This resulted in a cooling in the surface climate [Oleson et al., 2004; Bonan, 2001]. In addi-
tion, Feddema [2005] argued that agricultural expansion resulted in cooling and a decrease of the average
daily mean temperature range in future climates. Whereas, Douville et al. [2000] pointed out that high uncer-
tainties exist on regional scale as expressed in the high sensitivity of the climate in European summertime.
Li and Mölders [2008] found opposing responses to land cover change and climate warming in different
regional areas. They stressed the local effects of land cover change and assessed the resulting impacts to
be of regional importance rather than affecting large-scale cycles. However, studies like Gedney and Valdes
[2000], Swann et al. [2012], and Jones et al. [2013] demonstrated also large-scale circulation changes and
hydrological teleconnections associated with large-scale land cover changes.

Extreme events such as heat waves, droughts, or floods will likely increase in frequency and intensity in
the future based on projections of global and regional climate models [Meehl et al., 2005; Tölle et al., 2013;
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Coumou and Robinson, 2013]. Zaitchik et al. [2006] found a heat dampening effect of forest during the heat
wave 2003 in France based on satellite data. It is believed that changes in the surface energy budget are
driving the evolution of hot summers [Stegehuis et al., 2012]. The authors found that warm summers are
preceded by an increase in latent heat flux in early spring. Many studies focus on soil moisture content
and climate [e.g., Seneviratne et al., 2010] but miss discussing the possible impact of evapotranspiration
from different vegetation types and of agricultural practices. The ease of which energy and matter can be
exchanged between the soil and the atmosphere depends on the vegetation density and vegetation type.
As such, evapotranspiration is a critical variable in the context of terrestrial vegetation influence on sum-
mer heat waves by feeding back the surface energy balance to the hydrological cycle. In addition, the role of
irrigation as an important aspect of land management should be further investigated influencing local and
regional climate as pointed out by Boucher et al. [2004], Lobell and Bontils [2008], and Sacks et al. [2009].

There are several studies in the U.S. who examined the impact of bioenergy crops on the regional climate,
e.g., Vanloocke et al. [2010], Georgescu et al. [2011], and Anderson et al. [2013]. However, the extent and mag-
nitude of LULCC due to renewable energies for regional- and local-scale future climate changes are not yet
quantified for Germany. Therefore, we use bioenergy allocation on arable land (for irrigated and nonirri-
gated poplar and maize) to quantify the future climate effects on local and regional scales in Germany by
applying a mesoscale nonhydrostatic regional climate model (COSMO-CLM, Consortium for Small-Scale
Modeling in Climate Mode, here abbreviated CCLM, [Rockel et al., 2008]) coupled to a land surface param-
eterization scheme TERRA-ML [Schrodin and Heise, 2002]. We perform climate simulations with a very high
horizontal resolution (0.0118◦) to account for the local scale. “Local” is referred to the sites which are con-
verted to bioenergy crops, whereas regional means the nonconverted sites. The focus is on future impacts
of biophysical changes associated with irrigated poplar, nonirrigated poplar, and maize. Changes of the veg-
etation parameters lead to changes in parameters controlling the use of available water and energy at the
surface which in turn influences the atmospheric variables. Changes in the latter impact the surface fluxes.
This in turn can trigger climate changes especially on regional and local scale. In particular, we answer the
following questions:

1. How does land use change on arable land influence the simulated climate during the growing season
of Germany?

2. How do extreme temperatures and latent and sensible heat change under different climate conditions
and vegetation scenarios?

An overview on the regional climate model, its land surface parameterization, and the downscaling method
is presented in section 2. Two time slices for the numerical experiments are depicted, 1970–1975 based
on the reference scenario C20 and 2070–2075 based on emission scenario A1B of IPCC AR4 [IPCC, 2007]
using ECHAM5/MPI-OM [Roeckner et al., 2006]. Nine simulations are performed: two reference simulations
using the default land surface values of ECOCLIMAP [Masson et al., 2003; Champeaux et al., 2005] for present
and future climate, four simulations with extreme modified vegetation cover due to irrigated poplar for
present climate, and three others in which suitable arable areas are transformed to irrigated, nonirrigated
fast-growing poplar, or maize for future climate. This experimental design is described in section 3. The main
results are shown in section 4. Finally, section 5 discusses and outlines the main conclusions of this study.

