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Abstract. The hydrological catchment model WaSiM-
ETH (Water Balance Simulation Model) is a spatially dis-
tributed, process- and grid-based hydrological catchment
model which was primarily developed to simulate the water
balance of mountainous catchments. In this study, the abil-
ity of WaSiM-ETH was tested to describe the hydrological
processes of lowland catchments. In addition, the resulting
model performance was related to subcatchment character-
istics and the model’s sensitivity to possible future land use
change. The prediction of the hydrological effects of land
use change is a major challenge in contemporary hydrolog-
ical model applications. The study revealed that WaSiM-
ETH is a suitable tool for the simulation of the hydrologi-
cal behaviour of lowland catchments. However, for a few
subcatchments model validation failed. Analysing the corre-
lation between model performance and physiographic catch-
ment characteristics revealed that WaSiM-ETH performs bet-
ter in sloped catchments compared to plane ones. Modelling
results were also better in heterogeneous catchments with re-
spect to soils and vegetation compared to homogenous ones.
However, the hydrological reaction to land use change sce-
narios was similar in all investigated catchments.

1 Introduction

The assessment of the impacts of environmental changes is
an important task in contemporary hydrological research.
In addition to climate, land use is a key factor control-
ling the hydrological behaviour of catchments (Hörmann et
al., 2005). Land use change generally is assumed to cause
changes in hydrological dynamics of catchments (Huisman
et al., 2009).
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Different approaches are possible to identify land use
change effects. Based on available long-term data, statistics
can reveal the contribution of land use change to hydrologi-
cal change (e.g., Siriwardena et al., 2006). Similarly, paired
catchment studies can be carried out to reveal differences in
the hydrological behaviour (e.g., Brown et al., 2005). How-
ever, these techniques are able to analyse the effects of histor-
ical land use change, only. Aiming on future developments,
land use change scenarios can be used to draw a picture of
future conditions and to assess the effects of the expected
changes.

Models, suitable for scenario analyses, must have been
validated for current conditions in advance. Therefore, hy-
drological models mostly are set-up for current land use
first, defining the expected future changes, running the model
again for land use scenario conditions and, finally, quantify-
ing the differences between the two sets of simulations (e.g.,
Bhaduri et al., 2000; Niehoff et al., 2002; Ott and Uhlen-
brook, 2004; Huisman et al., 2009).

In this study, the physically based and distributed hydro-
logical catchment model WaSiM-ETH (Schulla, 1997) is
calibrated and validated for the Northern German lowland
Hunte river. It is then applied to IPCC based agricultural
land use scenarios (Ewert et al., 2005; Rounsevell et al.,
2005). Due to the lack of appropriate regional studies, the
large scale IPCC-based scenarios serve as a set of possible
future land use developments. Based on this set of simula-
tions we try to relate the performance of the model applica-
tion to physiographic catchment characteristics. In addition,
the sensitivity of WaSiM-ETH to land use scenarios is related
to model performance to be able to estimate the applicabil-
ity of WaSiM-ETH model within land use change scenario
studies in lowland environments.
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Fig. 1. Catchment of the Hunte river, showing 10 subcatchments
with available gauge data used for the model application.

2 Material and methods

2.1 WaSiM-ETH model

The hydrological catchment model WaSiM-ETH (Water Bal-
ance Simulation Model; Schulla, 1997) is a spatially dis-
tributed, process- and grid-based hydrological catchment
model. Primarily, it was developed for the quantification of
climate change effects in mountainous catchments. Despite
focusing on the spatial variability of atmospheric boundary
conditions WaSiM-ETH represents all relevant hydrologi-
cal processes. In this study, the physically based version
of WaSiM-ETH is used, based on the representation of the
soil water flow using the Richards’ equation. Evapotranspi-
ration is calculated based on the Penman-Monteith approach,
and groundwater flow processes are described using a 2-D
Darcy-based groundwater module. An overview on the rep-
resentation of the hydrological processes in WaSiM-ETH is
given by Table 1.

