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Abstract. For a sustainable forest management, a site-
specific knowledge on the water balance is a prerequisite. A
simple and popular field method for assessing the water bal-
ance of forest sites is based on overlaying relief and soil in-
formation. Furthermore, climatic influence on the water bal-
ance is often restricted to longtime average values of precip-
itation and air temperature (whole year and/or growing sea-
son). However, the impacts of climate change and climatic
extremes, as well as silvicultural changes, are inadequately
considered. To overcome these short-comings, we integrated
the 1D-SVAT model BROOK90 and a radiation model in a
GIS to simulate the spatially distributed components of wa-
ter balance of forest sites. In this paper, we present the model
concept and show an approach to describe the influence of a
complex terrain on parameters controlling the spatial distri-
bution of energy and water fluxes.

1 Introduction

A site-adapted and sustainable management of forest sites re-
quires a spatially differentiated knowledge of the water bal-
ance, notably the dynamics of plant-available water pools in
the soil. In particular, practitioners are interested in know-
ing if the water available at the site is sufficient to ensure an
optimal stand growth. In the lumped approaches of forest
site evaluation in Germany (AK Standortskartierung, 2003),
water availability is assessed by overlaying information on
climate, relief, and soil. The climatic influence on soil water
dynamics is defined by the combined use of long-year aver-
age values for precipitation and air temperature (whole year
or growing season). The relief describes the influence of to-
pography (at slopes: aspect, length, shape, and gradient) on
the distribution of energy and water fluxes. The influence of
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the soil on the water supply and the water balance is charac-
terized by the water storage capacity of the soil and by the
water table effects.

However, the aforementioned approach allows only a qual-
itative, semi-empiric classification of the water balance of
forest sites on the basis of field observations. Such an assess-
ment of the water supply is mostly based on longtime average
values which roughly characterize the general growth condi-
tions with respect to climate. Periods of climatic extremes
(notably droughts), which have also a high ecological rele-
vance, are normally neglected. Furthermore, the impacts of
climate change as well as forest management (e.g. choice of
tree species and their mixture, thinning regime) are inade-
quately considered. To overcome these problems we have
started to develop a GIS-based modeling system that enables
a spatially distributed prediction of the water balance of for-
est sites, depending on climate, topography, soil type, and
forest stand. Our testing area Tharandter Wald (60 km2) is
situated about 25 km SW of Dresden (SE Germany). The
Tharandter Wald is part of the lower elevations of the E Ore
Mountains (Osterzgebirge) and features distinctive variabli-
ties in relief, soil type, and vegetation. Since 1996, at differ-
ent spatial and temporal scales, energy and water fluxes have
been measured continuously using the eddy covariance tech-
nique, sap flow, and soil water content at two sites stocked
with Norway spruce (Picea abies) and common beech (Fa-
gus sylvatica) (Grünwald and Bernhofer, 2007). These mea-
surements are essential for the development and calibration
of the modeling system. In this paper we present (i) the con-
cept of the GIS-based modeling system, (ii) a comparison of
observed and predicted values of the water balance compo-
nents of the spruce stand, and (iii) first results of the region-
alization of input data of radiation and precipitation.
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Fig. 1. Observed and predicted annual evapotranspiration for period
1997 – 2005. Tharandter Wald (“Anchor Station”, old spruce stand,
loamy skeletal podsol-brown earth/Dystric Cambisol).

1.1 Modeling concept

For modeling we use the physically-based soil water model
BROOK90 (Federer, 1995). BROOK90 simulates the daily
evapotranspiration and the water movement in variably sat-
urated soils, with provision for streamflow generation using
different flow paths. The model calculates rates of evapo-
ration (soil and snow), transpiration, and evaporation of in-
tercepted rain and snow. The following meteorological in-
put data are required on a daily basis: precipitation, maxi-
mum and minimum temperature, vapor pressure, wind, and
solar radiation or sunshine duration. BROOK90 uses the
Shuttleworth-Wallace approach (1985) for separating tran-
spiration and soil evaporation from sparse canopies, and for
evaporation of interception. In our study we used LWF-
BROOK90 (Version 3.3), which had been modified by Ham-
mel and Kennel (2001) from the original BROOK90. Com-
pared to the version by Federer (1995), the LWF-BROOK90
allows a description of the soil hydraulic properties us-
ing the van Genuchten-Mualem-model (VGM-model; van
Genuchten, 1980; Mualem, 1976), the simulation of stand
development over the time, and the alteration of LAI during
the season using a phenological model (Menzel, 1997; von
Wilpert, 1990).