2. The Regional Climate Model and Downscaling Procedure

Analysis of LULCC are performed with the latest evaluated version (v4.8-clm17) of CCLM. Agricultural fields
in Germany are patchy and differentiated in nature and hardly exceed 100 ha. Thus, our target resolution of
the simulation domain is 0.0118◦ ∼ 1.3 km. Therefore, our nesting chain begins with the general circulation
model ECHAM5/MPI-OM [Roeckner et al., 2006]. The first nest of the CCLM in horizontal resolution of 0.165◦

(∼ 18 km) was performed by Hollweg et al. [2008] (known as consortial runs). These simulations serve as
forcing data for our CCLM runs with a resolution of 0.0625◦ (∼ 7 km), see Table 1 and Figure 1. Finally, these
model runs are used to force the CCLM in the target resolution of 0.0118◦ (∼1.3 km).

The data used are the climate scenarios based on emission scenario A1B (first realization) and the control
scenario C20 described in the Special Report on Emission Scenarios [Nakicneovic et al., 2000]. The twentieth
century control C20 simulation is taken as a reference of present climate 1970–2000 and the A1B scenario
simulation as a possible evolution of future climate 2070–2100. The results of the 0.0625◦ simulations serve
as hourly boundary data for the target resolution (0.0118◦) for present climate 1970–1975 based on C20
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Table 1. Model Configuration and Downscaling Stepsa

Model Parameter First Nesting Second Nesting

Grid resolution 0.0625◦ ∼ 7 km 0.0118◦ ∼ 1.3 km
# of grid points 254 × 254 375 × 376
Forcing Consortial simulations CCLM 0.0625◦ ∼7 km

CCLM 0.165◦ ∼ 18 km
Model time step 45 s 12 s
Integration scheme Runge-Kutta Runge-Kutta
Atmospheric layers 40 40
Convection scheme Tiedtke, Graupel Shallow convection, Graupel
Simulations time 1970–2000 1970–1975

2070–2100 2070–2075
Greenhouse gas forcing C20 and A1B IPCC-SRES Control and emission scenarios (run 1)

aThe complete 3-D regional climate model consist of two parts: the atmospheric model
COSMO 4.8-CLM17 and the land surface scheme TERRA-ML.

and 2070–2075 based on A1B. The difference between the two resolutions is that in the 0.0625◦ simula-
tions convection is parameterized while in the 0.0118◦ simulations deep convection is resolved explicitly.
The configuration for the convection-resolving climate simulations is adapted from Knote et al. [2010]. The
domain size of the first nesting covers central Europe (see Figure 1) with 254 × 254 grid points in order to
simulate the regional circulation pattern adequately. The size of the target domain of the high-resolution
runs covering Central Germany and its very near surroundings with 375 × 376 grid cells is considered
to have an adequate dimension to explicitly resolve convection and analyze LULCC while having a high
computational cost.

The atmospheric model CCLM is based on simple hydrothermodynamical equations describing a compress-
ible nonhydrostatic flow in a moist atmosphere. It uses a Runge-Kutta time-stepping scheme, the radiation
scheme of Ritter and Geleyn [1992], and the convection scheme by Tiedtke [1989] for convective mass flux
parameterization. Biophysical exchange processes between the land surface, atmosphere, and soil in CCLM
are contained in the soil-vegetation-atmosphere model TERRA-ML [Schrodin and Heise, 2002]. The turbu-
lent exchange between the atmosphere and the underlying surface is modeled by a stability and roughness

Figure 1. Simulation domain for the two nesting steps. The 7 km simulation domain covers large parts of Europe. The
1.3 km domain covers Central Germany and the northeast of Czechia.
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length-dependent surface flux formulation. The hydrologic processes are based on Doms et al. [2005] and
Ament and Simmer [2006]. The variables of the hydrological cycle are determined by using the multisoil layer
concept with soil moisture diffusion and soil heat conduction equations for different soil textures as well as
frozen soil processes. The Biosphere-Atmosphere Transfer Scheme by Dickinson et al. [1993] is implemented
for the parameterization of evapotranspiration. The land surface model uses a direct solution of the heat
conduction equation. The turbulent exchange is based on the Monin-Obukhov similarity for the constant
flux layer. The model considers one vegetation type and soil texture which dominates the area of a grid cell.
Each grid cell of TERRA-ML takes one variable of the parameters of vegetation and soil which are spatially
distributed based on the data set of ECOCLIMAP [Masson et al., 2003; Champeaux et al., 2005]. The surface
fluxes constitute the lower boundary conditions for the atmospheric part of the model.

