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Abstract. The eco-hydrological model SWAT (Soil and Wa-
ter Assessment Tool) is a useful tool to simulate the effects
of catchment processes and water management practices on
the water cycle. For each catchment some model parameters
(e.g. ground water delay time, ground water level) remain
constant and therefore are used as constant values; other pa-
rameters such as soil types or land use are spatially variable
and thus have to be spatially discretized. SWAT setup inter-
faces process input data to fit the data format requirements
and to discretize the spatial characteristics of the catchment
area. The primarily used configuration is the sub-watershed
discretization scheme. This spatial setup method, however,
results in a loss of spatial information which can be problem-
atic for SWAT applications that require a spatially detailed
description of the catchment area. At present no SWAT inter-
face is available which provides the management of input and
output data based on grid cells. To fill this gap, the authors
developed a grid-based model interface.

To perform hydrological studies, the SWAT user first cali-
brates the model to fit to the environmental and hydrological
conditions of the catchment. Compared to the sub-watershed
approach, the grid-based setup significantly increases model
computation time and hence aggravates calibration according
to established calibration guidelines. This paper describes
how a conventional set of sub-watershed SWAT parameters
can be used to calibrate the corresponding grid-based model.
The procedure was evaluated in a sub-catchment of the River
Elbe (Northern Germany). The simulation of daily discharge
resulted in Nash-Sutcliffe efficiencies ranging from 0.76 to
0.78 and from 0.61 to 0.65 for the calibration and validation
period respectively; thus model performance is satisfactory.
The sub-watershed and grid configuration simulate compa-
rable discharges at the catchment outlet (R2

= 0.99). Never-
theless, the major advantage of the grid-based set-up is an en-
hanced spatial description of landscape units inducing a more
realistic spatial distribution of model output parameters.

1 Introduction

The eco-hydrological model SWAT (Soil and Water Assess-
ment Tool,Arnold et al., 1998) is a useful tool for a wide
range of scales and environmental conditions. In literature
manifold SWAT applications have been reported; the topics
cover hydrological and water resource assessments (water
discharge, groundwater dynamics, soil water, snow dynam-
ics, water management), water quality assessments (land-use
and land-management change in agriculture), climate change
impacts, and pollutant assessments (Gassman et al., 2007); a
detailed review can be found inGassman et al.(2007) and
Krysanova and Arnold(2008).

To set up a SWAT model run, the watershed has to be de-
lineated and the spatial arrangement of catchment elements
(e.g. sub-catchments, reach segments and point sources) has
to be defined (Neitsch et al., 2011a). The most popular
setup is the sub-watershed configuration, where the catch-
ment is divided into sub-catchments and further sub-divided
into hydrologic response units (HRUs). The HRUs repre-
sent percentages of the sub-catchment area (Gassman et al.,
2007). Individual areas of similar soil, topography and land-
use are lumped together within a sub-catchment to form an
HRU while in reality they are scattered throughout the sub-
catchment. Thus this approach fails to show the interaction
between the HRUs as they are spatially unlinked but routed
to the outlet of the sub-catchment separately (Arnold et al.,
2010).

The grid-based setup within SWAT overcomes the diffi-
culties of the sub-watershed configuration (Rathjens and Op-
pelt, 2012). The user is able both to refine the spatial reso-
lution of a SWAT model and to obtain spatially distributed
model output data. Various GIS (Geographic Information
System) applications can process the grid-based output; now
the model output of every grid cell with its defined geograph-
ical position can be analysed. Due to the open-source sta-
tus of the SWAT code the grid-based approach will continue
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to evolve as users determine needed improvements, which is
an advantage in comparison to other catchment scale raster-
based models such as MIKE-SHE (Refsgaard and Storm,
1995), TOPMODEL (Beven and Kirkby, 1979) or WASIM
(Schulla, 1997). The grid based approach, however, signifi-
cantly increases computation time.Arnold et al.(2010) stated
that, applying a one-hectare grid cell size (approx. 50 000 000
grid cells) to the the Upper Mississippi River basin, the sim-
ulation of a single year would require about 13 computation
days on a 2.6 GHz processor.

