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Abstract. The eco-hydrological model SWAT (Soil and Wa- 1 Introduction
ter Assessment Tool) is a useful tool to simulate the effects
of catchment processes and water management practices dme eco-hydrological model SWAT (Soil and Water Assess-
the water cycle. For each catchment some model parameteraent Tool,Arnold et al, 1998 is a useful tool for a wide
(e.g. ground water delay time, ground water level) remainrange of scales and environmental conditions. In literature
constant and therefore are used as constant values; other paanifold SWAT applications have been reported; the topics
rameters such as soil types or land use are spatially variableover hydrological and water resource assessments (water
and thus have to be spatially discretized. SWAT setup interdischarge, groundwater dynamics, soil water, snow dynam-
faces process input data to fit the data format requirementgs, water management), water quality assessments (land-use
and to discretize the spatial characteristics of the catchmerdnd land-management change in agriculture), climate change
area. The primarily used configuration is the sub-watershedmpacts, and pollutant assessme@agsman et gl2007; a
discretization scheme. This spatial setup method, howeverletailed review can be found iBassman et a(2007) and
results in a loss of spatial information which can be problem-Krysanova and Arnold2008.
atic for SWAT applications that require a spatially detailed To set up a SWAT model run, the watershed has to be de-
description of the catchment area. At present no SWAT inter{ineated and the spatial arrangement of catchment elements
face is available which provides the management of input ande.g. sub-catchments, reach segments and point sources) has
output data based on grid cells. To fill this gap, the authorsto be defined Neitsch et al. 20113. The most popular
developed a grid-based model interface. setup is the sub-watershed configuration, where the catch-
To perform hydrological studies, the SWAT user first cali- ment is divided into sub-catchments and further sub-divided
brates the model to fit to the environmental and hydrologicalinto hydrologic response units (HRUs). The HRUs repre-
conditions of the catchment. Compared to the sub-watershedent percentages of the sub-catchment aées$man et al.
approach, the grid-based setup significantly increases model007). Individual areas of similar soil, topography and land-
computation time and hence aggravates calibration accordingse are lumped together within a sub-catchment to form an
to established calibration guidelines. This paper describe$iRU while in reality they are scattered throughout the sub-
how a conventional set of sub-watershed SWAT parametergsatchment. Thus this approach fails to show the interaction
can be used to calibrate the corresponding grid-based modehetween the HRUs as they are spatially unlinked but routed
The procedure was evaluated in a sub-catchment of the Riveb the outlet of the sub-catchment separatélynpld et al,
Elbe (Northern Germany). The simulation of daily discharge 2010.
resulted in Nash-Sutcliffe efficiencies ranging from 0.76 to  The grid-based setup within SWAT overcomes the diffi-
0.78 and from 0.61 to 0.65 for the calibration and validation culties of the sub-watershed configurati&athjens and Op-
period respectively; thus model performance is satisfactorypelt, 2012. The user is able both to refine the spatial reso-
The sub-watershed and grid configuration simulate compatution of a SWAT model and to obtain spatially distributed
rable discharges at the catchment outlet &£ 0.99). Never-  model output data. Various GIS (Geographic Information
theless, the major advantage of the grid-based set-up is an esystem) applications can process the grid-based output; now
hanced spatial description of landscape units inducing a moréne model output of every grid cell with its defined geograph-
realistic spatial distribution of model output parameters. 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 i
an advantage in comparison to other catchment scale rastet
based models such as MIKE-SHRédfsgaard and Storm
1995, TOPMODEL Beven and Kirkby 1979 or WASIM
(Schullg 1997). The grid based approach, however, signifi-
cantly increases computation tirfgnold 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(20113 the calibration of stream flow is per-
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tain sufficient calibration results several model runs might

be performed. Model validation follows calibration; the in- Fig. 1. The Binzau catchment and its location in Germany.

put parameters, which were derived during calibration, now

are used to test the resulting model performance for a series )

of subsequent yeardlpriasi et al, 2007). Most applications ~ catchment outlet, where an average discharge of 2%t n

use the discharge at the catchment outlet to calibrate and vaWas measured between 2000 and 2009.

idate model performance. In the Binzau catchment dominant soils types are pod-
For the grid-based model setup, however, this time-Z0!S and planosols; histosols are found in river valleys and

consuming procedure is impractical. Therefore, this papefdepressions. High proportions of arable land (43 %) and pas-

provides a method for grid-based SWAT setups to calibratdure (30 %) indicate an intense agricultural use; Bighows

daily discharge at the catchment outlet. To perform this analthe land use in 2009 as well as the distribution of soil types.

