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Abstract

A harmonised pan European assessment of water resource availability and quality as affected by
various management options is necessary for successful implementation of European environmental
legislation. In this context we developed a methodology to predict surface water flow and nutrient
loads at a pan European scale using readily available datasets. Among the hydrological models
available, the Soil and Water Assessment Tool (SWAT) has been selected for its characteristics that
make it suitable for large scale applications with limited data requirements. This paper presents the
first hydrologic results for the Danube pilot basin. The Danube basin is one of the largest European
watersheds covering 803,000 km” and 14 countries. Modelling data used included pan European land
use and management information, a detailed soil map and high resolution climate data. The Danube
basin was divided into 4,663 subbasins of an average size of 179 km? A protocol is proposed to
overcome the problems of hydrological regionalization from gauged to ungauged catchments and the
over-parameterization and identifiability problems present in calibration. The protocol involves
cluster analysis for the determination of hydrological regions, sensitivity analysis at subbasin level
and multi-objective calibration using SUFI-2 automated calibration of SWAT-CUP. The proposed
protocol was successfully implemented and the modelled discharges captured well the overall
hydrologic behaviour of the basin.

Keywords: large-scale application, SWAT, hydrologic regionalization, sensitivity analysis
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1. Introduction

A harmonised pan European assessment of water resource availability and quality as
affected by various management options is necessary for a successful implementation of
European environmental legislation. To date, the first step has been the implementation of a
statistical approach referred to as the GREEN model (Geospatial Regression Equation for
European Nutrient Losses) (Bouraoui et al., 2009a). GREEN computes total loads of
nutrients into European seas at an annual basis. There is a need for refining these results both
in time scale and in the processes involved.

Among the large collection of hydrological models available, the Soil and Water
Assessment Tool (SWAT) (Arnold et al., 1998) has been selected. It has been used for
assessing water quantity and quality for a wide range of spatial scales, climates and
hydrological conditions worldwide. It has a modular structure where different processes (e.g.
sediments, nutrients, pesticides) can be activated depending on the objectives and the
availability of data. It is in the public domain, coded in Fortran, freely available on the web
and allows further customization if needed. In addition, more recent versions of SWAT
include a series of tools to facilitate calibration, uncertainty and sensitivity analysis which are
key elements when assessing model performance. A comprehensive review of applications of
SWAT with strengths and weaknesses can be found in Gassman et al. (2007). The
SWAT/GIS interface (ArcSWAT) is also a key advantage, given the amount of data involved
to perform the pan European scale modelling.

When implementing a model at large scale, problems inherent to hydrological
modelling are exacerbated including regionalization, over-parameterization and parameter
identifiability (Beven, 2006).

In this context, the aim of this research is to develop a physically-based methodology
to predict surface water flow and nutrient loads at a pan European scale using readily
available datasets. We chose the SWAT model to perform the hydrological and biochemical
simulations. We also propose a methodology aiming at overcoming:

e Regionalization of the calibrated parameter sets to ungauged areas of the model.
e Over-parameterization and identifiability problems by improving calibration
transparency.

For modelling purposes, Europe is divided into main regions. One of the largest and
the pilot basin for this study is the Danube river basin. Its large extension results in a variety
of climates and hydrological responses that render it an interesting and challenging pilot
basin. This paper presents the first results for the Danube river basin focussing the discussion
on the proposed procedure to overcome the problems of large scale applications.

2. Materials and methods

2.1. Description of the study area

The Danube river basin is the second largest river basin in Europe, covering 803,000
km? and fourteen countries (Figure 1). Due to its large extension and diverse topography
(mean and maximum elevations of 463 and 3873 m.a.s.l, respectively), the Danube river
basin shows an important climatic variability. The upper regions in the west show a strong
influence from the Atlantic climate with high precipitation, whereas the eastern regions are
affected by a continental climate with lower precipitation and typically cold winters (ICPDR,
2005). The mean annual precipitation and mean annual discharge for the period from 1980 to
2009 are 599 mm y™* and 6387 m* s, respectively.



Figure 1. Overview of the Danube river basin

2.2. SWAT model

SWAT s a basin scale, semi-distributed, physically based model that operates on a
continuous time scale with a daily time step. Hydrology simulation in a watershed is based on
the water balance equation and it is separated into two major components; the land phase,
which simulates the amount of water, sediment, nutrient and pesticide loadings to the main
channel in each subbasin, and the routing phase, which simulates the movement of water
through the channel network of the watershed to the outlet. (Neitsch et al., 2005)

2.3. Model input

The model was set up using readily available datasets and others specifically adapted
for this study. A Digital Elevation Map (DEM) at 100 x 100 m resolution was obtained from
the Shuttle Radar Topography Mission (SRTM). A land use map at 1 x 1 km for the year
2000 was built from the combination of the CAPRI (Britz, 2004), SAGE (Monfreda et al.,
2008), HYDE 3 (Klein and Van Drecht, 2006) and GLC2000 (Bartholome and Belward,
2005) databases. A soil map at 1 x 1 km was obtained from the Harmonized World Soil
Database (HWSD) (FAO, 2008), using top soil layer data. The soil data required in this
research were adapted directly from HWSD and calculated (when needed) using pedotransfer
functions developed by Waosten et al. (1999) for saturated hydraulic conductivity and by
Williams (1995) for the USLE equation soil erodibility factor. Watershed and stream
delineation was based on the CCM2 database for continental Europe (Vogt et al., 2007).
Reservoirs and lakes with an area larger than 20 km? were included in the model using data
from the Global Lakes and Wetland Database (GLWD) (Lehner and Doll, 2004) and the
CCM2 database (Vogt et al., 2007).