Different studies are available in which WaSiM-ETH was
applied to determine the effect of land use change and land

cover on the water balance (Krause et al., 2007; Bormann et
al., 2007; Huisman et al., 2009; Elfert and Bormann, 2010)
as well as on floods (Verbunt et al., 2005) and storm runoff
generation (Niehoff et al., 2002). All these analyses have
been performed at different spatial scales, from small head-
water catchments of a couple of km2 up to large river catch-
ments of more than 100 000 km2, and in different environ-
ments (mainly mountainous regions, but also lowlands).

2.2 The Hunte catchment

The Northern German Hunte river catchment is selected to
test the applicability of the WaSiM-ETH model under low-
land conditions. The catchment of the Hunte, contributing
downstream to the Weser river, has a size of 2141 km2 at
gauge Oldenburg-Drielake (Fig. 1). The climate of the Hunte
catchment is humid with a mean air temperature of 9.5◦C
and a mean annual precipitation of about 780 mm. The to-
pography of the southern upstream catchment part is charac-
terised by low mountains (highest elevation of 247 m a.s.l.)
while the central and northern downstream parts are domi-
nated by lowland characteristics (see digital elevation model,
Fig. 2). Agricultural land use is intense over the whole catch-
ment. Cropland covers 69% of the catchment area, followed
by forest (12%), grassland (9%), urban areas (5%), bogs
(4%) and open water (1%). In the central part of the catch-
ment, significant area of the catchment is covered by organic
soils (about 13% of the total area; 4% uncultivated raised
bogs in the entire catchment).

The data base available for the Hunte catchment com-
prises spatial data sets of topography (digital elevation model
with 50 m resolution), soils (soil map 1:50 000) and land
use (CORINE land cover classification; Fig. 2). In addi-
tion, time series on daily discharge (11 gauges, see Fig. 1),
daily weather data (6 stations) and precipitation data (38 rain
gauges) are available for the time period from 1980 to 2005.
Disaggregation of daily weather data to hourly time step is
performed according to Bormann et al. (1996).

2.3 IPCC based land use scenarios

In order to test the sensitivity of WaSiM-ETH to land use
scenarios, agricultural land use scenarios according to Roun-
sevell et al. (2005) and Ewert et al. (2005) are used for this
study. These scenarios are based on the SRES scenarios of
the IPCC, taking into account a European and national pol-
icy measures to obtain a European specific interpretation of
major driving forces (Busch, 2006). They are based on the
assumption that increasing CO2-concentration in the atmo-
sphere and changes in climate have minor impacts on agri-
cultural productivity, only. The driving factor of future land
use rather is the available technology, including improved
machinery, efficiency of pesticides and the growing of new
agricultural species. Spatial allocation rules are applied to
compute land use patterns (Rounsevell et al., 2005).

Adv. Geosci., 27, 1–10, 2010 www.adv-geosci.net/27/1/2010/



H. Bormann and S. Elfert: Application of WaSiM-ETH to lowland catchments 3

Table 1. Hydrological processes and process descriptions in WaSiM-ETH. For details see Schulla (1997) andwww.wasim.ch.

Process Process description, reference

Potential evapotranspiration (PET) Penman-Monteith equation; Monteith (1965)
Actual evapotranspiration (AET) AET =f (PET, soil moisture); Jasper et al. (2006)
Interception storage (IS) IS =f (leaf area index)
Infiltration Green and Ampt (1911) approach
Unsaturated water flow Richards’ equation
Interflow (I ) I =f (saturation, mobile water)
Groundwater recharge Percolation from unsaturated zone to the groundwater table

(dynamic lower boundary condition)
Groundwater flow Darcy equation
Lateral exchange between soil/ LEX =f (Hydraulic gradient, leakage factor)
groundwater and rivers (LEX)

Fig. 2. Physiographic catchment characteristics: topography (digital elevation model, 50 m resolution), soils (soil map 1:50 000) and current
land use (CORINE data set of the year 2000). The soil map does not include a legend due to the large number of different soil types
(434 different soil profiles).