3. Experimental Design Over Germany
3.1. Land Surface Parameters
The external constant parameter data for the surface boundary of the model are coastlines, lakes, river
valleys, land cover types, vegetation parameter, topography, and soil type. The land surface processes
are controlled by physical vegetation and soil properties. Parameter values are assigned to each grid cell
depending on the land cover type. The allocation of types is derived from a global land cover data set which
is available at a 1 km resolution according to the ECOCLIMAP database [Masson et al., 2003; Champeaux et al.,
2005]. The parameters are preprocessed for the relevant model resolution according to Smiatek et al. [2008].
The model-prescribed vegetation parameters are the leaf area index (LAI), roughness length (z0) due to veg-
etation, plant cover (PC), and root depth (RD). The parameters LAI, z0, and PC are varying on a monthly basis
to account for the phenological cycle. Changes in these vegetation parameters lead to changes in variables
controlling the use of available water and energy at the surface. The leaf area index in the model influences
evapotranspiration through stomatal resistance and defines the size of the canopy precipitation storage
capacity. The fractional vegetation cover determines the fraction of a grid cell where vegetation proper-
ties affect surface exchange processes. For instance, the turbulent exchange of momentum, energy, and
moisture between the surface and the atmosphere is calculated as a function of roughness length. The root
depth determines the plant-available soil water capacity.

3.2. Simulations and Suitability Mapping
The model domain with the finest resolution (0.0118◦) is chosen for the experimental setup. Energy and
mass is transferred in the atmosphere from large scales to small ones and vice versa. Thereby, small-scale
perturbations can affect large-scale processes significantly. By increasing the horizontal resolution in a
RCM, orography and the land surface heterogeneity are better represented [Tölle, 2013]. Therefore, increas-
ing the resolution may be important for both the energy budget of the planetary boundary layer and the
atmospheric part of the hydrological cycle.

The following set of simulations is designed to elucidate the response of the regional climate to changed
land surface conditions. First, two simulations using the default land surface values of ECOCLIMAP for
present (CTR; 1970–1975) and future (CTRA1B; 2070–2075) climates are performed as references for com-
parison. Second, a performance test is carried out with four simulations using irrigated poplar to get a
range of extreme cases for present climate conditions. Therefore, all grid cells within the domain are cov-
ered with vegetation values of irrigated poplar by +100%, by +50%, and two by +25% for each simulation
(see Figure 4). The grid cell size or patch width is 1.3 km. For the latter of the two +25% experiments the
converted patches are 13 km in width.

Third, three future simulations are performed with three vegetation scenarios according to irrigated
(iPoplarA1B), nonirrigated poplar (PoplarA1B), and maize (MaizeA1B) for 2070–2075. For that, suitable arable
land for bioenergy production is selected and converted to irrigated poplar, nonirrigated poplar, or maize.
By combining information from digital soil maps [Liedekerke et al., 2006], the Shuttle Radar Topography Mis-
sion digital elevation model [Farr et al., 2007] as well as long-term-average temperature and precipitation
from regionalized climate grids [Müller-Westermaier, 2004], suitable bioenergy crop sites on arable land [Keil
et al., 2011] are determined. All operations take place on a 1 km2 grid scale. Suitability criteria are depicted
from several German studies which refer to practical experience from field plots [Scholz et al., 2006; Petzold
et al., 2006; Röhricht and Buscher, 2009; Petzold et al., 2010]. Accordingly, 300 mm of precipitation during the
vegetation period and annual precipitation of 500 mm are assessed to be the lower limit for short rotation
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Figure 2. Map of arable areas (green grid cells) and bioenergy areas (red grid cells) of Central Germany for the
1.3 km simulation.

