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Abstract

Feedback effects between the land surface and the atmosphere are an important issue
in modelling the climate system. Therefore, in order to take land surface heterogeneity
adequately into account, a representation of the land surface in sufficient spatial res-
olution is necessary. In order to analyze the impact of different land surface models
on the atmosphere, we analyzed the differences of two physically based land surface
models, which evolved from different disciplinary backgrounds, both fully coupled with
the regional climate model MM5, providing the atmospheric drivers. While the NOAH-
LSM originally was developed for atmosphere applications, PROMET is primarily used
as a hydrological land surface model. Both use different physical approaches and
different spatial resolutions of 45 km (NOAH) and 1 km (PROMET) respectively, to rep-
resent the land surface processes. The parameterization of soil and plant properties
in terms of phenological behaviour and water-stress is treated with a higher level of
detail in PROMET. Used with same atmospheric drivers over a four-year period for
Central Europe, the model differences have strong impacts on simulated evapotranspi-
ration and soil moisture both spatially and temporally. Regions with high proportion of
impervious surfaces show the highest differences in simulated evapotranspiration (up
to 30%). Further, PROMET simulations show lower evapotranspiration rates e.g. in
the Po Valley, caused mainly by a higher level of vegetation water stress. In order to
study feedback effects, PROMET was then bilaterally coupled with MM5. The feed-
backs result in increasing near surface air temperature and decreasing precipitation
especially in Southern Europe and are a result of regional self-amplification effects due
to decreasing soil moisture and increasing vegetation water stress.

1 Introduction

As much as the land surface is a key element of the climate system, the climatic con-
ditions affect the structure and processes of the land surface (Bounoua et al., 2000).
Land surfaces are characterized both by large spatial heterogeneity and by the large
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diversity and complexity of the physical and biological processes involved. The inter-
actions between the land surface and the atmosphere are based on the exchange of
latent and sensible heat, short and longwave radiation as well as momentum (Camp-
bell and Norman, 2000) that affect the atmosphere conditions which in turn feedback on
land surface conditions (Bonan, 1995). Land-atmosphere interactions are driven to a
large extent by soil moisture and soil temperature, vegetation dynamics and evapotran-
spiration as well as snow and ice dynamics. A lack of understanding of their complex
and spatially heterogeneous interrelation is responsible for one of the key sources of
uncertainty in climate simulations (Koster et al., 2004; Koster and Suarez, 1994; Mar-
tin, 1998; Orlowsky and Seneviratne, 2010; Pitman, 2003; Zeng et al., 2003).

Land surface schemes (LSSs) used in climate models have undergone large im-
provements in the past decades. Global climate models (GCMs) have historically
concentrated on modelling the largely homogeneous ocean-atmosphere interface at
a relatively coarse spatial resolution, paying only little attention to the land surface pro-
cesses. Primitive land surface models have been applied in climate models that were
not able to reproduce observations (Timbal and Henderson-Sellers, 1998).

Regional climate models (RCMs) being forced with exogenous model data on the
lateral boundaries of the modelling area, extend the coarse description of atmospheric
processes within GCMs towards increased spatial resolution and more process de-
tail, thereby capturing the local structures of each model grid point (Giorgi, 2001;
Jacob et al., 2007; Kueppers et al., 2008; Laprise, 2008; Mc Gregor, 1997; Micha-
lakes, 1997; Quintanar et al., 2009; Schar et al., 2004; Stocker, 2004; Zampieri et al.,
2011). Nonetheless, the complexity and heterogeneity of land surface processes and
the need for a more detailed view of it is a long standing discussion in atmospheric sci-
ences (Henderson-Sellers et al., 1995, 2008; Dickinson, 1995; Dickinson et al., 1991).
Therefore, the PILPS-project fundamentally evaluated and improved physically based
LSSs for the use in climate models (Dickinson, 1995; Famiglietti and Wood, 1991;
Polcher et al., 1998; Wood et al., 1998; Yang et al., 1998; Henderson-Sellers et al.,
1996; Timbal and Henderson-Sellers, 1998). There is evidence that more advanced
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and robust land surface models (LSMs), which increasingly consider the spatial hetero-
geneity (land-use, soil, elevation) and complexity of land surface biophysical and hy-
drological processes in the soil-plant-atmosphere continuum on an appropriate scale
will reduce the uncertainties in the current modelling of land-atmosphere processes
(Essery et al., 2003; Hagemann et al., 2001; Koster et al., 2004; Laprise, 2008; Molod
and Salmun, 2002; Seth et al., 1994; Yu, 2000).

Meanwhile, hydrologists have developed empirical, conceptual and more and more
physically-based land surface hydrological models (LSHMs) spanning a wide range
of complexity. They go beyond reproducing runoff at gauges of small scale catch-
ment areas and now consider in detail the hydrologic land surface processes within
the catchment (Bharati et al., 2008; Devonec and Barros, 2002; Garcia-Quijano and
Barros, 2005; Kuchment et al., 2006; Kunstmann et al., 2008; Ludwig and Mauser,
2000; Mauser and Bach, 2009; Schulla and Jasper, 1999; Wagner et al., 2009). The
physically based models aim at understanding the interactions between the different
land surface compartments, namely soil, vegetation, snow and ice in producing the re-
sulting river runoff. They include detailed descriptions of vertical and lateral soil water
and energy flows, vegetation dynamics and related flow regulations, snow and ice dy-
namics as well as energy and mass exchange with the atmosphere, and thereby cover
the major land surface processes in the soil-plant-atmosphere continuum. In contrast
to LSMs designed for atmosphere applications, the atmosphere is usually considered
as exogenous driver only.

