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Su�cient plant-available water is one of the most important requirements for

vital, stable, and well-growing forest stands. In the face of climate change,

there are various approaches to derive recommendations considering tree

species selection based on plant-available water provided by measurements or

simulations. Owing to the small-parcel management of Central European forests

as well as small-spatial variation of soil and stand properties, in situ data collection

for individual forest stands of large areas is not feasible, considering time and

cost e�ort. This problem can be addressed using physically based modeling,

aiming to numerically simulate the water balance. In this study, we parameterized,

calibrated, and verified the hydrological multidimensional WaSiM-ETH model to

assess the water balance at a spatial resolution of 30m in a German forested

catchment area (136.4 km²) for the period 2000–2021 using selected in situ data,

remote sensing products, and total runo�. Based on the model output, drought-

sensitive parameters, such as the di�erence between potential and e�ective

stand transpiration (Tdi�) and the water balance, were deduced from the model,

analyzed, and evaluated. Results show that the modeled evapotranspiration (ET)

correlated significantly (R2 = 0.80) with the estimated ET using MODIS data

(MOD16A2GFv006). Compared with observed daily, monthly, and annual runo�

data, the model shows a good performance (R²: 0.70|0.77|0.73; Kling–Gupta

e�ciency: 0.59|0.62|0.83; volumetric e�ciency: 0.52|0.60|0.83). The comparison

with in situ data from a forest monitoring plot, established at the end of 2020,

indicated good agreement between observed and simulated interception and soil

water content. According to our results, WaSiM-ETH is a potential supplement

for forest management, owing to its multidimensionality and the ability to model

soil water balance for large areas at comparable high spatial resolution. The

outputs o�er, compared to non-distributed models (like LWF-Brook90), spatial

di�erentiability, which is important for small-scale parceled forests, regarding

stand structure and soil properties. Due to the spatial component o�ered,

additional verification possibilities are feasible allowing a reliable and profound

verification of the model and its parameterization.
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1. Introduction

Many forests are increasingly suffering from drought stress due
to the changing climatic conditions (Allen et al., 2010). Severe
droughts have negatively affected forest stands in Central Europe,
also in Lower Franconia, a region in Central Germany, which is
very much affected by climate change (Fischer et al., 2022). Despite
its great importance, the effects of drought on forests are still
not fully understood (Etzold et al., 2014), especially with respect
to small-scale heterogeneities in the soil and the resulting water
availability (Schuldt et al., 2020; Cholet et al., 2022). There is a
need for fine-scale assessments of water stress considering site
conditions and vegetation parameters to guide forest management
during climate change (Field et al., 2020). There are different
approaches to derive recommendations considering tree species
selection out of data on plant-available water in the soil. One of
them is the measurement of in situ data (water content, matric
potential, and field capacity), offering a direct assessment of the
water supply and a subsequent derivation of management options
for the surveyed forest site. Owing to the small-parcel management
of Central European forests as well as the small-spatial variation
of soil and stand properties, the measurement of in situ data
is insufficient, as sampling needs to be carried out for each
individual forest stand, which is impossible. For this reason, point
data have to be interpolated, e.g., for a forest district or bigger
management units, while still maintaining data quality. For this
step, remote sensing methods represent an attractive additional
opportunity, offering data on canopy parameters for designated
areas. The products of the Terra Moderate Resolution Imaging
Spectroradiometer (MODIS) offer, besides vegetation indices,
improved terrestrial evaporation estimates at a spatial resolution
of 500m and on an 8-day interval since 2000 (Running et al.,
2021). Considering the coarse resolution of such remote sensing
products, an application of a multidimensional hydrological model
is required to assess the water balance of forest stands combining
spatially high-resolution soil and vegetation data with other
auxiliary geodata. In the past, hydrological models were mainly
used to investigate the potential effects of forest management
on hydrological processes and the resulting consequences for the
water balance, mostly on a catchment scale (Whitaker et al., 2002;
Moore et al., 2007). In times of climate change, this view is
reversed, whereby it is more important to what extent the water
balance influences the forest. To date, numerous hydrological
models of varying complexity and functionality are available to
model the water balance, like Hydrus 1D (Šim ◦unek, and van
Genuchten, 2008) with one spatial dimension and rather low
complexity and functionality (Beckers et al., 2009a,b). As a forest-
specific hydrological model, LWF-Brook90 (Hammel and Kennel,
2001) offers one spatial dimension and medium complexity and
functionality (Beckers et al., 2009a,b). Although 1D hydrological
models are easier to parameterize and control, they do not meet
the above-mentioned requirements to link in situ data with remote
sensing and other geodata products. Therefore, multidimensional
catchment models, like SWAT (Arnold et al., 1998; Zhao et al.,
2022), VIC (Liang et al., 1994; Hamman et al., 2018), mHM
(Samaniego et al., 2010), ParFlow (Ashby and Falgout, 1996), or

WaSiM-ETH (Schulla, 1997), should be considered, offering more
spatial dimensions.