coppice (SRC) suitability. Further, only plots showing an average annual temperature higher than 8◦C are
selected. Due to harvesting restrictions, sites with steep slopes (>20%) are not considered. Finally, soil and
soil water criteria are used to evaluate site suitability. Soils with an available soil water capacity of less than
100 mm imply a high risk of water stress and are appraised as being unsuitable for SRC. The same applies
for sites with a groundwater table higher than 50 cm below soil surface or water logging in the upper 50 cm
of the soil profile. The criteria are combined by using fuzzy membership functions and calculating with a
simple fuzzy “AND” operator [Busch, 2012]. Furthermore, the grid cells are evaluated within a 3×3 moving
window according to their highest suitability value. With a step size of 3 cells, the moving window “scans”
the simulation domain for suitable cells to be converted. Given that arable land accounts for the majority
of grid cells within each 3 × 3 moving window (i.e., a minimum of five cells), the most suitable grid cell is
selected and mapped. As a result, the ratio of selected cells to be converted ranges between 0% (majority
criterion is not met) and 20% (a minimum of five arable cells is present) within each moving window.
Following this procedure, the ratio of arable land cells which may be converted to bioenergy fields averages
to 9.6% in our study area. The grid cells for bioenergy production are displayed in Figure 2, see the red grid
cells. The rest of the arable land cells are displayed in green.

The vegetation parameters (LAI, RD, z0, and PC) of the suitable areas are replaced by the characteristics of
irrigated, nonirrigated poplar, and maize. The data (LAI, PC, and RD) for the bioenergy plants are derived
from a composite of field experiments over different sites in Germany and in particular of the project BEST
(bioenergy regions strengthening) [BEST, 2011]. The roughness length is approximated after Monteith and
Unsworth [1990]. The relative seasonal change of the vegetation parameters due to the bioenergy plants
compared to the reference values from ECOCLIMAP are shown in Figure 3 as averages over all red grid cells.
The values of the vegetation parameters are increased or decreased by a specified amount depending on
the bioenergy plant. For iPoplarA1B the values are chosen in such a way that they account for irrigation. The
choice of the root depth for iPoplarA1B is motivated by the fact that deeper roots increase plant-available
soil water. This allows for increased transpiration rates due to higher LAI. It should be noted that the cho-
sen changes are a strong accentuation that allows us to investigate the interactions and effects between
the surface processes and the atmosphere with a larger signal-to-noise ratio. It should not be deemed as a
prioritized land use option.

TÖLLE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2715
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Figure 3. Percental changes of seasonal vegetation parameters compared to the reference of leaf area index, root depth,
roughness length, and plant cover averaged over all bioenergy areas.

To elucidate the response of the local and regional climate to changed surface conditions, the reference
simulations (CTR and CTRA1B) are compared to the simulations with modified land cover (iPoplarA1B,
PoplarA1B, and MaizeA1B). With local we refer to the sites which are converted to bioenergy crops, whereas
“regional” means the nonconverted sites. To quantify the magnitude and nature of the climate change sig-
nals due to LULCC at a regional scale, the impact of the vegetation scenarios is compared to the impact of
global warming.

4. Results
4.1. Range of Extreme Cases
Changes of temperature and precipitation of extreme land cover transformations due to irrigated poplar
relative to the reference for present climate (here 1972) are presented in Figure 4. The influence of the veg-
etation period is strongest in summer (decrease of 0.6◦C and increase of 4.5 mm on a monthly basis). The
greatest changes appear for 100% land cover change and decline nonlinear with decreasing coverage.
The higher LAI in summer along with a deeper root depth are accompanied by a higher evapotran-
spiration rate and a lower sensible heat flux. This results in a decrease of temperature and an increase
of precipitation.

4.2. Impact Ratio
The vegetation impact ratio (vegetation scenario minus CTRA1B divided by vegetation scenario minus CTR)
is a measure of the sign and magnitude of the land cover change effect normalized by the size of the total
climate change signal. It indicates a strong local negative impact (cooling) during the growing season in the
case of irrigated poplar for maximum temperature (see dark blue grid cells in Figure 5a). These grid cells are
the suitable areas for bioenergy plants which are shown in Figure 2. On a regional scale this cooling effect
is decreased by two thirds (light blue cells in Figure 5a). This negative vegetation-climate influence is less
pronounced for nonirrigated poplar (Figure 5b). In the case of maize, equal patterns of positive and negative
coupling are indicated (Figure 5c). The effect of conversion is visible directly on the site and its strength
depends mainly on the vegetation parameters. For the neighboring grid cells the effect is diminished to a
great extent and mixed via advection processes.