At the same time as RCMs become capable of physically downscaling the GCMs
outputs to a resolution of 50—10 km, hydrologic land surface models evolve from their
original application in small watersheds to large basins. With the improving spatial
resolution of the RCMs and the increasing areal coverage of the hydrologic land surface
models the scales covered by the two model families tend to converge (Chen et al.,
1996; Henderson-Sellers et al., 1995; Yang et al., 1998).

Coupling LSMs with RCMs involves several complex issues such as computational
demand as well as the parameterization of the vegetation and soil state (Chen and
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Dudhia, 2001a) since these parameters are difficult to specify at a high spatial resolu-
tion on continental scales. Current LSMs try to avoid “over-parameterization”, thereby
keeping their parameterizations simple enough to be sufficient for their physical de-
scription of the processes included in the model. However, new research questions
such as land use change due to climate change or food production can no longer be
answered without taking heterogeneity and feedback effects of the land surface into
account on a high level of detail.

In this study, we therefore explore the differences in model physics, parameteriza-
tion and subsequent fundamental outputs between a classical land surface module
for atmospheric models, the NOAH-LSM (Chen and Dudhia, 2001a) and a land sur-
face model from the hydrological model family, PROMET (Mauser and Bach, 2009).
While the NOAH-LSM was originally developed for the use in atmosphere applications
and often is used within the regional climate model MM5, PROMET represents a hy-
drological model, originally designed for small- to mesoscale watersheds and spatial
resolutions of 100m to 2km. The following study covers a region in Central Europe
with an extension for 1170 x 1170 km, which is represented by the NOAH-LSM with a
spatial resolution of 45 km and by PROMET with a spatial resolution of 1 km.

In a first step, simulated evapotranspiration results of both models were com-
pared while being driven with the same atmospheric inputs, provided by MM5. Here,
PROMET was unilaterally coupled with MM5 without returning the land surface energy
fluxes to the atmosphere (see Fig. 1). In this case, the lower boundary conditions are
provided by the NOAH-LSM. Due to the equal meteorological drivers, the differences
between the models related to spatial resolution, model physics and parameterization
can be investigated.

Subsequently, the impact of the previously identified differences of latent heat fluxes
between both models on the MM5 atmosphere are analyzed by bilaterally coupling
PROMET, thus substituting the NOAH-LSM as the lower boundary conditions for MM5
(see Fig. 1).
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In order to overcome the different spatial scales between the atmosphere model
MMS5 (45 km) and PROMET (1 km), a down- and upscaling approach was applied.

Beyond evapotranspiration there are important differences between NOAH-LSM and
PROMET such as different snow modules with PROMET altering albedo and short-
wave reflection with snow age. In addition, PROMET has a substantially different pa-
rameterization of land surface emissivity. All these processes have a strong impact on
parameters such as radiation temperature and longwave outgoing radiation. They are
not discussed in this paper.

2 Study area

The study area is situated in Central Europe and extends 1170km north-south by
1170 km east-west including 18 European countries. Plains like the Po and Upper
Rhine Valley, uplands like in central Germany and mountainous regions in the Alps,
which mark a climatic boundary between the temperate latitudes and the Mediter-
ranean climate, compose a complex landscape. Altitudes are ranging from the Mont
Blanc in the French Alps (4810 m) to the Atlantic Ocean in the north-west and the
Mediterranean Sea in the south. The area is characterized by intense agriculture es-
pecially within the fertile lowlands like the Upper Rhine or the Po Valley and densely
populated areas such as the Ruhr region, Berlin, or Milan.

3 Model descriptions

3.1 The atmospheric model MM5

The regional climate model applied in this study is the fifth-generation Mesoscale Model
(MM5) (Grell et al., 1994), developed by the Pennsylvania State University (Penn State)
and the National Center for Atmospheric Research (NCAR). The widely known model
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has been used for numerical weather predictions, air quality studies and hydrological
studies with grid increment as small as 1 km (Chen and Dudhia, 2001a).

It was modified and adapted to our specific simulation requirements and our specific
model domain (Pfeiffer and Zangl, 2009; Zangl, 2002). Here, MM5 is used in climate
mode with a single domain having a horizontal spatial resolution of 45km and an inte-
gration internal time step of 135s. The domain covers most of the European continent
and has a size of 79 grid-boxes in west-east and 69 grid-boxes in south-north direc-
tion (Pfeiffer and Zangl, 2009). Lateral boundary conditions are provided by 6-hourly
ECMWF ERA-40 reanalysis-data (Uppala et al., 2005).

3.2 Land surface schemes

The LSMs applied in this study are the NOAH-LSM and PROMET. Both models de-
scribe the pathways of water and energy on the land surface in a physically based
manner. The process descriptions at the land surface require meteorological drivers
from the atmosphere (Fig. 2) which are provided by MM5. Evapotranspiration which
represents the flux of latent heat from the land surface is the main energy flux from
the land surface. It is affected by all major properties of and processes on the land
surface and therefore is a substantial part of both models. Thus, the main focus of the
comparison between the land surface models will be on evapotranspiration.