ysis, calibration parameters are derived with a sub-watershe

configuration and then transferred to a grid-based model. Th 2 The SWAT model

GIS interface ArcSWAT \inchell et al, 2010 is used to

. . ; WAT (Arnold et al, 1998 is a physically based catchment-
generate the input files for the conventional sub-watershe ( §is a physically

) ; ) ) cale model; it was developed to simulate the water cycle, the
setup; SWATgrid Rathjens and Oppel2013 is used to corresponding fluxes of energy and matter (e.g. sediment, nu-

setup the grid cell model. A sub-catchment of the River Elbe’trients, pesticides and bacteria) as well as the impact of man-

the Bunzau catchment, serves as test site to present and Valé'gement practices on these fluxes. The design of the model
date the proposed methodology.

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(20118.

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,

The Binzau catghme_nt is located in the Northern Ge_rmanevapotranspiration (Hargreaves, Priestley-Taylor or Penman-
lowlands .(see Figl); it covers an area of 210 rand is Monteith method), snowmelt, transmission losses from
characterized by flat topography aqd s_hallow groundwaterStreams and water storage and losses from poAdsold
levels. The mean annual precipitation is 857 mm and theet al, 1998

mean annual temperature is 9%1 (stations Neurnster ’ '
and Padenstedt, 2000-20099WD, 2011). The Rivers
Buckener Au and Fuhlenau merge north of Aukrug-Innien
and form the origin of the River @hzau; the Rivers Bllenau
and Bredenbek form two downstream tributaries. Severa
drainage pipes and ditches also flow into thBau, which
flows in southern direction for 16 km before it flows into

the Sbr River. The gauge Sarlhusen is located close to the

2 Materials and methods

2.1 Study area

In this study the SCS curve nhumber meth8ai{ Conser-
vation Service Engineering Divisiopd972 was used to cal-
culate surface runoff, Penman-Monteith method was applied
Fo estimate potential evapotranspiration.
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Fig. 2. Land use and soil types in théiBzau catchment.

2.3 Model evaluation The coefficient of determination determines which propor-
tion of in-situ variance can be explained by the model. The
values range from @ R? < 1 where higher values indicate

To evaluate model performance four quantitative statisticSess error variance.

were applied, i.e. the root mean square error observations The NSE is a normalized statistical index, which is of-

standard deviation ratio (RSRjoriasi et al, 2007, coeffi-  ten used to assess the quality of hydrological models. It de-

cient of determinationg?), Nash-Sutcliffe efficiency (NSE;  termines the relative magnitude of the residual variance be-

Nash and Sutcliffe1970 and percent bias (PBIASGupta  tween simulated and measured data compared to the in-situ

etal, 1999. data variance. NSE ranges froapo to 1. An NSE of 1.0

Most simulation studies use different model evaluation corresponds to a perfect match of modeled and observed data

techniques to compare simulated output and in-situ mea¢Moriasi et al, 2007).

surements Nloriasi et al, 2007). Thus, no comprehensive PBIAS indicates whether the modelled data tend to be

standardization is available for model evaluatidoriasi larger or smaller than the corresponding in-situ values. The

et al.(2007) presented several model evaluation statistics antbptimum value is PBIAS =0.0 %; positive PBIAS values in-

a step-by-step guideline for model calibration and evalua-dicate a model bias underestimation, whereas negative values

tion. They also reviewed value ranges of evaluation statistic§ndicate a bias overestimatioG(pta et al.1999.

and corresponding performance ratings. They concluded that

model simulation for discharge is satisfactory if NSB.50 2.4 Model input data

(see alscsanthi et al.2001) and RSR< 0.70 (see als&ingh o o

et al, 2004 and—25 %< PBIAS < 25 %. To setup a SWAT model, the essential input data are a digital

The RSR standardizes root mean square error (RMSEsalevation model (DEM), soil types, land use and climate (see
values using the standard deviation of in-situ data and thugiSO Tablel). For this study all data were transformed from
enables a comparison of error values of different studiesUniversal Transverse Mercator (UTM) to the Albers Equal

RSR values can range from 0-+eo; RSR =0 indicates that ~Aréa projection. _ .