TÖLLE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2716
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Figure 4. Seasonal changes of (a) temperature and (b) precipitation of extreme land cover transformations due to irri-
gated poplar relative to the reference for present climate (here 1972). The domain size is covered with vegetation values
of irrigated poplar by +100% (black), by +50% (violet), and two by +25% (green). One of the latter has a different patch
size (red).

4.3. Local Climate Change Signal of Maximum Temperature
The climate change signal (CCS) as described in Tölle et al. [2013] is calculated for each simulation
(CTRA1B, iPoplarA1B, PoplarA1B, and MaizeA1B) as the difference between the projected maximum tem-
perature per vegetation period (May to September) averaged over the future period (2071–2075) for
each grid cell and the control period (1971–1975) representing the averaged maximum temperature
of the reference simulation. The CCS for the growing season of each experiment over the domain is
shown as a probability function based on kernel density estimation in Figure 6. The model results
show that projected reference extreme temperatures over Germany increased significantly during the
vegetation period (Figure 6) by 3.6◦C on average. This is broadly consistent with previous estimates
[Jacob et al., 2012] based on the same future climate model scenario. Temperature increases are less

PoplarA1BiPoplarA1B MaizeA1Ba) b) c)

Figure 5. Impact ratio of maximum temperature during the vegetation period for (a) irrigated poplar, (b) nonirrigated poplar, and (c) maize.

TÖLLE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2717
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Figure 6. Probability distribution based on kernel density estimation of the climate change signal in maximum tempera-
ture of the reference simulation and the experiments which are significantly different from the control at 0.05 level based
on bootstrap test. Difference of maximum temperature between 2071–2075 and 1971–1975.

pronounced in the case of the experiments with poplar and significantly different from the reference
case (5% significance level, bootstrap test). The mean difference in percent of the vegetation scenarios
in comparison to the control case and its standard deviation is presented in Figure 7. Extreme temper-
atures are estimated to be reduced by up to 20% for irrigated poplar and up to 5% for nonirrigated
poplar (Figure 7). Changes in maximum temperature for maize are slightly increased compared to the
reference case.

4.4. Local Versus Regional Projected Effects of Vegetation Change
To put the identified changes into perspective, we compare the local and regional climatic changes of the
projected reference simulation with our projected vegetation scenario results. Such a comparison is use-
ful because it helps to quantify the contribution of anthropogenic land cover change to projected climate
trends on local and regional scales. Figures 8 and 9 show the extent and magnitude of the changes which

Figure 7. Mean difference in percent of the climate change
signal of irrigated (green), nonirrigated poplar (blue), and maize
(red) in comparison to the reference simulation as a bar plot and
their associated standard deviation.

are seen in seasonal cycles of many variables
of the three vegetation scenarios (irrigated and
nonirrigated poplar and maize) compared to
the reference over local and regional scales for
Central Germany, respectively. Hereby, the data
are spatially and temporally averaged over the
5 years for each month of the year. We eval-
uate local effects by averaging the values of
all bioenergy fields (red cells as in Figure 2).
Regional effects are expressed by averaging
over all nonbioenergy fields. Decreases in max-
imum temperatures of order 1◦C in the case
of poplar are generally accompanied by signif-
icant increases in latent heat fluxes (order of
45 W m−2) and decreases in sensible heat fluxes
(order of 40 W m−2) on local scale during sum-
mer. The magnitude of change is even stronger
for irrigated poplar than for nonirrigated
poplar. A strong local increase in precipita-
tion occurs when evapotranspiration is at its
maximum in July. Although we see substantial

TÖLLE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2718
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Figure 8. Local projected effects of vegetation change due to irrigated (green) and nonirrigated (blue) poplar and maize
(red). Seasonal cycles of maximum temperature, latent heat and sensible heat flux, downward shortwave radiation,
specific humidity, and precipitation. The data are spatially (bioenergy areas) and temporally (2071–2075) averaged for
each month of the years. Stars denote significance at 0.05 level based on U test for the whole 12 months line. Note the
different scale compared to Figure 10.