Evapotranspiration is the sum of plant transpiration via soil, root, leaf and the stom-
ata (E;) and evaporation from the bare soil (Ey,) and evaporation of water intercepted
by the canopy or other surfaces (E;). It is driven by the gradient of vapour pressure be-
tween the surface and the surrounding air, passing the laminar boundary layer into the
free atmosphere, finally carried away by the turbulent mass transport of wind within the
atmospheric boundary layer expressed by the aerodynamic resistance. Thus, mod-
elling the spatially very heterogeneous evapotranspiration is a complex issue which
requires taking multiple aspects into account.

E =E4, +E +E (1)
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The NOAH-LSM is applied at a spatial resolution of 45 km while PROMET is applied
with 1 km. Therefore, the models’ underlying land-use and soil information as well as
the digital elevation model (DEM) vary in spatial heterogeneity. Figure 3 demonstrates
this effect by comparing the land use classifications used by NOAH and by PROMET.
A detailed description of the land use/cover map used in PROMET is given in (Zabel
et al., 2010).

The land cover information has a strong effect on both albedo and partitioning of
energy and matter fluxes from the surface to the atmosphere (Ge et al., 2007). Land
cover determines the type of vegetation and thereby the seasonal development of plant
phenology, canopy structure and leaf area, which in turn, through vegetation height and
leaf area index, determines the aerodynamic and evapotranspirative properties of the
land surface. The combined vegetation and soil properties determine soil moisture
development and the reaction of the land surface to changing fractions of latent and
sensible heat fluxes influenced by vegetation water stress.

3.2.1 NOAH-LSM

The NOAH-LSM was originally designed for the use in RCMs and is part of the MM5
modelling system. The NOAH-LSM is an updated version of the OSU-LSM. A com-
plete description of the NOAH and OSU-LSM is given by (Chen and Dudhia, 2001a, b;
Mitchell, 2005). The older version of MM5 documented in (Grell et al., 1994) already
included a simple land surface model which does not take basic hydrological effects
like snow cover into account. The land use had a coarse resolution and soil moisture
was defined as a function of land use with seasonal values that cannot change during
the simulation or respond to precipitation. Vegetation evapotranspiration and runoff
processes were not included (Chen and Dudhia, 2001a).

The goal of the development of the NOAH-LSM was to implement an appropriate
LSM for weather prediction and hydrological applications that reflects the major ef-
fects of vegetation on the long-term evolution of surface evaporation and soil mois-
ture and to get along with relatively few parameters for short and long-time within
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continental-domain applications. The NOAH-LSM is the result of the further develop-
ments of LSMs, designed for atmosphere applications over the last years and scientific
studies like the PILPS project.

Potential evaporation is calculated within the NOAH-LSM using a Penman-based
energy balance approach (Mahrt and Ek, 1984) including a stability-dependent aero-
dynamic resistance. It includes a 4-Layer soil model and a canopy resistance approach
of (Jacquemin and Noilhan, 1990; Noilhan and Planton, 1989). The prognostic vari-
ables are the moisture and temperature of the soil layers, water stored on the canopy
and snow stored on the ground. Daily surface runoff is computed by the Simple Wa-
ter Balance (SWB) model (Schaake et al., 1996). The NOAH-LSM computes actual
evapotranspiration separately for the following components:

Egir=(1-0f) BEp (2)
E;=0tE, (%)n (3)
E,=ofE,Bc [1 - (%)n] (4)

Besides the green vegetation fraction (o;), the NOAH-LSM is taking the soil water con-
tent (08), the intercepted canopy water content (Wc) the maximum canopy capacity (S)
as well as a plant coefficient (Bc) as a function of canopy resistance into account (Chen
et al., 1996).

The green vegetation fraction (o;) strongly influences simulation results since it acts
as a fundamental weighting coefficient of potential evaporation (£,) within the calcu-
lation of all components of evapotranspiration. MM5 uses monthly values of green
vegetation fraction (o;) (also known as F_,,) for each grid cell at the model’s spatial
resolution in order to take seasonal phenological behaviour of vegetation into account.
It is defined as a function of NDVI

NDVI-NDVIO

9" = NDVico —NDVIO ®)
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where NDVI, and NDVI, are the lower and upper 5 % of the global NDVI distribution for
the whole year and therefore describe the signals from bare soil and not-vegetated ar-
eas and dense green vegetation respectively (Chen et al., 1996; Gutman and Ignatov,
1997). Since the NDVI, is likely to reach saturation, this approach tends to overesti-
mate o; (Richter and Timmermans, 2009). Uncertainties of NDVI due to soil moisture,
soil type and color, dead vegetation and shadow-effects within the plant stand as well
as atmospheric effects such as cloud contamination and angular effects of the radiome-
ter field-of-view (FOV) affect satellite-based measurements of the vegetation fraction,
making it an unreliable quantity (Bach and Verhoef, 2003; Gutman and Ignatov, 1997;
Richter and Timmermans, 2009). Further, the use of the 5th percentile seems arbitrary
for global mapping of o; since this is only valid for pixels with assumed dense vegeta-
tion (Gutman and Ignatov, 1997). The green vegetation fraction concerning this study
was gathered by a 5-yr time series of NDVI (Chen et al., 1996; Gutman and Ignatov,
1997) from AVHRR (US Geological Survey (USGS)), with a spatial resolution of 10 min
(18.5km) and global coverage. It was further generally reduced by 30 percent since it
proved to be too high for our simulation area and this reduction helped to improve the
simulation of summertime near surface temperature substantially (Pfeiffer and Zang|,
2009).