After processing of the input data, model calibration is
performed, i.e. model output and in-situ data are compared
to improve model input parameters iteratively. According to
Neitsch et al.(2011a) the calibration of stream flow is per-
formed in two consecutive steps. The model is calibrated
for average annual conditions first; then the user shifts to
monthly or daily records to fine-tune the calibration. To ob-
tain sufficient calibration results several model runs might
be performed. Model validation follows calibration; the in-
put parameters, which were derived during calibration, now
are used to test the resulting model performance for a series
of subsequent years (Moriasi et al., 2007). Most applications
use the discharge at the catchment outlet to calibrate and val-
idate model performance.

For the grid-based model setup, however, this time-
consuming procedure is impractical. Therefore, this paper
provides a method for grid-based SWAT setups to calibrate
daily discharge at the catchment outlet. To perform this anal-
ysis, calibration parameters are derived with a sub-watershed
configuration and then transferred to a grid-based model. The
GIS interface ArcSWAT (Winchell et al., 2010) is used to
generate the input files for the conventional sub-watershed
setup; SWATgrid (Rathjens and Oppelt, 2012) is used to
setup the grid cell model. A sub-catchment of the River Elbe,
the Bünzau catchment, serves as test site to present and vali-
date the proposed methodology.

2 Materials and methods

2.1 Study area

The Bünzau catchment is located in the Northern German
lowlands (see Fig.1); it covers an area of 210 km2 and is
characterized by flat topography and shallow groundwater
levels. The mean annual precipitation is 857 mm and the
mean annual temperature is 9.51◦C (stations Neum̈unster
and Padenstedt, 2000–2009) (DWD, 2011). The Rivers
Buckener Au and Fuhlenau merge north of Aukrug-Innien
and form the origin of the River B̈unzau; the Rivers Ḧollenau
and Bredenbek form two downstream tributaries. Several
drainage pipes and ditches also flow into the Bünzau, which
flows in southern direction for 16 km before it flows into
the Sẗor River. The gauge Sarlhusen is located close to the

Fig. 1.The Bünzau catchment and its location in Germany.

catchment outlet, where an average discharge of 2.51 m3 s−1

was measured between 2000 and 2009.
In the Bünzau catchment dominant soils types are pod-

zols and planosols; histosols are found in river valleys and
depressions. High proportions of arable land (43 %) and pas-
ture (30 %) indicate an intense agricultural use; Fig.2 shows
the land use in 2009 as well as the distribution of soil types.

2.2 The SWAT model

SWAT (Arnold et al., 1998) is a physically based catchment-
scale model; it was developed to simulate the water cycle, the
corresponding fluxes of energy and matter (e.g. sediment, nu-
trients, pesticides and bacteria) as well as the impact of man-
agement practices on these fluxes. The design of the model
is modular and includes components for hydrology, weather,
sedimentation, crop growth, nutrients and agricultural man-
agement. A detailed description of all components can be
found inArnold et al.(1998) andNeitsch et al.(2011b).

The simulated hydrological processes include surface
runoff (SCS (Soil Conservation Services) curve number or
Green and Ampt infiltration equation), percolation, lateral
flow, groundwater flow from shallow aquifers to streams,
evapotranspiration (Hargreaves, Priestley-Taylor or Penman-
Monteith method), snowmelt, transmission losses from
streams and water storage and losses from ponds (Arnold
et al., 1998).

In this study the SCS curve number method (Soil Conser-
vation Service Engineering Division, 1972) was used to cal-
culate surface runoff; Penman-Monteith method was applied
to estimate potential evapotranspiration.
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Fig. 2.Land use and soil types in the Bünzau catchment.

2.3 Model evaluation

To evaluate model performance four quantitative statistics
were applied, i.e. the root mean square error observations
standard deviation ratio (RSR;Moriasi et al., 2007), coeffi-
cient of determination (R2), Nash-Sutcliffe efficiency (NSE;
Nash and Sutcliffe, 1970) and percent bias (PBIAS;Gupta
et al., 1999).

Most simulation studies use different model evaluation
techniques to compare simulated output and in-situ mea-
surements (Moriasi et al., 2007). Thus, no comprehensive
standardization is available for model evaluation.Moriasi
et al.(2007) presented several model evaluation statistics and
a step-by-step guideline for model calibration and evalua-
tion. They also reviewed value ranges of evaluation statistics
and corresponding performance ratings. They concluded that
model simulation for discharge is satisfactory if NSE> 0.50
(see alsoSanthi et al., 2001) and RSR< 0.70 (see alsoSingh
et al., 2004) and−25 %< PBIAS< 25 %.