changes from a local perspective with modified land use, the prescribed alterations to surface vegetation
cover lead not to large changes in the other regions without these specific land use changes (see regional
effect in Figure 9). It is suggested that regional averages lack of sensitivity in response to land surface per-
turbations. The importance of the seasonal climate transitions in spring and fall due to agricultural practices
(start of sowing and cropping) becomes evident in the maize scenario. During the onset of the growing
season, when the LAI of maize is still at its minimum (April and May) compared to the reference, the tem-
perature increases in the order of 1◦C. The evaporative cooling effect starts in June after leaf emergence
peaking in July with a cooling of similar magnitude. Cropping in September leads to a second minimum of
LAI resulting in half of the warming in springtime.

Evidence of changes of many of the physical processes due to irrigated poplar compared to the refer-
ence and changes in the interactions are depicted by the correlation circle (see Figures 10a and 10b
for local and regional changes based on principal component analysis as described in Schlüter et al.
[2008]). The correlations among the variables along the first principal component are the most inter-
esting ones. We have an anticorrelation between maximum temperature and latent heat and a positive
correlation between maximum temperature and sensible heat meaning that as maximum tempera-
tures decrease also sensible heat fluxes decrease and latent heat fluxes increase. However, absorbed
shortwave radiation increases while maximum temperatures decrease in the local case. It is suggested

TÖLLE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2719
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Figure 9. Regional projected effects of vegetation change due to irrigated (green) and nonirrigated (blue) poplar and
maize (red). Seasonal cycles of maximum temperature, latent heat and sensible heat fluxes, downward shortwave radi-
ation, specific humidity, and precipitation. The data are spatially (nonbioenergy areas) and temporally (2071–2075)
averaged for each month of the years. Note the different scale compared to Figure 9.

that the evapotranspiration temperature influence is dominating over the radiation temperature influ-
ence. During the vegetation period the plant cover is increased compared to the reference case. An
accompanying less reflective surface means that more incoming shortwave radiation is absorbed by
the surface, making more energy available for sensible and latent heating. Although, if evapotranspira-
tion is increased, less energy is available for sensible heat and the temperature decreases. The increase
in absorbed shortwave radiation resulting from the changes in surface albedo is opposed by a regional
decrease in surface shortwave radiation. This regional decrease may be accompanied by an increase in
cloud cover resulting from increased moisture content of the near-surface atmosphere. It is suggested that
the cloud effect dominates the shortwave radiation balance regionally, whereas the surface albedo effect
dominates locally.

4.5. Local Projected Changes of Latent and Sensible Heat Due to Vegetation Change
The local projected changes in latent and sensible heat due to vegetation changes compared to the pro-
jected reference during the vegetation period are shown in Figures 11a and 11b. The figures show the
probability function based on kernel density estimation of the future CCS (FCCS). The FCCS is the dif-
ference between the projected energy flux of each bioenergy plant averaged over the future period
(2071–2075) and the projected energy flux (2071–2075) of the projected reference simulation for each

TÖLLE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2720
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Circle of correlations

b) Regionala) Local

Figure 10. Correlation analysis based on principal component analysis on (a) local and (b) regional changes of vegeta-
tion period time series of irrigated poplar relative to the projected reference for maximum temperature, latent heat and
sensible heat fluxes, downward shortwave radiation, specific humidity, and precipitation.

grid cell. Pronounced increases in latent heat fluxes are evident for irrigated poplar. Sensible heat fluxes

decrease but to a minor degree. These changes affect the surface energy balance and thus the height of

the boundary layer. Assuming a simplified energy balance by neglecting ground heat fluxes, the changed

partition of latent heat and sensible heat fluxes during the vegetation period leads to a changed sum of

those fluxes and with that to an average net increase of radiation of 5 W m−2 for irrigated poplar and of

2.7 W m−2 for nonirrigated poplar. The changes in the fluxes for maize are negative as well as positive dur-

ing the vegetation period due to agricultural practices. Therefore, the overall net change of radiation is

less pronounced.