All SRES scenarios assume an increase with respect to
the relative yield in central Europe. Due to the remarkably
increasing productivity, and despite rising demand on food,
Rounsevell et al. (2005) projected a decrease in agricultur-
ally used area in central Europe. The projected decrease in
agriculturally used area is stronger for the A scenario fam-
ily compared to the B scenarios (Table 2). To regionalise the
national trends projected by Ewert et al. (2005) and Roun-
sevell et al. (2005) to the scale of the Hunte catchment, the
changes projected for two contrasting scenarios A1F1 and B1
are distributed over the current CORINE land use, covering
the whole catchment area of the Hunte. For each scenario,
three options of change are investigated because the land use

Table 2. Corine land cover of the Hunte catchment for the year
1990 (CLC, 1990) versus average changes in agricultural land use
in Germany according to the land use scenarios according to Roun-
sevell et al. (2005) until 2080.

CLC 1990 A1F1 A2 B1 B2

Cropland 69% –47% –45% –26% –25%
Grassland 9% –47% –56% –19% –41%
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after the change was not defined by Ewert et al. (2005) and
Rounsevell et al. (2005): (1) change from agricultural land
into forest, (2) change from agricultural land into urban area
and (3) change from agricultural land into forest and urban
area in equal parts. The choice of the pixel being subject to
change in land use is based on the distance to existing urban
areas, assuming that in case of a change in favour of urban
area the already existing urban area would tend to grow.

3 Model application

3.1 Model set-up

Model set-up and parameterisation are carried out for a
250 m grid. Bormann et al. (2009) showed for the regional
scale Dill river catchment (Hesse, Germany) that WaSiM-
ETH did not react sensitively to an information loss related
to data aggregation up to a comparable grid size. The time
step of this model application is set to an hourly resolution.
Parameterisation of the physical parameters of WaSiM-ETH
is mainly based on WaSiM parameter tables and an a priori
soil parameter determination applying the pedotransfer func-
tion (PTF) of Rawls and Brakensiek (1985). Based on soil
texture and porosity, this PTF estimates the soil hydraulic
parameters according to Brooks and Corey (1964).

During the scenario analysis, parameterisation of soils and
water management (e.g., tile drainage) remain constant while
parameterisation of land cover is changed. Following vege-
tation parameters are altered for calculation of the scenario
effects on the water balance: fraction of vegetation cover
per cell, albedo, leaf area index, canopy height, canopy re-
sistance, interception capacity, rooting depth, and hydraulic
head for beginning dryness stress.

3.2 Model calibration and validation

Manual calibration is carried out on parameters of the con-
ceptual model components (e.g., recession parameters of sur-
face runoff and interflow, scaling parameter for the calcula-
tion of interflow, leakage factors). Additionally, groundwa-
ter parameters (drainable porosity, hydraulic conductivity),
river channel parameters (width, depth) and drainage param-
eters (depth, horizontal spacing) are calibrated as well, be-
cause those parameters cannot be derived directly from the
data base available. Groundwater parameters are calibrated
by optimising simulated river low flows while drainage pa-
rameters of the fast runoff components are adjusted in order
to improve the correlation under high flow conditions.