To simulate the spatially distributed water balance the
1D-process-oriented model LWF-BROOK90 was integrated
in a GIS environment ArcView. This approach called
BROOK90+ includes several routines for formatting, pro-
cessing and managing information on geography, meteorol-
ogy, pedology, and land use. Furthermore, it contains mod-
ules for the daily calculation of spatially distributed meteo-

0

10

20

Aug. 96 Aug. 98 Aug. 00 Jul. 02 Jul. 04 Jul. 06

observed - topsoil
predicted - topsoil

 

0

10

20

Aug. 96 Aug. 98 Aug. 00 Jul. 02 Jul. 04 Jul. 06

observed - subsoil
predicted - subsoil

 

Fig. 2. Observed and predicted soil water contents of the topsoil
(30 cm) and the subsoil (70 cm). Tharandter Wald (“Anchor Sta-
tion”, old spruce stand, loamy skeletal podsol-brown earth/Dystric
Cambisol).

rological input values. For this purpose, the transfer of mete-
orological data measured at the ground station to the area is
based on the digital elevation model (SLVA) of the Land Sur-
vey Office of Saxony with a resolution of 25 m. Besides the
soil water model LWF-BROOK90, the radiation model GIS-
RAD was integrated in the GIS environment. With GISRAD,
short-wave radiation components at an inclined surface can
be calculated or adapted from measurements for arbitrary lo-
cations and different time steps by a surface related radiation
factor (Goldberg and Ḧantzschel 2002, see Fig. 3). Note that
the effects of shading by the surrounding surface or the slope
can be also considered (Häntzschel et al., 2005). The re-
gionalization of temperature values are realized by elevation
gradients, which are derived from long term measurements
of surrounding climate stations. A similar approach is used
to calculate the precipitation of the area (see Fig. 4). It con-
siders interactions between inclined slopes and wind direc-
tion based on trigonometric functions according to Junghans
(1967) and Goldberg (1999). The necessary information of
wind direction, wind speed, and vapor pressure is received
from climate stations of the study area. Vegetation parame-
ters (stand characteristics such as tree height, tree (canopy)
density or the leaf area index) are derived from land-use maps
and forest inventory data. For the spatially distributed sim-
ulation of the soil water fluxes information on the hydraulic
properties of the individual soils (water retention curve, un-
saturated hydraulic conductivity) are needed. A viable ap-
proach to gather such information may be the analysis of for-
est soil maps (scale 1:10 000) and corresponding soil profile
descriptions. A first step is to examine soil texture data in or-
der to aggregate “soil hydrological units” from the multitude
of existing soil series as outlined in the forest site map. For
these units, the parameters of the water retention curve and
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Fig. 3. Maximum solar radiation standardized to the maximum solar radiation measured at the Tharandter Wald “Anchor” station, 21 June.
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Fig. 4. Ratio of hydrological (Phyd) to meteorological precipitation (Pmet) (annual rates), Tharandter Wald.

the hydraulic conductivity function will be derived by means
of pedotransfer functions.

1.2 Results

1.2.1 Calibration of LWF-BROOK90

Using the LWF-BROOK90 the evapotranspiration and runoff
components and changes in the soil water supply were cal-
culated on a daily basis for an old spruce stand for the pe-
riod 1/11/1996–31/12/2005. The soil at this site is a loamy
skeletal podsol-brown earth (WRB: Dystric Cambisol). It
can be seen from Fig. 1 that a close agreement between the
measurements and the simulations was obtained. The dif-

ferences between the observed and predicted annual sums of
evapotranspiration were<10%. During the simulation pe-
riod, we found a mean evapotranspiration of 475 mm yr−1;
this amount corresponds to∼60% of the annual precipita-
tion.

LWF-BROOK90 was able to reflect well the observed pat-
tern of a seasonal variation of drying out and being remoist-
ened (Fig. 2). Discrepancies between measured and simu-
lated water contents occur mainly in the winter months. In
these months, alternating soil frost and thawing processes,
especially in the topsoil, led to extreme fluctuations in the
water content which the model was not sufficiently able
to reproduce. The low water content in the topsoil could,
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moreover, be due to frost-dependant artifacts in TDR mea-
surements.