Figure 11. Probability distribution of local projected changes in partitioning of (a) latent and (b) sensible heat due to
vegetation changes compared to the projected reference during the vegetation period, significantly different from the
control at 0.05 level based on bootstrap test.
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5. Discussion and Conclusions

The impact of increasing bioenergy production on arable land on the regional and local climate is shown as
a case study for Germany having a temperate climate. The analysis includes the effect of irrigation as well as
agricultural practices (start of sowing and cropping).

The range of extreme land use transformations for present climate demonstrates the applicability of the
regional climate models for such studies. However, we show that the land-atmosphere response is nonlin-
ear with linear land use change. In addition, downscaling to high resolutions (1.3 km in this study) is adding
information to such climate simulations [see also Tölle, 2013]. This improves the accuracy of climate pro-
jections on the regional and in particular on the local scale by better representation of the land surface
heterogeneity and orography and of explicit-resolving deep convection [Prein et al., 2013; Tölle, 2013].

The extent and magnitude of a fictive but realistic land use transformation effect on local and regional
future climate due to different forms of bioenergy plants such as irrigated, nonirrigated poplar, and maize
are quantified for maximum temperature and the energy fluxes. The bioenergy plants are equally increased
by 10% over the arable land of each federal state of Germany. By calculating the climate change signal
between the years 1971–1975 and 2071–2075, we found a warming signal in Germany [IPCC, 2007; Jacob
et al., 2012]. Although the climate change signal reduces considerably with changes in land cover (in the
case of poplar) compared to the reference signal, this is due to the higher albedo and increased evapotran-
spiration from rapid-growing poplar plantations which are cooling and moistening the climate during the
vegetation period.

The changes are found to be largest locally for irrigated hybrid poplar, for which maximum temperatures
declined by 1◦C in summer months and specific humidity increased by 0.15 g kg−1. The increased evapo-
transpiration during the vegetation period, which enhances the potential for moist deep convection, is likely
to result in more precipitation (here 0.9 mm increase in July) as Raddatz [1998] suggested. The increase of
surface radiative fluxes Rnet due to changes in latent and sensible heat is estimated by 5 W m−2 on a local
scale. Moreover, our results suggest that increases in the surface latent heat flux cause strong local evapo-
rative cooling in the summer months [see also Galos et al., 2013], whereas the associated regional cooling
effect is also pronounced by increases in cloud cover, which alter the shortwave or longwave radiative fluxes
and changes in atmospheric water vapor [Pielke et al., 2007]. Ban-Weiss et al. [2011] found a decrease in
global mean surface air temperature of 0.54◦C by increasing the latent heat flux in an indealized study. In
our study, we calculated a lower level of regional mean temperature changes. The strong local evaporation
temperature influence may be offset by condensation of this water vapor in the atmosphere on a regional
scale. Thus, increasing bioenergy production on arable land may result in local temperature changes but is
not expected to cause substantial regional climate change in Germany.

One important aspect of our analysis is the impact of changes in agricultural practices which becomes evi-
dent in the maize case. While maize cools the near-surface boundary layer during its growing time by similar
magnitude as for irrigated poplar, the late leaf unfolding time in May and cropping in September lead to a
warming compared to the reference simulation. This shows the importance of climate transitions in spring
and fall due to agricultural practices which is coupled to the vegetation phenology [Levis et al., 2012; Betts
et al., 2013]. It is therefore likely that changes in vegetation types modify the future climate in Germany,
potentially moderating extreme temperature increases in summer locally. The case of maize demonstrates
the model sensitivity to its vegetation parameters especially to evapotranspiration and albedo which claims
for a more accurate representation of those variables in regional climate models.

An open question remains how biochemical processes influence these results. On the one hand, hybrid
poplar trees emit substantial amounts of volatile organic compounds; on the other hand, they can fix a large
quantity of CO2 due to their high growth rates. Future studies may therefore include those processes to
improve the results.

Longer-term high-resolution simulations with additional vegetation scenarios are needed to confirm these
results and explore the range in magnitude of land use changes. However, carrying out long-term simula-
tions on such a scale is challenging in a reasonable time due to enormous computer power requirements.

It is recommended to use high-resolution climate simulations to account for future local-scale interactions
between surface and boundary layer exchange processes. A two-way feedback regional climate model

TÖLLE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2722
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would enable the impact analysis to the large-scale circulation. These results have wider implications for
other regions such as regions susceptible to drought in Russia or the Great Plains in the U.S.
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