RMSE =0 or that the model simulation fits perfectly to the The DEM is provided by the Land Survey Office

measured data. Large positive RSR values indicate a poo$chIeSW|g-HoIste|n with a vertical resolution of 0.5m and

model performanceMoriasi et al, 2007). a horizontal resolution of 5 m_{ermA, 2008.

www.adv-geosci.net/32/55/2012/ Adv. Geosci., 32, $3;-2012
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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 nx 5m 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), 3Bthm resolution

Climate data DWD (2011 Daily measured values of temperature, precipitation, wind speed, relative humidity

(Neumiinster station 2000—2007, Padenstedt station 2007—2009)
Daily measured values of precipitation (Gnutz station 2000—-2006)

Discharge LKN (2011 Daily discharge data of theiBizau river at gauge Sarlhusen (2000—2009)
Initial setup Sensitivity analysis 5 Mang\lvir,}?gdﬁosﬁéiltj;a’ﬁo" 5 ArcSWAT setup >| SWATgrid setup

(ArcSWAT) (SWAT-CUP SUFI-2) (calibrated)

ArcSWAT)

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

The land use map (see FR).is based on a classification of 2.5.2 ArcSWAT setup (calibrated)
Landsat 5 imagery from 3 July 2009 (overall-accuracy: 83 %,
Cohen’s kappa coefficienCphen 1960: 0.80). Land use After the initial setup, SWAT-CUPAbbaspouy 2007) was
classifications for the years 2009, 2010 and 2011 are used t@pplied to identify the most sensitive model parameters. Sen-
derive crop rotations planted by the local farmers. Based orsitivity analysis was carried out using the optimization al-
these results, SWAT management practices were set as thregorithm SUFI-2 (Sequential Uncertainty Fittingbbaspouy
year crop rotation (wheat — wheat — rapeseed), mono-cultura?007). The results showed a strong influence of groundwa-
corn and pasture. Winter wheat and rape were planted at thier parameters (GWQMN, ALPHBF, GW_REVAP, RE-
end of September and harvested at the beginning of AugusiYAPMN), which confirms observations byobslaff (2009
corn is planted at the end of April and harvested at the end ofnd Schmalz and Fohreg2009. To perform a manual cal-
September. ibration of the most sensitive parameters established guide-
Daily climate values from 1 January 2000 to 31 Decem-lines for SWAT model calibration§anthi et al. 2001 Mo-
ber 2009 on temperature, precipitation, wind speed and hutiasi et al, 2007 Neitsch et al.20113 were applied. After-
midity are integrated in the simulation as a composition of wards a second SWAT-CUP calibration was carried out; cali-

three German Weather Service stations (see Thble bration parameters include the runoff curve number (CNOP),
soil available water capacity (SORWC), soil evapora-
2.5 Model setup tion compensation factor (ESCO), groundwater parameters

(GWQMN, ALPHA_BF, GW_.REVAP, REVAPMN) and hy-

. . . . ... draulic conductivity (CHK, SOL K). A detailed description
This section demonstrates both how different discretization f each parameter is provided bigitsch et al(20113.

schemes affect the simulated water balance and whether sub-
watershed setups may be used to calibrate grid-based modEI

approaches. Figurg shows the methodology, which is ex- 5.3 SWATgrid setup

plained in the following sub-sections. The calibrated input parameter set was transferred to the grid
N based setup using the SWATgrid interfaBathjens and Op-
2.5.1 Initial setup (ArcSWAT) pelt, 2012); no further calibration was carried out. Therefore,

the model parameter set remained equal except for the dis-
The ArcSWAT interface was used to carry out the basiccretization scheme.
model setup: catchment and sub-catchment areas were de-Using SWATgrid the catchment was discretized into
lineated using the DEML{ermA, 2008; then the catch- 84273 grid cells with a grid resolution of 50 m by 50 m. To
ment was divided into sub-catchments. ArcSWAT calculatedenable a comparison of setups the SWATgrid setup was ap-
nine sub-catchments for theliBzau catchment. Based on plied for the same time period.
the formation of unique combinations of slope, land use The grid-based setup significantly increases the model
and soil types, the sub-catchments were further divided intacomputation time. While the ArcSWAT setup (480 HRUS)
480 HRUSs. Finally, daily climate values (see Tal)efrom takes 30s on a single 2.67 GHz processor, the SWATgrid
2000 to 2009 DWD, 2011 were included into the setup. setup lasts about 12 h per year of simulation.