However, it must be pointed out that this approach was introduced by climatologists
with the intention of introducing a simple parameter in climate models for worldwide
application since it is gathered from satellite data and therefore avoid complex param-
eterization of individual plants. Also with respect to computational costs, it is a simple
and fast approach to implement seasonal behaviour of vegetation. However, it repre-
sents a delicate parameter with a large potential of uncertainty due to its impact on
evapotranspiration, which results in errors.

Within E;, the canopy treatment is an important issue. The canopy resistance is
formulated as follows in the NOAH-LSM,

Be = Rcmin

=—— 6
LAIFy FoFaF, (6)
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where F, is the water-stress function with respect to soil moisture while F;, F, and F;
represent the effects of solar radiation, vapour pressure deficit and air temperature on
the canopy resistance. The values of all functions range between 0 and 1; LAl is the
leaf area index and R, is the minimum canopy resistance which is set to 5000 s m™
for all plants (Jacquemin and Noilhan, 1990; Noilhan and Planton, 1989). The LAl
does not change with season and for all land use classes of the NOAH-LSM has a
value of 4.0. The temperature-stress function is the same for all plants, the optimum
transpiration temperature being parameterized with 298 K (Chen and Dudhia, 2001a).
The dynamic function of water-stress (F,) is a factor for the availability of soil moisture,
however neglecting plant specific parameters.

3 (@i - Ow)dzi

F,=
=2 (Oref — Ow)(dz1 +dz2)

i=1

(7)

Itis a function of volumetric soil moisture content (®) and the soil specific parameters of
field capacity (Oref) and the wilting point (Ow) for the upper three soil layers integrated
in the rooted zone (Chen and Dudhia, 2001a), parameterized as percentage values of
soil moisture.

3.2.2 PROMET

PROMET was developed for hydrological river catchment studies on the local and re-
gional scale. It is physically based and describes physical processes on the land sur-
face conserving mass and energy with high detail and complexity using several sub-
modules (see Fig. 4) and is used in this study with an hourly temporal and 1km spatial
resolution. An extensive model description can be found in (Mauser and Bach, 2009).

PROMET has already been used in several small and large scale watersheds rang-
ing from a few hundred km? to app. 1 mio km? and has been extensively validated in
different regions in the world (Hank, 2008; Loew, 2008; Loew et al., 2009; Ludwig and
Mauser, 2000; Ludwig et al., 2003a, b; Mauser and Bach, 2009; Mauser and Schadlich,
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1998; Muerth, 2008; Prasch et al., 2011, 2006; Strasser, 1998; Strasser et al., 2007;
Strasser and Mauser, 2001; Weber et al., 2010; Marke et al., 2011a).

Actual evapotranspiration within the vegetation component of PROMET is simulated
using the Penman-Monteith equation (Mauser and Schadlich, 1998; Monteith, 1965;
Monteith and Unsworth, 2008), closing the energy balance iteratively (Mauser and
Bach, 2009). The water pathway via the soil through the roots into the leaf and passing
via the stomata into the laminar and finally the turbulent atmosphere, is driven by the
potential difference of water vapour between the soil and the atmosphere, assuming
that the atmospheric suction is limited by a number of resistances similar to electrical
conductivity (Monteith and Unsworth, 2008). The canopy resistance is calculated for
individual plant types following an approach by (Baldocchi et al., 1987; Jarvis, 1976).
The stomata resistance is a function of radiation (PAR), temperature (F;), ambient
humidity (F,), CO, in the atmosphere (assumed to be constant) and the leaf water
potential (F3) (Jarvis and Morison, 1981).

oo Rcmin(PAR)

8
FiFaFs (®)

PAR is calculated according to the fractions of sunlit and shaded leaf area and the
PAR flux densities on the respective leaves (Baldocchi et al., 1987). The relation of
temperature, humidity deficit and leaf water potential to the stomata resistance is de-
scribed with F;, F, and F; following (Jarvis, 1976), returning values between 0 and 1.
An increase in temperature beyond a plant specific optimum results in an increase of
stomata resistance since the plant’s stomata will close in order to protect itself against
dehydration, which results in a decrease of transpiration. The conductivity is reduced
to the minimum stomata conductivity, which is the conductivity of the cuticle.

The inhibition due to water stress is quantified in PROMET in terms of leaf water
potential, which depends in a plant-specific way to the soil water potential (y;) within
the rooted soil layers.

Fy=((Ws+Rr) - W0)«aV¥ + b¥ (9)
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The stomatal conductance shows no dependence on leaf water potential below a plant
specific threshold (y;) of suction and an approximately linear plant specific decrease
beyond (Baldocchi et al., 1987), and takes the resistance of the transition from the soil
to the root (A,) into account (Biscoe et al., 1976). The parameters A,, y,, a, and b,
are parameterized for each plant type in PROMET. The soil water potential is a function
of soil type and soil water content following an approach of (Brooks and Corey, 1964).

Overall, PROMET includes a detailed soil and plant parameterization in order to con-
sider the complexity of the physical description of the land surface processes. The pa-
rameterization of a wide range of vegetation types in PROMET is taken from literature
and remote sensing data (Bach, 1995; Mauser and Bach, 2009). Typical daily change
of the plant parameters LAI, albedo, root depth and plant height were taken from the
analysis of time series of LANDSAT images in Southern Germany in combination with
extensive field measurements on typical plant stands (Mauser and Bach, 2009) thereby
taking phenological behaviour of different stands and spatial heterogeneity into account
(Zabel et al., 2010). Hence, each plant shows the same phenological behaviour within
the study area.