Owing to its high functionality, the latter can link several

3D datasets and performs more appropriate hydrological
modeling (e.g., Beckers et al., 2009a,b). WaSiM-ETH is
a distributed, deterministic, and mainly physically based

model. It offers a raster-based hydrological catchment model
with area differentiation and a modular structure (Schulla,

2021a), conducting a pixel-wise calculation of water balance
variables in defined watersheds. It considers a freely scalable
number of soil horizons as well as an optional groundwater

interaction, river cells, and surface flow dynamics. Despite
these advantages, the model handling is very complex and

time-consuming regarding preprocessing and parameterization
(Beckers et al., 2009a,b). Therefore, it has been sparsely tested
for its applicability in forest hydrology as the model complexity

is further increased by the inclusion of forests (Förster et al.,
2018).

This study aimed to evaluate WaSiM-ETH as a hydrological

model for assessing the water balance and identifying drought
stress risks in forest sites at a spatial resolution of 30m.
Therefore, we parameterized WaSiM-ETH to model the water

balance in a forested German catchment area and compared
the results to in situ data recorded at a forest monitoring
plot. For further verification of the results, long time series
(2000–2021) of remote sensing products (e.g., MOD16A2GFv006)
are investigated. In addition to the default data output of
WaSiM-ETH, drought-sensitive parameters, such as the difference
between potential and effective stand transpiration (Tdiff) and
the water balance, were calculated and analyzed. Based on our
model outputs, we elaborate limitations and advantages and
address different ways to verify the output data for forested
catchment areas. We further make recommendations on what to
consider when modeling the water balance with WaSiM-ETH in
forested watersheds.

2. Materials and methods

2.1. Study site

The investigated catchment is located in the Bavarian part
of the Spessart, a forest-dominated low mountain range in
Central Germany (Figure 1). The draining river Aschaff is
about 23 km in length contributing to the Main River at the
city of Mainaschaff with a bed slope of approx. 4.7‰. The
drainage basin is in total 166.57 km², and the investigated
catchment at the gauge is 136.4 km². The soils of the region
are characterized by Cambisols from colored sandstone. The
climate is classified as temperate oceanic with cool summers and
moderately cold winters. The mean annual air temperature is
8.6◦C, and the mean annual precipitation sums up to 1.037mm
(reference period for Neuhütten/Spessart: 1981–2010; DWD,
2021). The forested areas are dominated by deciduous trees,
represented by European Beech (Fagus sylvatica) and Sessile Oak
(Quercus petraea).
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FIGURE 1

Topographic map of Lower Franconia (DEM 25m, LDBV, 2021) with stream channels (A) and the catchment area of the Ascha� River with

topography (B) and interpolated mean annual precipitation from 2000 to 2021 (C), including the forest monitoring plot and the river level gauge.

2.2. Parameterization and adjustment of
WaSiM-ETH

2.2.1. Model description
We used WaSiM-ETH to simulate the hydrological processes

within the catchment (Figure 1). The deterministic and fully
distributed model is freely adjustable in terms of spatial
resolution on a regular cell basis, using constant time steps
and internal sub-time steps. With a focus on interpolation
methods of meteorological input data, the simulation of
water flux, storage, and phase transition is realized on a
simplified but physically based level, with conceptual approaches.
Therefore, the implemented algorithms allow users to conduct
physical parameter settings. The modular structured model
design offers a high variety in application possibilities and

produces detailed reports of the considered processes (Schulla,
2021a).

For the present investigation, the main model features
of WaSiM-ETH are evapotranspiration (ET) estimation after
Penman–Monteith (Penman, 1978) and soil moisture modeling as
well as runoff generation using the Richards’ approach (Richards,
1931). Parameters describing the soil moisture characteristics after
Van Genuchten (1980) were derived from soil maps and drill
core data (Section 2.2.2) using pedotransfer functions according
to Zhang et al. (2018). The landuse module of WaSiM-ETH
offers a pattern-wise and seasonal-sensitive parameterization
of vegetation-dependent variables (described in chapter 2.2.2).
Compared to hydrological models adapted to the field, it is possible
to parameterize cultivation-dependent parameters at relevant
spatiotemporal scales.
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2.2.2. Data
In this study, a long-term simulation from 2000 to 2021

with daily time steps was conducted. The meteorological forcing
covers precipitation, air temperature, relative humidity, wind
speed, and sunshine duration selected from 21 climate stations
of the German Weather Service (DWD, 2022) and the Bavarian
Environment Agency (BEA, 2022). A list of the used weather
stations with their elevation, location, and available parameters
is provided in Supplementary Table 1. The data were model-
internally interpolated by a linear combination of inverse distance
weighting at a maximum distance of 35 km around each station and
elevation-dependent regression.

For hydrological modeling, the elevation information is the
basis for topographic, morphometric, and hydrographic analysis.
We used the GLO-30 Digital Elevation Model (Airbus, 2020),
which represents the surface elevation of the Earth relative
to the EGM2008 geoid including buildings, infrastructure, and
vegetation at 30m spatial resolution. WaSiM-ETH provides
the preprocessing tool Tanalys, which creates the required
elevation-derived input grids and tables to run a simulation.
Detailed documentation of the used algorithms is provided by
Schulla (1997, 2021a). A modified DEM using Whitebox Tools
depression breaching and smoothing operations was generated
to reflect the natural runoff behavior as best as possible
(Lindsay, 2014). Tanalys also demands three more spatial and
catchment-specific parameters to generate a spatial discretization
of the catchment: (1) the coordinates of the river level gauging
station, (2) a threshold value for estimating the creation of a
drainage structure, and (3) the Manning–Strickler parameter,
which is estimated by comparison of alike catchments. The

conducted preprocessing workflow with Tanalys is depicted in
Figure 2.