Adv. Geosci., 32, 5561, 2012 www.adv-geosci.net/32/55/2012/



H. Rathjens and N. Oppelt: SWAT model calibration of a grid-based setup 59

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 (RSFRZ, 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 Resu Its and d |SCUSS|On @ Calmratnon Valldatmn
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3.1 Mean annual water balance »

SWAT calculates annual means for the water balance com-

ponents (see Tab®; for both setups the resulting values are |
realistic.Dobslaff(2005 andSchmalz and Fohrg¢R009 re- \LL
ported similar values for the study area. The results of both

model setups demonstrate that groundwater runoff dominates
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in the catchment. Tabl2 also shows that the results of both , ., = Prociptation @ observed TQAMCSWAT Setup
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  aabearvd D CnTana sen
more detailed distribution. Despite these differences, the two ’
model setups are consistent and confirm previous studies
(Dobslaff 2005 Schmalz and Fohre009. To summarize
both model setups result in a sufficient representation of hy-
drological processes in theliBzau catchment.
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Fig. 4. Measured and simulated daily discharge (calibration period
3.2 Simulation of daily discharge 2000-2005, validation period 2006—-2009) at the gauge Sarlhusen
(a) ArcSWAT setup,(b) SWATgrid setup(c) differences of simu-
Measures of model performance including R, NSE lated daily discharge (SWATgrid setup — ArcSWAT setup).
and PBIAS values are listed in TabB Figure 4 presents
daily discharge values that resulted from the ArcSWAT and
SWATgrid setups in comparison to values measured at the
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gauge Sarlhusen. Overall comparison of daily discharge simAn ArcSWAT interface was applied to provide an initial, un-
ulation values (2000-2009) resulted in a high coefficient of calibrated sub-watershed setup. Afterwards, the most sensi-
determination g2 = 0.99). tive parameters to water balance were obtained using SWAT-

The model evaluation indices RSR? and NSE demon- CUP. The sub-watershed setup then was calibrated with es-
strate that simulated and measured daily discharge agree wdkblished manual and automatic calibration techniques. The
for both the calibration and the validation period. The indicesresulting parameter set was transferred to a grid-based setup
also indicate that the ArcSWAT setup performs slightly bet- using the SWATgrid interface.
ter that the SWATgrid setup. This might be explained by two  The Biinzau catchment, a sub-watershed of the River Elbe,
facts: (1) values of summer and winter peak flows are higherserved as a test site to evaluate the proposed methodology.
in ArcSWAT; (2) ArcSWAT shows a faster and more realistic Model performance according tdbriasi et al, 2007 was
recession of discharge (see also By The different propor-  derived using statistical indices (RSR2, NSE and PBIAS).
tions of fast and slow runoff components (see also Set}, All indices showed a satisfactory model performance.

i.e. surface, lateral and groundwater runoff are generated at Daily discharge derived from the grid configuration
HRU or grid-cell level. Thus, modifications that affect the matched well with the sub-watershed discharge (ArcSWAT
distribution and composition of land use, soil types and slopesetup) at the catchment outle&®q = 0.99). Thus, established
do have an impact on modelled streamflow components.  sub-watershed calibration techniqueZafthi et al. 2001

Values of PBIAS of the different model setups range from Moriasi et al, 2007 Neitsch et al. 20110 can be used to
—3to 11%. The PBIAS differences between the setups ar@btain a parameter set for a grid-based SWAT setup. The re-
less than 0.2 percentage points; the low number indicatesults presented, however, are limited to the study area; further
that the modelled discharge is insensitive to changing disstudies could compare this calibration method with a “real”
cretization schemes. Drainage density (total channel lengtlyrid-based model calibration to confirm these findings.
divided by drainage area) increases as the number of grid
cells or sub-catchments increases. As a result transmission
?hnedsg?sgsaeiuétfdslgst?\eeslé)r\]/\(/:(;(ra?jﬁoafpgarliﬂ?actzgIESTP?LQSVJ: _ScfknowledgementsThe authors would like to thank the De-_
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to the differences of discharge components caused by they the efforts of the reviewers.
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calculates daily discharge at the catchment outlet accordin
to the sub-watershed model. The calibration of the grid-base

mOde.I using the sub-watershed paran_"nef[er ;et_resulted n Aquatic Science and Technology, EAWAGiiIBendorf, Switzer-
a satisfactory model performance. Statistical indices (RSR, land. 2007

RZ’ NSE and PBIAS) confirm this finding. Arabi, M., Govindaraju, R. S., Hantush, M. M., and Engel, B. A.:
Role of watershed subdivision on modeling the effectiveness of
best management practices with SWAT, J. Am. Water Resour.