4 Coupling approaches

Since NOAH-LSM is an integral part of MM5 it is 2-way-coupled with the atmosphere
and models the land surface processes at the same temporal and spatial resolution
as the atmospheric model components of MM5. PROMET differs from MM5 both in
temporal and spatial resolution. In order to couple PROMET with MM5, the coarse
meteorological data provided by MM5 (45 x 45 km) has to be downscaled to the higher
resolution of the land surface model (1 x 1 km) as well as the surface fluxes simulated
by PROMET at a resolution of 1km have to be upscaled to the MM5 model resolu-
tion. This is done by applying the scaling tool SCALMET (Scaling Meteorological vari-
ables) (Marke, 2008; Marke et al., 2011a). SCALMET has been successfully applied
in many 1-way coupled applications under a variety of hydro-meteorological boundary
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conditions e.g. in the Upper Danube Watershed in Europe (Marke, 2008; Marke et al.,
2011a, b), in the Upper Brahmaputra Watershed in Asia (Prasch et al., 2011) or in
the Gatineau watershed in the US and Canada (Ludwig et al., 2009). In the frame-
work of these studies, past as well as possible future hydrological scenarios have been
simulated using PROMET with the meteorological drivers provided by different regional
climate models (REMO, MM5, CLM, CRCM). The adjustable simulation time step within
PROMET, which also constitutes the exchange time step between PROMET and MM5,
is set to 9min in the current study. This allows PROMET to run synchronously with
MMB5, which uses a time-step of 135s. The statistical downscaling can either be used
with regression based approaches (Daly et al., 2002) or empirical gradients (Liston and
Elder, 2006), using elevation-dependencies in order to scale the meteorological data
to the fine resolution grid.

In addition to the 1-way coupling in SCALMET, a 2-way coupling mode was de-
signed and implemented by adding a linear upscaling of the scalar surface fluxes to
SCALMET (see Fig. 5). In order to close the energy balance in the 2-way coupled
land-atmosphere system, the downscaling as well as the upscaling approach for each
variable is restricted to conserve mass and energy within the scaling processes in
SCALMET. Hence, no bias correction is carried out in the framework of the model runs
presented in this study. Therefore, any bias of the RCM is inevitably inherited by the
LSM. The energy balance of the overall atmosphere-land-system is given as (Dingman,
2002):

lehort + l Rlong =T Hlatent + THsensibIe + T Rlong + TRshort + nground (1 O)

Where Ry, and Rjqng are the incoming shortwave and logwave radiation that are par-
titioned into the latent heat flux (H4ent), the sensible heatflux (Hggnsinie) @nd the short-
wave and longwave outgoing radiation (Rgyo @nd Ajq,g) and the ground flux (Hgroung)-
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5 Results and discussion
5.1 Comparing model evapotranspiration with equal meteorological drivers

Figure 6 shows the mean annual evapotranspiration from 1996—1999 simulated by the
NOAH-LSM (left) and by PROMET (right), both models driven by the same atmospheric
drivers.

Both models show a north to south gradient of evapotranspiration with lower values
in the alpine region. The most obvious difference is the spatial heterogeneity related to
the spatial resolution applied to each model. The PROMET evapotranspiration allows
for recognizing small-scale spatial patterns such as alpine valleys with high contrasts
to its surroundings and forested areas with high values of evapotranspiration as can be
found in the Black Forest (approx. 48.5° N 8.3° E). While the PROMET land-use data
set includes a number of impervious surfaces (such as residential or industrial areas
and rocks) that do not contribute to transpiration and therefore reduce mean annual
evapotranspiration, the NOAH underlying land-use data set accounts only for a small
number of land-use classes and mainly implements cropland in the model domain (see
Fig. 3). The effect of different land-uses and sealed surfaces in PROMET becomes
especially apparent in large urban areas such as Berlin or the extended Ruhr region
as well as in rocky alpine areas (see Fig. 6). In order to compare the model results on
the same spatial scale, we aggregated the PROMET result to the spatial resolution of
45 x 45 km and finally subtracted it from the NOAH evapotranspiration (Fig. 7).

The overall mean annual evapotranspiration is lower in the PROMET simulation. Pix-
els with high percentage of impervious surfaces in PROMET such as Berlin (43 %),
the Ruhr region (55%) and Milan (37 %) show the highest differences of evapo-
transpiration (see Fig. 7) while the NOAH-LSM is parameterized with cropland in
all those pixels (see Fig. 3). The simulated mean annual evapotranspiration for
the Berlin pixels is 95 mm less per year in the PROMET simulation (260 mm) than
in the NOAH simulation (8355mm), 183 mm less for the corresponding Ruhr pixels
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(NOAH: 405mm; PROMET: 222mm) and even 283mm less in the Milan pixels
(NOAH: 707 mm; PROMET: 424 mm), which are the pixels with the largest difference.

Caused by the impervious surfaces in PROMET, annual transpiration contributes
56 % to evapotranspiration for the Milan pixels, 36 % for the Berlin pixels and 30 % for
the pixels of the Ruhr region.

The effect of the different land-uses on simulated evapotranspiration can be in-
vestigated by comparing the temporal mean monthly behaviour of evapotranspiration
(1996—-1999) of the NOAH-LSM and the PROMET simulations.