The process simulation operates in a sequential manner due
to the modular construction of WaSiM-ETH. Therefore, the
model interpolates the meteorological time series to grids, using
inverse distance weighting with a given lapse rate. The calculation
of effective ET is performed after topographic corrections of
precipitation and the derivation of incoming radiation from
sunshine duration. Depending on the temperature and wind speed
conditions, a snow model generates additional gridded input, with
consideration of gravitational slides of the simulated snowpack.
The implemented interception calculation algorithm differentiates
between a land use-dependent potential crop transpiration and the
potential interception evaporation. First, the potential transpiration
and interception from the vegetation layer and evaporation from
bare soil are estimated. After the subtraction of potential snow
evaporation, the effective evaporation is estimated using the
relation between soil water content and the actual capillary pressure
(suction) as given by the Van Genuchten parameters of the soil
horizons (Schulla, 2021a). To provide the most realistic results,
an internal groundwater model was enabled (Jasper et al., 2006).
This gives the possibility to simulate fluctuations between the
saturated and unsaturated zone. Due to the lack of observed data
for groundwater levels and respective conductivities, the model
needs some time to align to realistic states (swing-in phase).
Following the modeling of the unsaturated conditions in the soil,
the interaction of storage states of several entities (meteorological
input, evaporation, snow, infiltration, and groundwater dynamics)
leads to the total discharge at the outlet of the basin (c.f.
Figure 3).

FIGURE 2

Flowchart for the processes conducted by the preprocessing tool Tanalys.
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FIGURE 3

Sequence of the most important processing steps in WaSiM-ETH (c.f. Schulla, 2021a).

Land Cover data derived from the Landsat time series of
the year 2014 provides information on nine different classes
(Figure 4; resolution: 30m) within the study area (Mack et al.,
2016). Forest stands are divided into two different classes: broadleaf
and coniferous woodland. These classes form the basis for the
spatial assignment of vegetation-dependent variables, such as
Albedo, effective vegetation height, evaporation resistance, height
gradient, interception resistance, leaf area index (LAI), root
density distribution, root depth, stomata resistance, and vegetation
coverage. Therefore, it is possible to assign every land use-
specific parameter on selected reference days to reflect seasonal
changes. In this study, we used the provided parameters by Schulla
(2021b).

The used soil map was derived from BUEK200 (scale 1:200,000)
and the corresponding soil database of the German Federal
Institute for Geosciences and Natural Resources (BGR, 2020). All
spatial data are resampled and parameterized to a grid resolution
of 30m. To predict the required soil hydraulic parameters for the

unsaturated zone module, data on the grain size distribution of
the BGR soil database serve as an input for ROSETTA3, which is
an improved set of hierarchical pedotransfer functions based on
artificial neural network (ANN) analysis coupled with bootstrap
resampling methods (Zhang et al., 2018).

2.2.3. Derivation of forest drought indicators
To establish direct spatiotemporal statements regarding the

water supply of forest stands, we derived two drought stress
indicators that are applicable to modeled data. As the model
calculates all necessary entities separately, it is possible to estimate
a water balance for all forest areas according to Eq. 1.

SW= P+ C− Se− Su− Sl− ET (1)

SW: Soil water storage change per year
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FIGURE 4

Landuse input provided by Mack et al. (2016) with the stream channels on a hillshade derived from the digital elevation model (GLO30) with the

position of the forest monitoring plot and the river level gauge.

P: Precipitation
C: Capillary uprise
Se: Seepage water
Su: Surface runoff
Sl: Slope water
ET: Evapotranspiration (Soil evaporation, Stand

transpiration, Interception evaporation)
As another, close-to-trees drought stress indicator, we

calculated the difference between potential and effective stand
transpiration (Eq. 2). This indicator, also known as Tdiff, is
a common parameter, which has been developed for forest
management by the Bavarian Institute of Forestry (LWF; Falk
et al., 2008). By obtaining Tdiff, an assessment of the water supply
of forest stands can be made (Schultze et al., 2005; Grigoryan et al.,
2010).

Tdiff = TP − TE (2)

Tdiff: Transpiration difference
TP: Potential stand transpiration
TE: Effective stand transpiration

2.3. Verification of the results

2.3.1. Evapotranspiration—MODIS data
ET rates from the MODIS MOD16A2GFv006

datasets were investigated for the period 2000–
2021. This product represents an 8-day composite
with 500m spatial resolution. The variable “Total
Evapotranspiration” [kg/m²/8days] is based on the logic of
the Penman–Monteith equation.

2.3.2. Total runo�
The river level gauge of the Aschaff River provides daily

discharge data since 1957 for the investigated catchment. The
measured runoff data were converted to the area-specific discharge
in mm/day. For the evaluation of the simulated discharge,
we choose three different metrics, also known as goodness-
of-fit measures: (1) The Kling–Gupta efficiency (KGE), (2)
the coefficient of determination (R²), and (3) the volumetric
efficiency (VE).