The RSR standardizes root mean square error (RMSE)
values using the standard deviation of in-situ data and thus
enables a comparison of error values of different studies.
RSR values can range from 0 to+∞; RSR = 0 indicates that
RMSE = 0 or that the model simulation fits perfectly to the
measured data. Large positive RSR values indicate a poor
model performance (Moriasi et al., 2007).

The coefficient of determination determines which propor-
tion of in-situ variance can be explained by the model. The
values range from 0< R2 < 1 where higher values indicate
less error variance.

The NSE is a normalized statistical index, which is of-
ten used to assess the quality of hydrological models. It de-
termines the relative magnitude of the residual variance be-
tween simulated and measured data compared to the in-situ
data variance. NSE ranges from−∞ to 1. An NSE of 1.0
corresponds to a perfect match of modeled and observed data
(Moriasi et al., 2007).

PBIAS indicates whether the modelled data tend to be
larger or smaller than the corresponding in-situ values. The
optimum value is PBIAS = 0.0 %; positive PBIAS values in-
dicate a model bias underestimation, whereas negative values
indicate a bias overestimation (Gupta et al., 1999).

2.4 Model input data

To setup a SWAT model, the essential input data are a digital
elevation model (DEM), soil types, land use and climate (see
also Table1). For this study all data were transformed from
Universal Transverse Mercator (UTM) to the Albers Equal
Area projection.

The DEM is provided by the Land Survey Office
Schleswig-Holstein with a vertical resolution of 0.5 m and
a horizontal resolution of 5 m (LVermA, 2008).
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Table 1.Model input data sources.

Data type Source Data description and properties

Topography (DEM) LVermA (2008) Digital elevation model, 5 m× 5 m resolution
Soil map Finnern(1997) Physical properties of the soil (e.g. available water capacity), scale 1 : 100 000

LLUR (2010) Physical properties of the soil (e.g. available water capacity), scale 1 : 25 000
Land use map 2009 Oppelt et al.(2012) Classifications based on Landsat 5 imagery (3 July 2009), 30 m× 30 m resolution
Climate data DWD (2011) Daily measured values of temperature, precipitation, wind speed, relative humidity

(Neum̈unster station 2000–2007, Padenstedt station 2007–2009)
Daily measured values of precipitation (Gnutz station 2000–2006)

Discharge LKN (2011) Daily discharge data of the B̈unzau river at gauge Sarlhusen (2000–2009)

Fig. 3.Grid-based model calibration in chronological order.

The land use map (see Fig.2) is based on a classification of
Landsat 5 imagery from 3 July 2009 (overall-accuracy: 83 %,
Cohen’s kappa coefficient (Cohen, 1960): 0.80). Land use
classifications for the years 2009, 2010 and 2011 are used to
derive crop rotations planted by the local farmers. Based on
these results, SWAT management practices were set as three-
year crop rotation (wheat – wheat – rapeseed), mono-cultural
corn and pasture. Winter wheat and rape were planted at the
end of September and harvested at the beginning of August;
corn is planted at the end of April and harvested at the end of
September.

Daily climate values from 1 January 2000 to 31 Decem-
ber 2009 on temperature, precipitation, wind speed and hu-
midity are integrated in the simulation as a composition of
three German Weather Service stations (see Table1).

2.5 Model setup

This section demonstrates both how different discretization
schemes affect the simulated water balance and whether sub-
watershed setups may be used to calibrate grid-based model
approaches. Figure3 shows the methodology, which is ex-
plained in the following sub-sections.

2.5.1 Initial setup (ArcSWAT)

The ArcSWAT interface was used to carry out the basic
model setup: catchment and sub-catchment areas were de-
lineated using the DEM (LVermA, 2008); then the catch-
ment was divided into sub-catchments. ArcSWAT calculated
nine sub-catchments for the Bünzau catchment. Based on
the formation of unique combinations of slope, land use
and soil types, the sub-catchments were further divided into
480 HRUs. Finally, daily climate values (see Table1) from
2000 to 2009 (DWD, 2011) were included into the setup.