Figure 7 takes a closer look at Milan and shows monthly NOAH-LSM and PROMET
evapotranspiration exemplary for the 45 x 45 km Milan pixel, which contains 2025 differ-
ent PROMET pixels. The PROMET land-use data for the 45 x 45 km MM5 Milan pixel
contains 40 % residential and industrial pixels, 30 % forested areas and 30 % arable
land within which 32 % are intensive grassland, 26 % are maize and silage (each 13 %)
and 14 % are set-aside. The data was compiled from CORINE 2000 data combined
with MERIS NDVI and EUROSTAT statistical data (Zabel et al., 2010). The PROMET
results are displayed with and without the impervious PROMET pixels within the Milan
MM5 pixel.

The prominent role of impervious surfaces in producing the average evapotranspira-
tion can clearly be seen during the summer months, when NOAH-LSM and PROMET
evapotranspiration differ largely when looking at the average evapotranspiration of all
PROMET pixels of Milan. This difference in summer almost disappears when excluding
the impervious pixels from the analysis and only taking the vegetated PROMET pixels
into account. The annual difference in evapotranspiration between NOAH-LSM and
PROMET is then reduced from about 200 mm to 86 mm. It is also remarkable that the
largest differences, neglecting sealed surfaces within the PROMET simulation, occur
in the spring months (March, April) and in summer (July, August).

While the NOAH-LSM uses monthly variations of the green vegetation fraction (o;) in
order to take seasonal behaviour of vegetation into account, PROMET uses daily data
of LAI, plant-height, albedo and root depth for each of its vegetation classes.
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This results in a differentiated behaviour of evapotranspiration in PROMET in spring,
since it is a mixture of large values of the developing cereal plants and small values for
bare soil of open maize fields (which do not exist in NOAH-LSM). In summer cereals
are harvested and maize is fully developing. Both during spring and summer vegetation
fractions of NOAH-LSM and PROMET therefore differ. In winter differences are small
since evapotranspiration is mainly energy and not land-use driven.

Figure 9 shows the comparison of the monthly development of the green vegetation
fraction for the Milan pixel in the NOAH-LSM with the daily development of LAI for
the most important land use classes for the corresponding PROMET pixels neglecting
sealed surfaces. A prominent gap between the two model parameterizations can be
recognized in springtime.

The monthly green vegetation fraction shows values of almost 40 % in April which
means that 40 % of potential evaporation is possible in the NOAH-evapotranspiration
approach. However, at the same time, the PROMET phenological development of de-
ciduous forest and maize has not yet started and thus only the grassland and conifer-
ous forested areas are contributing to transpiration. As a result, the PROMET monthly
percentage of transpiration (15 mm) to evapotranspiration (44 mm) is about 30 % with
respect to the vegetated Milan pixels in April.

In the summer months, vegetated stands are fully developed in both models but
still, evapotranspiration rates for unsealed surfaces of PROMET are below those of the
NOAH-LSM which is most likely due to water stress in the PROMET simulation that
reduce summer plant transpiration rates. Since the water stress functions included in
both models are not comparable due to different model approaches and different im-
pacts on transpiration, Fig. 10 compares the daily course of simulated soil moisture
between both models for the third soil layer representing the Milan pixel in the NOAH-
LSM. The PROMET soil moisture is not averaged and exemplarily shown for a pixel
vegetated with maize and parameterized with the soil type “loamy clay” in the 3rd soil
layer which occurs most frequently (55 %) within the Milan area pixels, while MMS5 is
parameterized with soil type clay. The layer thickness reaches from 1m to 2m from
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the land surface in the NOAH-LSM and reaches from 0.5m to 1.5m in PROMET. Soil
properties describing water retention of the 3rd soil layer are most important in pro-
viding water for plant transpiration since maize is parameterized with a root fraction of
60 % within the 3rd soil layer in PROMET. The most important soil parameters within
the NOAH-LSM that are necessary to determine water availability with respect to plant
transpiration, are the maximum soil moisture (46.8 Vol-%. for the Milan pixel), the field
capacity (41.2 Vol-%. soil moisture) and the wilting point (13.8 Vol-%. soil moisture).

Both models show a similar behaviour of soil moisture in the winter months. During
the Mediterranean summer months, the soil moisture decreases in the NOAH sim-
ulation while it stops decreasing in the PROMET simulation reaching a threshold of
29 Vol-%. soil moisture each summer (see Fig. 10). This is due to the increasing soll
suction in the “loamy clay” pixel and the reaction of maize to soil moisture deficit. Maize
in PROMET is parameterized to react quite sensitively to increasing soil suction and
starts restricting evapotranspiration at levels of soil suction of 0.8 MPa and completely
closes stomata at 1.2 MPa, which is reached in the “loamy clay” soil at soil moisture lev-
els of app. 29 Vol-%. This has a strong impact on the transpiration rate in the summer
(see Fig. 11). The decrease in soil moisture within the NOAH simulation shows that
soil water from the 3rd layer is still used for transpiration during the summer months,
since the wilting point is parameterized with 13.8 Vol-% soil moisture. This value seems
unusually low for an assumed clay soil in the MM5 soil dataset (see Fig. 11).

The development of the pF-value for the same PROMET sample-pixel is shown in
Fig. 12. It is calculated as in PROMET after an approach of (Brooks and Corey, 1964)
calculating the matrix potential // soil water potential (W) as the following:

Ws=W1x5~/m (11)

where ¥, is the air entry tension (bubbling pressure head), S is the saturation of the
effective pore space with water and m is the pore-size distribution index, which are all
parameters also available within the soil parameterization of PROMET.
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Figure 12 demonstrates that the inhibition of transpiration is due to the increasing
soil water potential in the 3rd soil layer. Maize is unable to suck more water out of the
soil since the permanent wilting point is reached at the pF-value of about 4.2 when the
soil moisture reaches less than 29 Vol-%.