The Kling–Gupta efficiency was developed to prevent an
underestimation of the runoff variability in the flows (Gupta et al.,
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2009). It consists of three components: the linear correlation
coefficient also known as Pearson product-moment correlation
coefficient (r), the ratio of the means of the simulated and
observed flows (β), and the variability component (γ) as a ratio
between the simulated and observed coefficient of variation.
We used the modified KGE (Eq. 3) proposed by Kling et al.
(2012):

KGE= 1−

√

(r− 1)2+(β − 1)2+(γ − 1)2 (3)

The volumetric efficiency (Eq. 4) represents the fraction of
water delivered at the proper time; its complement represents the
fractional volumetric mismatch (Criss and Winston, 2008).

VE= 1− sum(abs (obs− sim))/sum(obs)) (4)

The coefficient of determination is defined as the ratio of the
sum of squares (SS) of the residuals (res) to the scatter of the
measured (tot) data (Eq. 5).

R
2
=1−

SSres

SStot
(5)

All goodness-of-fit measures have their optimum at 1. The
calibration process underlies an adaption of parameter settings of
comparable catchments with an amount of the “trial and error”
procedure (Kasei, 2010; Kassa, 2013).

2.3.3. In situ data from a forest monitoring plot
Within the catchment, a forest monitoring plot was established

at the end of 2020. On this plot, a weather station was set up,
consisting of a rain gauge (resolution: 0.2mm), a temperature and
relative humidity sensor (error:±0.2◦C,±2.5 % RH), and a HOBO
U30 NRC (all from the Onset Computer Corporation) logging the
measurements every 10min. To additionally measure the water
content in the main rooting zone (0–1m), three TDR probes
(ECH2O EC-5, error±3%) obtained from the same company were
installed at soil depths of 20 cm, 40 cm, and 80 cm and logged via
the weather station. On a directly neighboring forest clearing, a
weather station was also installed using the same configuration as
indicated above. The plot was additionally equipped with totalizers
(Forest plot: 5; Open area: 3) and two stem flow gauges in the stand
to consider the spatial heterogeneity of precipitation/throughfall,
especially in the stand. For the evaluation of themodel output, these
independently measured data were converted to daily means.

3. Results

3.1. Key output parameters

Due to the high number of possible output parameters, only
the most important variables are presented. Further parameters are
shown in Section 3.2. Besides, the most important outputs for the
location of the forest monitoring plot are provided in Table 1.

3.1.1. Interception-evaporation
Yearly evaporated water after interception ranges between

100mm and 450mm for the forest areas (Figure 5). Crop and
grasslands show distinctly lower interception compared to forested
areas. Coniferous forests’ interception evaporation is slightly higher
than the modeled values of deciduous forest areas. Furthermore,
interception evaporation is interannually decreasing with the
lowest values in 2018.

3.1.2. Forest stand transpiration
The 75% percentile of modeled forest pixels is in the range

between 50 and 700mmwhen considering annual sums of effective
stand transpiration (Figures 6, 7). There are both spatial and
temporal differences considering the modeled stand transpiration.
The boxplots in Figure 7 illustrate the differences, with an obviously
higher median of modeled transpiration rates in 2003, 2015, and
2018. Conversely, the transpiration median was at its lowest in
2021. Furthermore, there are many outliers with values between 50
and 200mm throughout all years.

3.1.3. Water balance and Tdi�
The two calculated drought stress indicators for the forest

monitoring plot pixels match with the dry and moist years
(Table 1). Tdiff, with values between 27 and 192mm, is higher
in 2003, 2004, 2005, 2006, 2015, 2018, 2019, and 2020 than in
wetter years such as 2008, 2010, 2016, or 2017. The water balance
estimation also highlights the above-mentioned dry andmoist years
with values between −452 and 284mm, being the lowest in 2003
and 2018. The modeled values fit very well with the Tdiff rating
based on Kölling et al. (2008), consisting of four risk classes for
beech cultivation. This vegetation-related drought stress indicator
illustrates the long-term effects of single drought years, like 2003
or 2018.

3.2. Verification of the results

3.2.1. Runo�
The model setup shows a good representation of the observed

runoff in each of the compiled time intervals from 2000 to 2021
(KGE ≥ 0.6; VE ≥ 0.5; R2 ≥ 0.7). In this regard, yearly values
deliver the best KGE (0.83) and VE (0.86), whereby the R2 is
very similar with a range of 0.7 to 0.8 in all temporal resolutions
of observation. Besides these goodness-of-fit measures, Figure 8
further illustrates the temporal course of simulated and observed
runoff for the watershed.

3.2.2. Evapotranspiration
Figure 9 shows the correlation between the ET simulated

by WaSiM-ETH and the calculated ET by MODIS data at the
forest monitoring plot. As the MODIS dataset represents an 8-
day composite of ET, the simulated outcomes were cumulated.
Concerning these two ET values, the model outcome provides a
stronger correlation (R² = 0.80) than the modeled runoff results
(R² < 0.80; Figure 8).
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TABLE 1 Modeled parameters for the location of the forest monitoring plot supplemented by a classification of the transpiration di�erence Tdi�

according to Kölling et al. (2008).