Results of the calibration time period (1986–1995) show
that WaSiM-ETH can be well adjusted to the discharge
data of most of the catchments. For the majority of the
11 subcatchments, discharge dynamics at the catchment out-
let is well simulated for low flow conditions, peak flows as
well as for the annual discharge amount (model efficiency

(ME): ME>0.8 at four gauges, ME>0.7 at six gauges). Re-
sults of three exemplary years of the calibration period are
shown in Fig. 3. While highest agreement between simu-
lations and observations is detected for the upper reaches
of the Hunte (e.g., Bohmte, Schäferhof), lake D̈ummer
smoothes the discharge hydrograph observed at the down-
stream gauges. This is not reflected in the simulations as
lake Dümmer is connected to the Hunte river only in high
flow situations which cannot be represented in WaSiM-ETH
model. This smoothing is noticeable at all downstream
gauges (Hoopen, Colnrade), causing at least a slight over-
estimation of high flows at downstream river gauges. How-
ever, simulation quality in terms of model efficiency (Nash
and Sutcliffe, 1970), coefficient of determination and water
balance error is hardly affected (Fig. 4). In contrast, the dis-
charge dynamics of a few downstream tributaries is not rep-
resented satisfactorily by WaSiM-ETH. For example for the
Düste and D̈uwelshoop catchments, high flows are overesti-
mated while for the Wiekau and Oberlethe catchments high
flows are underestimated (Fig. 3). This is also reflected by
the quality measures (Fig. 4). Lowest model efficiencies as
well as highest water balance errors occur at the downstream
tributaries. This holds for calibration and validation period.
Quality measures for the validation period (1996–2005) of
most catchments are similar to those of the calibration period
except for the downstream tributaries of the Hunte, for which
the simulation quality significantly declines in the validation
period. In addition to the differentiation between upstream
and downstream tributaries, the results and quality measures
show a clear scale effect (Fig. 4). With increasing catch-
ment size, quality measures keep consistently high although
fairly simulated downstream tributaries contribute to the hy-
drographs. Nevertheless, the quality measures of the down-
stream gauges keep high values for calibration and validation
periods. We can assume that this is based on the compensa-
tion of different errors contributing to the integral response
at the catchment scale.

3.3 Relating model performance to catchment
characteristics

The different behaviour of upstream and downstream trib-
utaries to the discharge of the Hunte river raises the ques-
tion in which way different physiographic catchment prop-
erties contribute to this phenomenon. Therefore, a system-
atic, comparative analysis is performed in order to identify
possible correlations between catchment characteristics and
quality measures of simulated discharge.

Figure 5 summarises selected results of this analysis. Con-
trasting the model efficiency and the mean absolute water
balance error with catchment characteristics reveals that sim-
ulation quality declines with decreasing catchment average
slope. From this correlation we infer that fast runoff pro-
cesses are better represented in WaSiM-ETH compared to
slow runoff processes which mostly dominate in permeable
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Figure 3: observed versus simulated discharges in the calibration period for the 

Hunte river at Oldenburg-Drielake and the 10 subcatchments (ME=model 

efficiency for the entire calibration period).  

 

Fig. 3. Observed versus simulated discharges in the calibration period for the Hunte river at Oldenburg-Drielake and the 10 subcatchments
(ME = model efficiency for the entire calibration period).

and plane catchments. The analysis furthermore shows that
water flows of rural catchments are not as well represented
as catchments with a higher percentage in urban area are
(Fig. 5). From this correlation we assume that WaSiM-ETH
tends to simulate at least a small portion of fast runoff pro-
cesses based on a parameterisation using the pedotransfer
function of Rawls and Brakensiek (1985). Therefore, partly
urbanised catchments show better simulation results com-
pared to rural catchments.

Focusing at the forested fraction of the catchments, the
results of the correlation analysis reveal that those catch-
ments with particularly small as well as large forested areas
show worse quality measures compared to catchments with
intermediate forest cover (Fig. 5). This indicates that the
plant parameterisation which was taken from WaSiM-ETH
parameter tables should be adjusted to the regional condi-
tions. Finally, the results of the correlation analysis show
that the simulation quality of those catchments in which a re-
markable fraction of the area is dominated by soils retaining
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Fig. 4. Scale dependency of different quality measures (model
efficiency, coefficient of determination, water balance error) for
the calibration (1986–1995) and validation (1996–2005) peri-
ods. Subcatchments and their areas: Drielake (2207 km2),
Huntlosen (1714 km2), Colnrade (1318 km2), Hoopen (772 km2),
Dümmer (426 km2), Scḧaferhof (403 km2), Düste (200 km2),
Bohmte (179 km2), Oberlethe (160 km2), Wiekau (95 km2), and
Düwelshoop (22 km2).