5.2 Feedbacks to the atmosphere

The energy fluxes produced by both land surface models, as shown with the latent
heat flux, affect the atmosphere in a complex way. In order to study the feedback
effects between the coarse resolution regional climate model MM5 and the fine spatial
resolution hydrologic land surface model PROMET, the models were coupled bilaterally
(see Sect. 4). Therefore, PROMET is driven with MM5 atmosphere forcing and in
return provides the lower boundary conditions for MM5 for each time step. Energy
conservation is guaranteed within the coupled system. As a result, the atmosphere
physics, simulated by MM5, are altered by the different lower boundary conditions. The
impact of the fine spatial resolution land surface model PROMET on the atmosphere is
investigated in the following.

Less transpiration in the bilaterally coupled PROMET simulation results in higher air
temperature in comparison to the fully coupled NOAH simulation due to the fact that
energy partitioning on the land surface is shifted from latent to sensible heat. The effect
of less transpiration, due to impervious surfaces, can clearly be seen in the increased
temperatures of the MM5 simulations fully coupled with PROMET e.q. for the Berlin or
the Ruhr region (Fig. 13).

The changed lower boundary conditions in the PROMET land surface simulation also
result in less annual precipitation amounts, especially in the Alpine area (see Fig. 14).
While the spatial patterns of mean precipitation between NOAH-MM5 and PROMET-
MM5 simulations are almost the same, total precipitation amounts decrease mostly
north and south of the Alps and in the Po-Valley (up to 200 mm), where transpiration-
rates in summer strongly decrease due to water-stress.
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5.3 Feedbacks to the land surface

The changed atmospheric conditions in turn change the land surface energy fluxes.
Figure 15 shows those feedback effects in terms of evapotranspiration. While in-
creased temperature and decreased precipitation results in remarkably smaller evap-
otranspiration in the Po-Valley and South of the Alps, it results in the opposite effect
namely in slightly increased evapotranspiration north of the Alps (see Fig. 15). Since
in the Po-Valley, plant’s water suctions already reached the wilting point in summer,
the impact of less precipitation and increased temperature increases water-stress (see
Fig. 16) and therefore inhibits evapotranspiration. On the other side, water-stress does
not limit evapotranspiration north of the Alps since the positive effects on transpiration
are predominant and still enough water is available for transpiration although precipita-
tion amounts mainly decrease.

6 Conclusions

We compared the simulated evapotranspiration of two land surface models, both driven
with the same meteorological data. As a result, the different behaviour of the two
models regarding evapotranspiration was analyzed showing the greatest differences in
the Po-Valley.

We identified three main reasons for the different simulation results. The first is the
different spatial resolution that allows PROMET to account for spatial heterogeneity of
the land surface (land-use, soil, elevation) in contrast to the coarse resolution applied
in the NOAH-LSM. The most important impact on evapotranspiration is due to imper-
vious surfaces that are contained in PROMET’s high spatial resolution land-use data.
They do not contribute to transpiration in PROMET while the NOAH-LSM is rather ho-
mogeneously classified with arable land. This result in lower evapotranspiration rates
in PROMET compared to the NOAH-LSM especially in areas with a high degree of
sealing.
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Secondly, the role of plant parameterization in terms of phenological behaviour due
to different model assumptions results in a temporal delay of PROMET evapotranspi-
ration in spring for the Po-Valley. The NOAH-LSM uses the green vegetation fraction to
account for seasonal behaviour of vegetation phenology. This parameter includes high
uncertainties and seems to be more suitable for tuning rather than as a physical plant
parameter. Nonetheless, the plant phenology parameterization of LAI, albedo, plant
height and root length is homogeneously valid for each plant in PROMET. By replacing
this fixed behaviour of vegetation phenology with a dynamic vegetation growth model
the phenological behaviour of each could be adjusted to specific regions (Farquhar et
al., 1980; Hank, 2008).

The third reason is related to different physical model approaches in terms of the
soil and canopy treatment in both models. PROMET employs a more comprehensive
treatment of biophysical and radiation interactions between soil surface, vegetation and
the atmosphere and therefore has substantially more specified physical parameters
than the NOAH-LSM. Therefore, water-stress in PROMET is the result of soil water
potential and leaf water potential, thereby taking different plant specific properties into
account while the NOAH-LSM considers it to be a function of soil water content only.
We further showed that water-stress due to soil moisture availability results in less
transpiration in PROMET, in particular in the Po-Valley.

The impact of the changed MM5 lower boundary by PROMET on the atmosphere
was shown for near surface air temperature and precipitation. Both were significantly
altered with different regional behaviour. The largest differences are found in the Po-
Valley where annual temperature increased due to less evapotranspiration in PROMET
while precipitation further decreased. The feedback with the atmosphere in turn also
affects the land surface conditions. As a result, transpiration decreased due to lower
soil moisture levels creating larger soil suction and a higher level of water-stress. Thus,
this approach is able to take feedback effects between a high spatial resolution land
surface model and a coarse resolution atmospheric model with a high level of detail
into account. In a next step, simulation results of the bilaterally coupled PROMET-MM5
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simulation shall be validated and tested against meteorological measurements for a
specific area.