Year Precipitation Interception
evaporation

Transpiration Water balance Tdiff [mm/100 d] Tdiff rating for beech by
Kölling et al. (2008)

2000 1,037 314 385 −380 40 Very low risk

2001 1,135 322 408 −232 83 Very low risk

2002 1,164 278 387 47 72 Very low risk

2003 753 248 491 −451 192 Very high risk

2004 985 305 287 53 182 Very high risk

2005 894 279 322 −48 143 High risk

2006 982 312 314 3 125 High risk

2007 1,113 294 268 284 63 Very low risk

2008 935 277 256 37 27 Very low risk

2009 965 273 314 −62 45 Very low risk

2010 1,126 270 298 198 36 Very low risk

2011 825 241 341 −233 50 Very low risk

2012 987 260 335 25 43 Very low risk

2013 924 221 330 −74 42 Very low risk

2014 827 229 324 −6 51 Very low risk

2015 752 213 412 −243 112 Low risk

2016 899 231 306 84 48 Very low risk

2017 1080 229 349 202 56 Very low risk

2018 698 170 486 −452 124 High risk

2019 942 219 370 63 150 Very high risk

2020 876 198 409 −53 143 High risk

2021 878 250 267 112 70 Very low risk

Tdiff was calculated as the difference betweenmodeled potential stand transpiration and effective stand transpiration during the growing season of each year in mm/100 days. Due to the swing-in

phase (see chapter 2.2.2), the first 5 years are in gray letters.

3.2.3. In situ data
The weather station in the forest monitoring plot (plus

additional totalizers and stem flow measures) allows a comparison
of the modeled and independently measured precipitation and
interception for 2021. For both parameters, the simulated and in

situ measured values are very similar, with a deviation of only
3.9% (simulated precipitation: 878mm; observed precipitation:
845mm) and 9.1% (simulated interception evaporation: 250mm;
observed interception evaporation: 229mm), respectively. Owing
to the installed TDR probes, a direct comparison of the modeled
and observed mean volumetric water content in the main rooting
zone is possible (Figure 10). Most conspicuous is the offset in the
first half of the year (up to 7%) after starting at the same level in
January 2021. In the second half, the seasonal development is very
similar. Nevertheless, an R2 of 0.55 and VE of 0.88 were achieved
when correlating the daily measurements.

4. Discussion

4.1. Key output parameters

4.1.1. Interception evaporation
The spatial differences of interception evaporation (Figure 5)

mainly reflect the land use classes (Figure 4) entered as input and

vary accordingly due to divergent land use-specific parameters.
With a higher LAI (up to 10), the coniferous forests also
differ significantly from the deciduous forests (LAI up to 8).
This is because the LAI values (taken from Schulla, 2021b) on
which this land use class is presumably derived from spruce
stands, which is at least twice as high as, for example, pines
(Mitscherlich, 1970; Gower and Norman, 1991). Therefore, pixels
labeled as coniferous forests cannot be assigned to each conifer
species, such as pine. Accordingly, in the future, a more detailed
differentiation with respect to the main tree species of a stand
must be made to prevent such overlaps. With distinctly lower
values (Table 1), the interception evaporation also reflects the
dry years (2003, 2015, and 2018) mentioned above and is in
the order of magnitude with the value calculated out of the
data observed at the monitoring plot for the year 2021 (9.1
% deviation).

4.1.2. Stand transpiration
Although the boxplots in Figure 7 only include forest pixels,

there is a widespread of values. When considering the outliers
with low values, these are found at the border of forested areas
to croplands or grasslands. The values between 50 and 150mm,
described in Chapter 3.1.2, are in the range of typical values
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FIGURE 5

Spatial distribution of the yearly sums of interception evaporation from 2000 to 2021 in the surveyed catchment.

for grass or shrub cover (c.f. Klein, 2000; Gao et al., 2022).
Overall, the median annual transpiration sums are in the order of
magnitude for beech when comparing our findings with related

results of Klein (2000). Considering the temporal component,
the dry years 2003, 2015, and 2018 (Supplementary Figure 1)
have a plausible impact with increased transpiration, as shown
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FIGURE 6

Spatial distribution of the yearly sums of e�ective transpiration from 2000 to 2021 in the surveyed catchment.

in Figure 7. The total 8-day sums of ET, modeled with WaSiM-
ETH for the monitoring plot, show a good correlation with

the values derived from MODIS data (Figure 9), despite the
remote sensing product integrating over a 500-m raster. However,
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FIGURE 7

Boxplots with the annual sum of e�ective stand transpiration of the modeled forest pixels in the catchment.

FIGURE 8

Time series of the modeled and observed runo� at the Ascha� River level gauge with daily (top), monthly (middle), and yearly (bottom) values.

model outputs of WaSiM-ETH are generally higher than estimates
of MODIS.