4 Conclusions As., 42, 513-528, 2006.

Arnold, J. G., Srinivasan, R., Muttiah, R. S., and Williams, J. R.:

The grid-based discretization scheme (SWATgrid) incorpo- Large area hydrologic modeling and assessment part |: model

rates spatially distributed data into a SWAT model run and development, J. Am. Water Resour. As., 34, 73-89, 1998.

enables detailed analysis of every output grid cell at its ge-Amold. J., Allen, P., Volk, M., Williams, J., and Bosch, D.: Assess-

ographical position. The grid-based setup significantly in- ment of different representations of spatial variability on SWAT

creases the model computation time. While the conventional, mOde}Lpirforrgalgclft; T ,CI‘S’JA‘,BE\’ 5h3’ 1_43”3_3)443(’12019' o

ArcSWAT model run takes 30 s on a single 2.67 GHz proces- even, ®. J. and irkby, . J.- A pnysically based, variable con-

. . tributing area model of basin hydrology, Hydrolog. Sci. Bull.,
sor, the SWAT(grid setup lasts about 12 h per year of simu- ,, 43_969 1979. y 9y, 7y g

lation; therefore calibration using existing guidelines is im- Bingner, R., Garbrecht, J., Amold, J., and Srinivasan, R.: Effect of
practi_cal. o _ _ Watershed Subdivision on Simulation Runoff and Fine Sediment

A time efficient procedure to calibrate grid-based setups Yield, Transactions of the American Society of Agricultural En-
was evaluated in a lowland catchment in Northern Germany. gineers, 40, 1329-1335, 1997.

g\bbaspour, K. C.: User Manual for SWAT-CUP, SWAT Calibration
and Uncertainty Analysis Programs, Swiss Federal Institute of

Adv. Geosci., 32, 5561, 2012 www.adv-geosci.net/32/55/2012/



H. Rathjens and N. Oppelt: SWAT model calibration of a grid-based setup 61

Chen, E. and Mackay, D. S.: Effects of distribution-based param-Moriasi, D. N., Arnold, J. G., Liew, M. W. V., Bingner, R. L.,
eter aggregation on a spatially distributed agricultural nonpoint Harmel, R. D., and Veith, T. L.: Model Evaluation Guidelines
source pollution model, J. Hydrol., 295, 211-224, 2004. for Systematic Quantification of Accuracy in Watershed Simula-

Cho, J., Lowrance, R. R., Bosch, D. D., Strickland, T. C., Her, tions, T. ASABE, 50, 885-900, 2007.

Y., and Vellidis, G.: Effect of Watershed Subdivision and Filter Nash, J. and Sutcliffe, J.: River flow forecasting through conceptual
Width on SWAT Simulation of a Coastal Plain Watershed, J. Am.  models part 1 — A discussion of principles, J. Hydrol., 10, 282—

Water Resour. As., 46, 586—-602, 2010. 290, 1970.
Cohen, J.: A Coefficient of Agreement for Nominal Scales, Educ. Neitsch, S. L., Arnold, J. G., Kiniry, J. R., Srinivasan, R., and
Psychol. Meas., 20, 37-46, 1960. Williams, J. R.: Soil and Water Assessment Tool Input/Output

Dobslaff, N.: GIS-basierte Modellierung von Wasserhaushalt und File Documentation: Version 2009, Texas Water Ressources In-
Abflussbildung am Beispiel des Einzugsgebietes der obetgn St stitute Technical Report 365, Texas A&M University System,
Diploma thesis, Department of Hydrology and Water Resources College Station (Texas), 2011a.

Management, Kiel University, 2005. Neitsch, S. L., Arnold, J. G., Kiniry, J. R., and Williams, J. R.: Soil

DWD: Weather and Climate Data from the German Weather Ser- and Water Assessment Tool Theoretical Documentation Version
vice — Station Gnutz (1997-2006), Neunster (1997-2007) and 2009, Texas Water Ressources Institute Technical Report 406,
Padenstedt (2007—-2010), Deutscher Wetterdienst, 2011. Texas A&M University System, College Station (Texas), 2011b.