Overall, the role of parameterization in both models is characterized by two different
ideologies. The models have historically been developed from different points of views
and evolved from global to regional scale and from local to regional scale respectively.
While the NOAH-LSM was originally designed for atmospheric applications, PROMET
was developed to study hydrological issues on the local to regional scale. Therefore,
in order to avoid “over-parameterization”, the NOAH-LSM uses simplified parameters
like the vegetation fraction with a high degree of uncertainty strongly affecting evap-
otranspiration. It is not designed to take important aspects of water-stress and plant
specific transpiration into account. PROMET, on the other hand uses a large amount
of plant and crop dependent parameters resulting in a spatially and temporally higher
resolution, which however takes more computational resources.

Since plant transpiration controls biomass production and therefore yield, it is a criti-
cal and important parameter which spatial and temporal diversity depends on individual
plant properties, the soil state and climate conditions. In terms of regional and local
simulations of crop productivity, food-security and hydrological impact studies e.g. of
water-stress due to climate change, the simplified approaches are not sufficient. More
complex approaches are necessary that require a larger number of physical param-
eters for soil and individual plants. A variety of plant species and crop-types, with
nonetheless a regional to global validity, need to be taken into account in order to
simulate yields and in order to obtain a more realistic view of the heterogeneous land
surface. Further, feedback effects from the land surface to the atmosphere within the
sensible climate system are important issues in scientific research progress e.g. to
study drought events that require an adequate and detailed description of land surface
processes on the local and regional scale in terms of soil moisture and plant transpira-
tion, affecting temperature and precipitation behaviour of the atmosphere.
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Fig. 1. Schematic illustration of model setup using the same atmosphere forcings for both land
surface models (left) and in case of taking PROMET feedback effects into account (right). Red

coloured lines indicate non-coupled fluxes.
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Fig. 2. Scheme of water and energy fluxes on the land surface and feedbacks to the

atmosphere.
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Fig. 5. The model setup of 2-Way-Coupling MM5 and PROMET using the scaling interface
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Fig. 6. Mean annual evapotranspiration of NOAH-LSM (left) and PROMET (right), both driven

with the same MM5 meteorology.
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Fig. 7. Difference plot of mean annual evapotranspiration of PROMET - NOAH-LSM driven by
the same meteorological data and exemplary compared to 1 km? land use (legend see Fig. 3)
for the Berlin, Ruhr and Milan pixel (red indicates urban areas).
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Monthly Mean Evapotranspiration (1996-1999)

-
N
o

-
N
o

-
o
o

©
o

(o2}
o
L

evapotranspiration [mm]

'S
o

N
o
I

Fig. 8. Monthly mean evapotranspiration from 1996 - 1999 for the Milan Pixel of the NOAH-
LSM and all corresponding PROMET pixels respectively masked without sealed surfaces, only

accounting vegetated pixels.
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7128

O NOAH-LSM
B PROMET
@ PROMET without sealed surfaces

Jadedq uoissnosiq | Jaded uoissnosiq

I b i

Jadeq uoissnasiq | Jaded uoissnosiq

HESSD
8, 7091-7136, 2011

Inter-comparison of
two land-surface
schemes

F. Zabel et al.

(8
S

o
2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/7091/2011/hessd-8-7091-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/7091/2011/hessd-8-7091-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

Monthly green vegetation fraction NOAH-LSM

3

Daily development of LAl in PROMET

8

o

9
RN s _
£ / \\ 7 / [ ————
S / \ ——Coniferous
= 40 %56
g // 3 / \ Maize
& £5
5 30 s / / \ ——— Grassland
B / \ g4
: 3 [/ |
=3
g g3
: | 17 \
50 /1] \
v 1
o [ ] |
1 2 3 4 5 6 7 8 9 10 1 12 1 31 61 91 121 151 181 211 241 271 301 331 361

Dboy

Fig. 9. NOAH-LSM development of the green vegetation fraction of the considered Pixel in the
Po-valley and daily LAl development for deciduous forest, maize and grassland in PROMET.
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Fig. 10. Daily soil moisture (1996—1999) of the 3rd soil layer simulated by the NOAH-LSM for
the Milan 45 km? pixel and by PROMET exemplarily for one 1 km? pixel inside the Milan area

with land-use maize and soil type “loamy clay” in the 3rd soil layer.
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Fig. 11. Daily transpiration (1996—1999) simulated by PROMET exemplarily for one 1 km? pixel &

with land-use maize and soil type “loamy clay” in the 3rd soil layer.
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Fig. 13. Mean annual near surface air temperature [°C] (01.01.1996-31.12.1999) of MM5
simulations, fully coupled with the NOAH-LSM for providing the lower boundary conditions at a
spatial resolution of 45 km (upper left) and fully coupled with PROMET at a spatial resolution
of 1km (upper right). Subtraction image, generated by aggregating fluxes from 1 x 1km to
45 x 45 km, of fully coupled PROMET and fully coupled NOAH-LSM simulation (lower left).
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Fig. 14. Mean annual precipitation [mm] (01.01.1996-31.12.1999) of MM5 simulations, fully
coupled with the NOAH-LSM for providing the lower boundary conditions at a spatial resolution
of 45km (upper left) and fully coupled with PROMET at a spatial resolution of 1 km (upper
right). Difference between fully coupled PROMET and fully coupled NOAH-LSM simulation
(lower left).
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Fig. 15. Subtraction image of bilaterally and unilaterally coupled PROMET simulation of mean

annual evapotranspiration (1 x 1 km).
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Fig. 16. Comparison of unilaterally and bilaterally coupled water stress function in PROMET

for the vegetated PROMET pixels of the Milan pixels.
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