4.1.3. Water balance and Tdi�
As one of the two calculated drought stress indicators, the

annual water balance reflects the differently pronounced drought
anomalies throughout the investigated period (Table 1). In contrast
to interception evaporation, stand transpiration, and Tdiff, the
water balance in 2011 also appears relatively dry, which is

probably due to the lower precipitation. The characteristics of
the respective dry years can thus be well evaluated with the
help of the water balance as a quantity integrating over several
parameters. However, it should be noted that the years 2000–
2005 are situated in the swing-in phase (see Chapter 2.2.2).
This suggests the necessity of having a sufficiently long time
series available.

The rather vegetation-related transpiration difference Tdiff also
shows the corresponding dry years but with small differences to
the modeled water balance (Table 1). The range of modeled Tdiff
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FIGURE 9

Correlation between the modeled evapotranspiration by

WaSiM-ETH and the estimated evapotranspiration by MODIS data

with a linear fit line (red) and a 1:1 line (black).

values also fits well on the range of cultivation risk classes for
beech according to Kölling et al. (2008) as shown in Table 1.
While Tdiff describes the year 2011 as distinctly less critical
than 2015, the modeled water balance is comparatively similar
for both years. This is likely due to the higher temperatures in
2015 compared to 2011, having a higher influence on Tdiff in
relation to the water balance, which depends on more parameters.
However, the interannual relations of both variables correspond
to each other very well (Table 1) and can be seen as reliable and
useful spatiotemporal drought indicators, directly derived from
the WaSiM-ETH model output. The Tdiff values, remaining low
during and after years with a negative water balance (such as 2003
and 2018), indicate that tree transpiration rates are impacted for
multiple years following extremely dry conditions. This underlines
that these two indicators complement each other very well. Short-
term variations in modeled water content, which is driven by
water balance, are also largely consistent with water content
measured in the main root zone of the forest monitoring plot
(Figure 10).

4.2. Model limitations

4.2.1. Data basis
4.2.1.1. Meteorological data

As WaSiM-ETH is a strictly deterministic model, the quality
of input parameters must be sufficient in terms of spatiotemporal
resolution. Although there are clear advantages, such as the

ability to generate many parameters relevant to hydro–ecological
processes at almost any spatial resolution and time step, it is
important to conduct a thorough and rigorous analysis of the
input data for the model. This is necessary to ensure that the
output datasets are reliable and have a high level of accuracy.
For instance, the meteorological input of only one weather station
would result in a different choice of spatial interpolation methods
and an inaccurate reproduction of the meteorological conditions
within the investigated area. In addition, it is essential that the time
series data for each meteorological input parameter is complete
and consistent for the entire simulation period. For our 21-year
simulation, we found that using meteorological data from 21 DWD
stations provided sufficient coverage.

4.2.1.2. Soil data

For a spatially high-resolution output with appropriate
accuracy, amore accurate soil map and soil table should be pursued.
The used soil map is rather coarse and integrates with respect to
the soil properties over large areas, clearly exceeding the output
resolution of 30m. Nonetheless, the dataset provides grain size
distributions on predominant soil types, considering soil depth,
which is crucial for the estimation of the required Van Genuchten
parameters. At least the soil type used at the forest monitoring plot
location in the model was verified for grain size distribution and
Van Genuchten Parameters based on soil analysis.

4.2.1.3. Land use/vegetation data

In this study, the data provided by Mack et al. (2016) were
used as the basis for the different vegetation types with a resolution
of 30m. This map is displaying general land use types, as such
does not provide well-differentiated information on forest stands.
Considering the rather large catchment area (136 km²), we decided
not to create a more detailed map. Nevertheless, future studies
should incorporate more precise forest inventory maps, which
at least allow differentiation by tree species or age instead of a
division into coniferous and deciduous forests only. As indicated in
Chapter 4.1, the LAI differs widely between coniferous tree species.
The default LAI of up to 10 for coniferous forests (Schulla, 1997)
presumably originates from values for spruce. However, pines,
which also occur in this catchment, cannot be associated with
such a high LAI (Mitscherlich, 1970; Gower and Norman, 1991),
although they are assigned to it via the land use classes (Mack
et al., 2016). A useful basis for a more accurate forest-specific
land use map could be retrieved from the local forest management
containing information on tree species composition, stand age, or
form of management. Remote sensing products might also deliver
information on tree species composition (Persson et al., 2018;Welle
et al., 2022) and canopy structure (Kacic et al., 2023).

4.2.2. Model-specific limitations
The calibration step is usually the most time-consuming part

of the modeling procedure. Although there are possibilities for
semi- and autocalibration during the modeling process, a priori

investigations of the area of interest is highly recommended,
including the following important requirements:

• Available location of river level gauge(s) within the catchment.
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FIGURE 10

Time course of the simulated and observed volumetric water content in the main root zone of the forest monitoring plot in 2021.

• Accessible runoff data in a representative time span to derive
Manning–Strickler parameter and specific runoff statistics.

• Accessible land use and soil maps containing hydrological
soil parameters.

• Accessible meteorological data in respective resolution
and format.