infiltrating water (stagnogley area) is remarkable better than
those catchments which are dominated by permeable soils
(Fig. 5). Similar results were obtained for other soil types, re-
sulting in worse simulation results of catchments with small
areal fractions of podzol and organic soils. Comparable to
the simulation of urbanised areas, the hydraulic properties of
stagnogley soils support the generation of fast flow compo-
nents resulting in a distinct runoff dynamics.

The correlations identified between physiographic catch-
ment data and model performance measures implicate that
parameterisation and process representation are important
causes of model errors. This is confirmed by an additional
investigation analysing possible effects of a varying density
of rain gauges which often is a major source of uncertainty
according to Bardossy and Das (2008). However, in contrast
to topography, soils and land use, a dependence of simulation
quality to the density of available precipitation stations could
not be found for the Hunte catchment. Simulation quality is
not correlated to the average distance to the next rain gauge
within a subcatchment. Therefore, it can be assumed that
the physiographic characteristics have major impact on the
model validity of WaSiM-ETH in the small lowland tribu-
taries compared to the network of rain gauges.

3.4 Sensitivity to land use scenarios

Despite the catchment specific physiographic characteristics
and catchment specific quality of simulated discharges, the
reaction of WaSiM-ETH as a consequence of land use change
scenarios is homogenous over all catchments. Figure 6
shows that the pattern of simulated discharge amounts is al-
most identical for all subcatchments, indicating a stronger
effect of the A1F1 land use change scenario compared to
the B1 scenario. For both scenarios the results indicate an
increase of discharge for a land use change from agricul-
ture to urban areas, a decrease in simulated discharge for a
land use change from agriculture to forested area and rather
no change in simulated discharge for a change from agri-
culture to forested and urban areas in equal parts. Elfert
and Bormann (2010) assume that effects of partial land use
changes compensate each other. Simulation results based on
the Corine land cover data of the years 1990 and 2000 are al-
most identical due to minor changes in the land use (<1%),
only.

4 Discussion

Correlating the simulation quality to topographic catchment
properties reveals that simulation quality is better for hilly
catchments compared to flat catchments. From this correla-
tion we infer that those runoff generation processes which
are dominant in hilly catchments are better represented in
WaSiM-ETH compared to those runoff generation processes
dominating in flat areas. This finding is in a good agreement
with the fact that WaSiM-ETH was developed for alpine (or
at least hilly) catchments where fast runoff processes play a
dominant role compared to slow ones. For better representa-
tion of lowland hydrological processes, Krause et al. (2007)
coupled WaSiM-ETH to a 3-D-groundwater model (MOD-
FLOW) in order to improve the dynamics of the groundwa-
ter flow. This is, for example, in accordance with the model
structure of Mike-SHE (Refsgaard and Storm, 1995) which
was developed for the simulation of lowland areas, in partic-
ular. In Mike-SHE, a full groundwater model is integrated.
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Fig. 5. Correlation of quality measures (model efficiency, mean absolute annual water balance error) to selected physiographic catchment
characteristics: mean slope [◦], urban area [%], forest area [%], stagnogley soils [%].