2.5.2 ArcSWAT setup (calibrated)

After the initial setup, SWAT-CUP (Abbaspour, 2007) was
applied to identify the most sensitive model parameters. Sen-
sitivity analysis was carried out using the optimization al-
gorithm SUFI-2 (Sequential Uncertainty Fitting;Abbaspour,
2007). The results showed a strong influence of groundwa-
ter parameters (GWQMN, ALPHABF, GW REVAP, RE-
VAPMN), which confirms observations byDobslaff (2005)
andSchmalz and Fohrer(2009). To perform a manual cal-
ibration of the most sensitive parameters established guide-
lines for SWAT model calibration (Santhi et al., 2001; Mo-
riasi et al., 2007; Neitsch et al., 2011a) were applied. After-
wards a second SWAT-CUP calibration was carried out; cali-
bration parameters include the runoff curve number (CNOP),
soil available water capacity (SOLAWC), soil evapora-
tion compensation factor (ESCO), groundwater parameters
(GWQMN, ALPHA BF, GW REVAP, REVAPMN) and hy-
draulic conductivity (CHK, SOL K). A detailed description
of each parameter is provided byNeitsch et al.(2011a).

2.5.3 SWATgrid setup

The calibrated input parameter set was transferred to the grid
based setup using the SWATgrid interface (Rathjens and Op-
pelt, 2012); no further calibration was carried out. Therefore,
the model parameter set remained equal except for the dis-
cretization scheme.

Using SWATgrid the catchment was discretized into
84 273 grid cells with a grid resolution of 50 m by 50 m. To
enable a comparison of setups the SWATgrid setup was ap-
plied for the same time period.

The grid-based setup significantly increases the model
computation time. While the ArcSWAT setup (480 HRUs)
takes 30 s on a single 2.67 GHz processor, the SWATgrid
setup lasts about 12 h per year of simulation.
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Table 2.Mean annual values of water balance components calculated by the two model setups.

Parameter ArcSWAT Setup SWATgrid Setup Difference
[mm] [mm] [mm]

Precipitation 853.80 853.80 0.00
Surface runoff 10.35 12.54 2.19
Lateral runoff 60.402 43.81 −16.59
Tile runoff 1.95 3.25 1.30
Groundwater runoff 290.47 303.48 13.01
Total water yield 362.95 362.88 −0.07
Percolation out of soil 297.40 310.69 13.29
Evapotranspiration (ET) 483.40 482.20 −1.20
Potential (ET) 628.60 627.80 −1.20

Table 3.Model performance (RSR,R2, NSE and PBIAS) for the different setups.

Setup RSR R2 NSE PBIAS [%]

Calibration Validation Calibration Validation Calibration Validation Calibration Validation

ArcSWAT 0.47 0.60 0.78 0.67 0.78 0.65 −2.97 11.16
SWATgrid 0.49 0.62 0.77 0.64 0.76 0.61 −2.94 11.29

3 Results and discussion

3.1 Mean annual water balance

SWAT calculates annual means for the water balance com-
ponents (see Table2); for both setups the resulting values are
realistic.Dobslaff(2005) andSchmalz and Fohrer(2009) re-
ported similar values for the study area. The results of both
model setups demonstrate that groundwater runoff dominates
the water balance, a fact that is caused by the low gradients
in the catchment. Table2 also shows that the results of both
setups are comparable.

Regarding total water yield and evapotranspiration the
model setups fit very well. Lateral runoff calculated by
SWATgrid, however, is 16.59 mm lower than indicated by
ArcSWAT. SWATgrid compensates this effect by higher
amounts of groundwater runoff (13.01 mm), surface runoff
(2.19 mm) and tile runoff (1.30 mm). The runoff components
strongly depend on the hydrological characteristics of soil
type, land use and slope for which SWATgrid provides a
more detailed distribution. Despite these differences, the two
model setups are consistent and confirm previous studies
(Dobslaff, 2005; Schmalz and Fohrer, 2009). To summarize
both model setups result in a sufficient representation of hy-
drological processes in the Bünzau catchment.