Finnern, J.: ®Bden und Leitbodengesellschaften des Oppelt, N., Rathjens, H., anddnhbfer, K.: Integration of land
Sthreinzugsgebietes in Schleswig-Holstein — Vergesellschaftung cover data into the open source model SWAT, in: Proceedings
und Stoffaustragsprognose (K, Ca, Mg) mittels GIS, Disser- of the First Sentinel-2 Preparatory Symposium held on 23—
tation, Institut fir Pflanzenerahrung und Bodenkunde, Kiel 27 April 2012 in ESA-ESRIN, Frascati, Italy, SP707, DVD Pub-
University, 1997. lication, 2012.

FitzHugh, T. W. and Mackay, D. S.: Impacts of input parameter Rathjens, H. and Oppelt, N.: SWATgrid: An interface for setting up
spatial aggregation on an agricultural nonpoint source pollution SWAT in a grid-based discretization scheme, Comput. Geosci.,
model, J. Hydrol., 236, 35-53, 2000. Comput. Geosci., 45, 161-167, 2012.

Gassman, P. W., Reyes, M. R., Green, C. H., and Arnold, J. G.Refsgaard, J. and Storm, B.: Computer Models of Watershed Hy-
The Soil and Water Assessment Tool: historical development, ap- drology, chap. MIKE SHE, 809-846, Water Resources Publica-
plications, and future research directions, T. ASABE, 50, 1211— tions, Colorado, USA, 1995.

1250, 2007. Santhi, C., Arnold, J. G., Williams, J. R., Dugas, W. A., Srinivasan,

Gupta, H. V., Sorooshian, S., and Yapo, P. O.: Status of Automatic R., and Hauck, L. M.: Validation of the swat model on a large
Calibration for Hydrologic Models: Comparison with Multilevel river basin with point and nonpoint sources, J. Am. Water Resour.
Expert Calibration, J. Hydrol. Eng., 4, 135-143, 1999. As., 37,1169-1188, 2001.

Haverkamp, S., Fohrer, N., and Frede, H.-G.: Assessment of the efSchmalz, B. and Fohrer, N.: Comparing model sensitivities of dif-
fect of land use patterns on hydrologic landscape functions: a ferent landscapes using the ecohydrological SWAT model, Adv.
comprehensive GIS-based tool to minimize model uncertainty Geosci., 21, 91-98, ddi0.5194/adgeo-21-91-2002009.
resulting from spatial aggregation, Hydrol. Process., 19, 715-Schulla, J.: Hydrologische Modellierung von Flussgebieten zur Ab-
727, 2005. schatzung der Folgen von Klingaderungen, Ph.D. thesis, Ge-

Jha, M., Gassman, P., Secchi, S., Gu, R., and Arnold, J.: Effect of ographisches Institut, ETHiZich, 1997.
watershed subdivision on SWAT flow, sediment, and nutrient pre-Singh, J., Knapp, H. V., and Demissie, M.: Hydrologic Modeling of
dictions, J. Am. Water Resour. As., 40, 811-825, 2004. the Iroquois River Watershed Using HSPF and SWAT, lllinois

Krysanova, V. and Arnold, J. G.: Advances in ecohydrological mod- State Water Survey Contract Report 2004-08, lllinois Depart-
elling with SWAT-a review, Hydrolog. Sci. J., 53, 939-947,2008.  ment of Natural Resources and lllinois State Geological Survey,

LKN: Daily Discharge Data from the State Office for Coastal Pro-  2004.
tection, National Park and Marine Protection — Gauging StationSoil Conservation Service Engineering Division: Section 4: Hydrol-
Sarlhusen (Number 114131), Landesbetrigb Kustenschutz, ogy, in: National Engineering Handbook, 1972.

Nationalpark und Meeresschutz Schleswig-Holstein, 2011. Winchell, M., Srinivasan, R., Di Luzio, M., and Arnold, J. G.: Arc-

LLUR: Soil Map (1:25.000) of Schleswig-Holstein from the SWAT Interface For SWAT 2009: User’s Guide, Texas Agricul-
Agency for Nature and Environment Schleswig-Holstein, Lan-  tural Experiment Station (Texas) and USDA Agricultural Re-
desamt @ir Landwirtschaft, Umwelt undahdliche Riume des search Service (Texas), Temple (Texas), 2010.

Landes Schleswig-Holstein, 2010.

LVermA: ATKIS-DEM 5m grid size Derived from LiDAR Data,
Land Survey Office Schleswig-Holstein, Landesaimt\fermes-
sung und Geoinformation Schleswig-Holstein, 2008.

www.adv-geosci.net/32/55/2012/ Adv. Geosci., 32, $3;-2012


http://dx.doi.org/10.5194/adgeo-21-91-2009