1.3 Regionalization of meteorological data

For the provision of spatially distributed solar radiation data,
the radiation model GISRAD was interfaced with the GIS.
This procedure allows for extrapolating data measured at lo-
cal stations (point information) to a whole target area by us-
ing terrain geometry and atmospheric conditions at a given
time. This regionalization procedure can be carried out as
follows: For each day of the year, at each point of our test-
ing area the ratio between the maximum solar radiation at
this location and at the local measurement station was mod-
elled in GISRAD (the spatial resolution depends on the grid
space of the digital elevation model). So, for every point
and for every day of the year we obtain a factor, which de-
scribes the variability in solar radiation due to the terrain ge-
ometry in relation to the measurement station. With it, the
daily solar irradiance, measured at the “Anchor Station” can
be adapted to the surrouding area. Figure 3 shows this ra-
tio (factor) for our testing area on 21 June. The influence of
the terrain geometry on the distribution of energy is striking.
The south-facing slopes obtain up to 40% more irradiation
than the north-facing slopes. Figure 3 describes the distribu-
tion of the solar radiation without considering cloud cover.
To take into account the effects of cloud cover on solar radi-
ation it is necessary to multiply the actually measured solar
radiation with the aforementioned factors.

The impact of terrain geometry on the distribution of pre-
cipitation is shown in Fig. 4. The map exemplifies the factors
between the annual values of the hydrological and meteo-
rological precipitation. Notice the meteorological precipita-
tion describes the rate of precipitation measured at a climate
station and adapted to the surrounding terrain by a known
elevation gradient. The hydrological precipitation addition-
ally takes into account the impact of wind effects (luv/lee)
on the meteorological precipitation (Junghans, 1967). The
results presented in Fig. 4 are based on orographic gradi-
ents and the analysis of long-term distribution of wind direc-
tion/precipitation using a 30-yr dataset for various stations
in the Ore Mountains (Goldberg, 1999). Rain shadow ef-
fects are clearly visible on the east-facing slopes whereas the
west-facing slopes of our testing area receive up to 10% more
annual precipitation.

1.4 Outlook

Upon completion of BROOK90+, a spatially distributed sim-
ulation of the water balance of our testing area will be con-
ducted on the basis of a long-term dataset of atmospheric
conditions. Model runs with BROOK90+ will take place in
two ways. First, based on the horizontal resolution of the dig-
ital elevation data water balance will be simulated for each
grid point, to figure out the effects of topography, soil hydro-

logical units, and tree species on evapotranspiration and soil
water dynamics. Based on these outcomes and in considera-
tion of derived “soil units” an aggregation of new calculation
areas with a practicable resolution will follow. The influence
of the complex terrain on the water balance components can
then be evaluated using spatially distributed stress indicators
(e.g. degree of water depletion by the plant roots during the
growing season, ratio between actual and potential transpira-
tion, frequency and duration of drought/water logging). This
will allow the retrospective analysis of site conditions, e.g.
for the interpretation of growth or for the simulation of differ-
ent practice of forest management. Also, the quantification
of water balance components related to a larger area (e.g.
groundwater recharge) will be feasible. This ensures an ad-
vanced use of forestry data to address hydrological problems.
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Modellierung von Pḧanodaten (in German with English sum-
mary), PhD. Diss., Forstliche Forschungsberichte München, 164,
1997.

Mualem, Y.: A new model for predicting the hydraulic conductivity
of unsaturated porous media, Water Resour. Res., 12, 513–522,
1976.

Shuttleworth, W. J. and Wallace, J. S.: Evaporation from sparse
crops – an energy combination theory, Q. J. Roy. Meteor. Soc.,
111, 839–855, 1985.

Van Genuchten, M. Th.: A closed-form equation for predicting the
hydraulic conductivity of unsaturated soils, Soil Sci. Soc. Am. J.,
44, 892–898, 1980.

Von Wilpert, K.: Die Jahrringstruktur von Fichten in Abhängigkeit
von Bodenwasserhaushalt auf Pseudogley und Parabraunerde
(in German with English summary), PhD. Diss. Institut für
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