3.2 Simulation of daily discharge

Measures of model performance including RSR,R2, NSE
and PBIAS values are listed in Table3. Figure4 presents
daily discharge values that resulted from the ArcSWAT and
SWATgrid setups in comparison to values measured at the

Fig. 4. Measured and simulated daily discharge (calibration period
2000–2005, validation period 2006–2009) at the gauge Sarlhusen
(a) ArcSWAT setup,(b) SWATgrid setup,(c) differences of simu-
lated daily discharge (SWATgrid setup – ArcSWAT setup).
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gauge Sarlhusen. Overall comparison of daily discharge sim-
ulation values (2000–2009) resulted in a high coefficient of
determination (R2

= 0.99).
The model evaluation indices RSR,R2 and NSE demon-

strate that simulated and measured daily discharge agree well
for both the calibration and the validation period. The indices
also indicate that the ArcSWAT setup performs slightly bet-
ter that the SWATgrid setup. This might be explained by two
facts: (1) values of summer and winter peak flows are higher
in ArcSWAT; (2) ArcSWAT shows a faster and more realistic
recession of discharge (see also Fig.4). The different propor-
tions of fast and slow runoff components (see also Sect.3.1),
i.e. surface, lateral and groundwater runoff are generated at
HRU or grid-cell level. Thus, modifications that affect the
distribution and composition of land use, soil types and slope
do have an impact on modelled streamflow components.

Values of PBIAS of the different model setups range from
−3 to 11 %. The PBIAS differences between the setups are
less than 0.2 percentage points; the low number indicates
that the modelled discharge is insensitive to changing dis-
cretization schemes. Drainage density (total channel length
divided by drainage area) increases as the number of grid
cells or sub-catchments increases. As a result transmission
and deep aquifer losses increase and reduce discharge. Thus,
these losses cause the lower runoff calculated by the SWAT-
grid setup compared to the ArcSWAT setup (see Table3).
Nevertheless, the differences are relatively small compared
to the differences of discharge components caused by the
kind of discretization. Similar observations were made by
Bingner et al.(1997), FitzHugh and Mackay(2000), Chen
and Mackay(2004), Jha et al.(2004), Haverkamp et al.
(2005), Arabi et al.(2006) andCho et al.(2010).

In summary, model performance statistics shows that sim-
ulated and observed daily discharge is similar for both the
calibration and the validation period. The grid-based model
calculates daily discharge at the catchment outlet according
to the sub-watershed model. The calibration of the grid-based
model using the sub-watershed parameter set resulted in
a satisfactory model performance. Statistical indices (RSR,
R2, NSE and PBIAS) confirm this finding.

4 Conclusions

The grid-based discretization scheme (SWATgrid) incorpo-
rates spatially distributed data into a SWAT model run and
enables detailed analysis of every output grid cell at its ge-
ographical position. The grid-based setup significantly in-
creases the model computation time. While the conventional
ArcSWAT model run takes 30 s on a single 2.67 GHz proces-
sor, the SWATgrid setup lasts about 12 h per year of simu-
lation; therefore calibration using existing guidelines is im-
practical.

A time efficient procedure to calibrate grid-based setups
was evaluated in a lowland catchment in Northern Germany.

An ArcSWAT interface was applied to provide an initial, un-
calibrated sub-watershed setup. Afterwards, the most sensi-
tive parameters to water balance were obtained using SWAT-
CUP. The sub-watershed setup then was calibrated with es-
tablished manual and automatic calibration techniques. The
resulting parameter set was transferred to a grid-based setup
using the SWATgrid interface.

The Bünzau catchment, a sub-watershed of the River Elbe,
served as a test site to evaluate the proposed methodology.
Model performance according to (Moriasi et al., 2007) was
derived using statistical indices (RSR,R2, NSE and PBIAS).
All indices showed a satisfactory model performance.

Daily discharge derived from the grid configuration
matched well with the sub-watershed discharge (ArcSWAT
setup) at the catchment outlet (R2

= 0.99). Thus, established
sub-watershed calibration techniques (Santhi et al., 2001;
Moriasi et al., 2007; Neitsch et al., 2011b) can be used to
obtain a parameter set for a grid-based SWAT setup. The re-
sults presented, however, are limited to the study area; further
studies could compare this calibration method with a “real”
grid-based model calibration to confirm these findings.
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