Model performance decreases with the lack of a suitable
catchment-specific spatiotemporal setting, especially in lowland
areas (Rieger, 2012). Additionally, the user manual provides
chapters for parameter sensitivity analysis and calibration strategies
(Schulla, 2021a). The simulated runoff continuum strongly depends
on a linear scaling parameter for interflow, proper calibration of
the soil module (i.e., number of layers, thickness, and hydrological
parameters), and the interplay with the groundwater table. After a
successful calibration process, the model outcome can contribute to
future scenarios containing climate prospections. As WaSiM-ETH
provides a vertical soil modeling approach with several numerical
layers, interflow is calculated only if the soil layer holds suction
<3.45m (pF 2.5) or as a result of conductivity, river density, and
hydraulic gradient (Schulla, 2021a). These limitations lead to the
fact that lateral flows inside the soil section cannot be reproduced.
However, as the amount of numerical layers is freely adjustable, this
restriction can be minimized.

Considering the mentioned limitations above, our approach
is not directly applicable to any location unless the mentioned
prerequisites are fulfilled. The weaknesses of the database
mentioned in Chapter 4.2.1 should be improved to directly derive
forest management options for the future with the presentedmodel.
Owing to the high need for fine-scale assessments of water stress
to support forest management during climate change (Field et al.,
2020), the parameterized model of this study nevertheless provides
a valuable first approach.

4.2.3. Verification
4.2.3.1. Runo�

The calibration process withinWaSiM-ETH relies onmeasured
discharge data. However, due to artificial drainage in urban

areas (red cells in Figure 4), as well as water evacuation from
springs, bordered in forests, the natural runoff behavior is altered
considerably. Nevertheless, this study replicates a simulated runoff
behavior without the consideration of human impact. Furthermore,
as the simulation was conducted on a spatial resolution of 30m
per cell with daily timesteps, the impacts of certain meteorological
events (e.g., short and heavy rainfalls and storms) are therefore
discretized in time and space. This may lead to an unbalanced
volume efficiency.

4.2.3.2. Evapotranspiration

Compared to our hydrological simulation, MODIS ET provides
a coarse spatiotemporal resolution of 500m and an acquisition
period of 8 days. The spatial discrepancy between a high-resolution
output of the hydrological model and a satellite-based remote
sensing product can be perceived as critical unless the occurrence
of the investigated land use pattern of the monitoring plot is
mostly represented within the larger pixel size. Figure 11 illustrates
the spatial offset of nine MODIS pixels compared to the land
use pattern distribution, as configurated in the model. Owing to
the Landsat-derived landcover product, almost every pixel in the
MODIS dataset (containing the monitoring plot) is declared as
broadleaf woodland, as well as the adjacent area. Due to MODIS
optical sensor equipment, the ET product MOD16A2GFv006 was
generated using a backup algorithm if a high level of cloud coverage
is present. As stated by Running et al. (2019), ET is underestimated
over areas with frequent cloudiness which could be the reason for
the offset of ET in Figure 9. However, because ET calculation in
MODIS and WaSiM-ETH follow the logic of Penman–Monteith,
the generated results should be comparable.

4.2.3.3. In situ data

Despite the advantages of comparing the modeled output with
observed in situ data, only one full year (2021) of data was available.
Therefore, not the entire modeling period could be verified by
in situ data. Considering the offset of ET between MODIS and
WaSiM-ETH (Figure 9), it would be of interest to see whether
precipitation and interception sums also match in previous years.
Therefore, the longest possible in situ time series should be used for
the verification of hydrological modeling outputs.
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FIGURE 11

Comparative illustration of the di�erent resolutions of the hydrological modeling with WaSiM-ETH (shown by the land use classes) and the

evapotranspiration calculated from MODIS data (light blue frames).

Regarding the offsets in the first half of the year from the
modeled and in situ measured water content in the root zone,
the very coarse-scale soil map of the BGR may be one reason.
This map aggregates over wide-ranging areas for the data on grain
size distribution and has for instance a lower sand content than
measured at the forest monitoring plot. This could also be one
reason for the partly higher modeled effective ET compared to the
values out of MODIS (Figure 9), which is due to a higher field
capacity in the hydrological model. The offset in water content
could be further driven by the measurement error of the ECH2O
probes themselves (±3% according to the manufacturer).

4.3. Model advantages

We showed that WaSiM-ETH is a potential hydrological model
for investigating water balance and (evapo-)transpiration on forest
stands additionally using MODIS remote sensing datasets for
verification. Due to new modern methods from remote sensing,
numerous 2-dimensional raster data are available today that
are well suited as input data for WaSiM-ETH. These are, for
example, land use (like Landsat-derived landcover products, e.g.,
GWELDYRv031; Roy and Zhang, 2019) or soil maps (BUEK200;
BGR, 2020), which are freely available. Because of the constantly
evolving data quality of remote sensing products, it is possible
to adapt multidimensional raster data to WaSiM-ETH to gain
new insights on catchment hydrology as well as climate change

impacts on corresponding forest ecosystems. As additional help for
forest management, plausible forest-specific indices were derived
and applied to phenological observations. One example is the
calculation of Tdiff, which requires both spatially and temporally
resolved phenological data, such as the beginning and end of the
growing season. These could be obtained as raster data from the
DWD and interpolated into the model grid resolution of 30m. The
result is a spatial distribution of the yearly beginning and end of the
growing season for the forest pixels (Figure 12).