Deducing from the correlation results of quality measures
to areal fractions of soil types and land uses we assume that
WaSiM-ETH behaves better in heterogeneous compared to
homogenous catchments. This statement depends on the
choice of the parameterisation approach, in our case aim-
ing at minimum calibration on the one hand (parameter de-
termination based on transfer functions) and a region-wide
parameterisation of land use and soil classes instead of a
sub-catchment specific parameter calibration. Including lo-

cal scale knowledge into parameterisation should improve
simulation quality significantly for homogenous catchments,
as well. Errors in parameterisation are most likely to com-
pensate for heterogeneous catchments compared to homoge-
nous areas. Similarly, sub-catchment specific model calibra-
tion should improve the subcatchment specific model perfor-
mance but would limit the transferability of a model set-up
to another catchment.
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Figure 6: Catchment specific changes in discharge due to land use change 

scenarios. CLC 1990 = CORINE land cover data from year 1990; CLC 2000 = 

CORINE land cover data from year 2000; A1 = IPCC scenario A1F1; B1 = IPCC 

scenario B1; urban = change from agriculture to urban area, only; forest = change 

Fig. 6. Catchment specific changes in discharge due to land use change scenarios. CLC 1990 = CORINE land cover data from year 1990;
CLC 2000 = CORINE land cover data from year 2000; A1 = IPCC scenario A1F1; B1 = IPCC scenario B1; urban = change from agriculture
to urban area, only; forest = change from agriculture to forest area, only; mix = change from agriculture to forest and urban area in equal
parts.

Analysing the effect of land use change on different runoff
generation processes (surface runoff, interflow, baseflow),
Elfert and Bormann (2010) report that even the catchment
specific reaction of those different runoff generation mecha-
nisms is homogenous among the subcatchments of the Hunte
river. In general they show that, in agreement with the re-
sults showed in Fig. 6, WaSiM-ETH is sensitive to the land
use change scenarios composed by Ewert et al. (2005) and

Rounsevell et al. (2005). But they also state that the choice
of the final land use (land use after the change: forest ver-
sus urban area) is more important compared to the choice of
the land use change scenario (A1F1 versus B1), reducing the
value of the land use change scenario because WaSiM-ETH
is more sensitive to the assumptions to be made compared
to the information provided by the land use change scenario.
However, the simulated hydrological change due to land use
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change scenarios is significant, confirming the findings of
other land use scenario studies which considered sealed ar-
eas as part of their land use scenario studies (e.g., Ott and
Uhlenbrook, 2004; Bhaduri et al., 2000). Other studies as-
suming moderate changes in vegetation cover (e.g., cropland,
grassland, forest), only, resulted in considerably smaller hy-
drological effects of land use change (e.g., Huisman et al.,
2009). This highlights that a careful definition of scenarios
is essential.

5 Conclusions

This study revealed that WaSiM-ETH is suitable to be suc-
cessfully applied to lowland catchments in terms of model ef-
ficiency, although the model seems to show limitations in the
representation of slow, groundwater based hydrological pro-
cesses. However, the performance of WaSiM-ETH was ac-
ceptable in most of the investigated lowland subcatchments.

Main reasons for the differing simulation quality can be
assumed to be related to the specific catchment characteris-
tics which were not captured by the catchment wide model
parameterisation and minimum calibration strategy. The cor-
relation analysis showed a decreasing quality of model simu-
lations with decreasing catchment slope and for increasingly
homogenous subcatchments. Subcatchment specific param-
eter calibration should improve the model performance but
would limit the transferability of the model set-up, including
the parameterisation approach.

Simulation quality obviously showed a scale effect. With
increasing catchment size the quality measures improved.
The effect of only fairly simulated water flows of down-
stream tributaries was small. It therefore can be assumed
that errors are averaging out with increasing catchment size
and with increasing heterogeneity of a catchment.

Finally, the application of WaSiM-ETH to IPCC-based
land use scenarios revealed a plausible hydrological reac-
tion to land use change. A validation of such large sensi-
tivity is difficult due to the fact that fast and intensive land
use changes occur rarely and are not often hydrologically
monitored. Therefore, further action should focus on carry-
ing out model intercomparison studies with respect to model
sensitivity to land use change such as done by Huisman et
al. (2009). The sensitivity of individual models to land use
change is more reliable if different models show similar sen-
sitivities to the same land use change scenario.
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