Due to the spatial component, different possibilities are feasible
in addition to the comparison of individual pixels with in situ

data, such as calibrating the model by comparing the total runoff
with a river level gauge. Moreover, the multidimensional features
of WaSiM-ETH allow a comparison of the modeled water balance
outputs with remote sensing data. This is important because
MODIS data provide the ET, also calculated by using the Penman–
Monteith equation. The usage of multiple verification approaches
was very helpful during the calibration phase. Owing to the high
complexity and the resulting high calibration effort, facilitation and
acceleration of the calibration with the help of such methods are of
great importance.

4.4. Outlook

As mentioned in Chapter 4.2.1, the model limitations are
mainly driven by the data basis implemented in WaSiM-ETH.
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FIGURE 12

Raster layer containing Julian Day with the beginning (left) and the end (right) of the growing season in 2013 within the modeled catchment.

Phenological data were derived from DWD.

Therefore, raster input data should not only be featured by a
high resolution but also by a realistic spatial differentiation of the
underlying values. This is especially true for land use as well as
soil input. For further investigations, new interpolation methods
can be developed to describe in-depth (forest-)soil hydrology
by a combination of state-of-the-art land use and soil maps,
observations, and advanced pedotransfer functions. For example,
there exist several approaches to increase the spatial resolution,
like Random Forests or Neural Networks (Taghizadeh-Mehrjardi
et al., 2020; Kobs et al., 2021) that could also be applied to
other regions. A more differentiated land use map, e.g., by tree
species, would also be possible according to the current state of
knowledge in remote sensing and should be prepared for future
modeling. In this study, the Dynamic Phenology Module (DPM)
of WaSiM-ETH was not used. However, to model interannual
forest stand dynamics more accurately, a combination of DPM
with other forest growth simulators like SILVA 2.0 (Pretzsch et al.,
2002) could be utilized. This would allow the inclusion of year-
dependent tree age and tree dimensions to estimate and recalibrate
sensitive spatiotemporal specific parameters (e.g., LAI, minimum
surface resistance, root density distribution, root depth, stomata
resistance; also see Sutmöller et al., 2007). The model interface can
process gridded meteorological input data in a NetCDF file format,
which is a standard format for many regional and global climate
models (CM). Thus, there is a possibility for investigating climate
change scenarios either by pre-defined deviation tables or using
bias-corrected CM outputs directly.

Especially on low land catchments, groundwater interaction
plays an important role in water balance and runoff generation.
Although WaSiM-ETH provides a groundwater simulation
module, lateral fluxes as well as primary geological groundwater
formations cannot be depicted. This task can be outsourced to a
more complex model using the “External Coupling” module. One
example is given by Krause et al. (2007) coupling WaSiM-ETH
with USGS Modflow (Harbaugh, 2005).

To finally offer spatially high-resolution and reliable tree species
recommendations for forest management based on WaSiM-ETH,
the nutrient supply is also a very important variable in addition

to physical influencing variables (Mellert and Ewald, 2014; Mellert
et al., 2018). Therefore, the possibility to adapt the surface routing
model for tracers to monitor nutrient flow inside the catchment
should be examined. If this is possible, an attempt could be made
to include nutrient supply, also for long-term climate forecasts.

5. Conclusion

To the best of our knowledge, this is the first study
modeling the water balance within a forested catchment with
WaSiM-ETH by calibrating and verifying the model using a
comprehensive combination of methods using in situ data, the
MODIS Evapotranspiration product (MOD16A2GFv006) and total
runoff. The modeled effective (ET) correlates very well with
the estimated ET (R2 = 0.80) of MODIS. Depending on daily
(R2 = 0.70; KGE = 0.59; VE = 0.52), monthly (R2 = 0.77;
KGE = 0.62; VE = 0.60), or yearly (R2 = 0.73; KGE =

0.83; VE = 0.86) values, there is also a good match between
simulated and observed runoff. The comparison with in situ

data from a forest monitoring plot, established at the end
of 2020, also provides good matches considering precipitation,
interception, and soil water content. The two modeled drought
stress indicators (water balance and Tdiff) also fit well to dry years
as annual sums.

Although there are some model limitations, especially
considering the data basis, WaSiM-ETH offers great potential,
also for forest management, owing to its multidimensionality. The
outputs deliver spatial differentiability, which is very important
in forestry due to small-scale varying variables such as stand
structure and soil properties. Due to the spatial component,
additional verification possibilities are feasible, such as evaluating
the total runoff by a river level gauge that integrates over the
entire modeled catchment. This also allows a comparison of
the modeled water balance outputs with remote sensing data.
Due to large uncertainties regarding the outputs of hydrological
models, every additional verification possibility should be used
to generate realistic parameterizations and thus robust models
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for reliable future forecasts. Especially for future projections,
models that are as robust as possible are indispensable as there
is no possibility of verification for these results. Therefore,
multidimensional hydrological models, such as WaSiM-ETH,
should receive more attention, especially in forestry, although the
model presented in this study needs further improvement before
forest management options for the future can be directly derived
for practice.

Nevertheless, the parameterized model of this study offers
a valuable first approach, as the entire hydrological catchment
with its surface and subsurface conditions must be considered for
forestry issues, especially in times of climate change.
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