Discharge data employed for parameter calibration were collected from different
sources, including the Global Runoff Data Centre (GRDC) and the Danube River Protection
Convention, resulting in 129 stations with daily data for the period 1980-2009 or subperiods.
The period from 1995 to 2001 was chosen to be the calibration period, with about 100
stations with available data.

The climate data used in this study includes daily data for precipitation, temperature,
solar radiation, wind speed and relative humidity from the MARS (Rijks et al., 1998)
meteorological database, a gridded data set (25 x 25 km) interpolated on the basis of the
European Meteorological monitoring infrastructure.



2.4. Modelling protocol

In this section we describe model setup and the development of the proposed
procedure for addressing the problems of calibration transparency and hydrological
regionalization for large scale hydrological modelling.

The model for the Danube river basin was built using the ArcSWAT interface. The
setup of the model is presented in Figure 2. It corresponds to the Danube river basin as well
as neighbouring small coastal basins that also drain into the Black Sea. The total area of the
model is 833,908 km? corresponding to 4,663 subbasins of an average size of 179 km?. It
includes 29 lakes and reservoirs. Irrigated areas were defined by overlaying the land use map
and the FAO global map of irrigated areas (Siebert et al., 2007). Elevation bands were
implemented in steep subbasins. Figure 2 also presents the 129 points with discharge data
available for this study.
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Figure 2. SWAT model set-up of the Danube basin

A problem for large scale applications of hydrological models is hydrological
regionalization from gauged to ungauged catchments. In our case (see Figure 2), there are
only a limited number of gauging stations in the study area resulting in an important number
of ungauged catchments.

As described in Abdulla and Lettenmaier (1997), most of the attempts at
regionalization of parameters for rainfall-runoff models at ungauged catchments consist of
developing regression relationships between the optimized parameters and catchment
characteristics for a set of gauged catchments. Limitations of this approach, however, are that
parameters may be poorly determined and strongly interrelated. Alternatives to this approach
were investigated in Parajka et al. (2005), and the conclusion was reached that the similarity
approach performed among the best methods of regionalization. An approach based on
similarity finds a donor catchment for each unguaged catchment that is most similar in terms
of its catchment attributes and transposes the complete parameter set to the ungauged
catchment.



The similarity approach was applied in our study to define hydrological homogenous
regions. These are regions with similar hydrological responses, and they are determined by
catchment and flow characteristics using cluster analysis (Mazvimavi, 2003). The selection of
catchment characteristics relevant for the clustering procedure was determined by employing
Principal Components Analysis (PCA). PCA is a statistical tool used to reduce the
dimensionality of a data set while retaining maximum information (Bouraoui et al., 2009b).
PCA was performed considering catchment characteristics related to topography and soil,
climate characteristics related to precipitation, temperature, flow characteristics, etc.

We employed hierarchical cluster analysis, as the number of clusters is not known a
priori. Ward’s minimum variance linkage method together with Euclidean distance similarity
was performed employing the “stats” package of R (R Development Core Team, 2010). To
determine the number of clusters, the corrected Rand index, which measures the level of
agreement in cluster membership between clusters, and the Meila’s variation information,
which measures the distance between two partitions of the same dataset (Meila, 2007) were
used as validity indices. They were calculated using the “fpc” package in R (Henning, 2010).
The partition selected should be the one with the lowest corrected Rand index (maximizing
the distance between clusters) and the highest Meila variation index (minimizing the distance
within the cluster).

To overcome the problem of over-parameterization and parameter identifiability,
sensitivity analysis and multi-objective calibration were used.

Sensitivity analysis was performed for each subbasin following the method developed
by van Griensven et al. (2006). This method combines the Latin Hypercube Sampling (LHS)
with one-factor-at-a-time (OAT) sampling making it very efficient and suitable for large scale
applications. Fourteen parameters involved in the processes of baseflow, surface runoff and
snow were selected for the analysis and are listed in Table 1. The assessment of the sensitive
parameters is performed using water yield as model output.

Table 1. Parameters for sensitivity analysis

Parameter Description Process
ALPHA BF Baseflow alpha factor [d] Baseflow
CN2 SCS runoff curve number for moisture condition I Surface runoff
GW_DELAY  Groundwater delay [d] Baseflow
GWQMN Threshold depth of water in the shallow aquifer required for return flow to  Baseflow
occur [mm]
RCHRG_DP  Groundwater recharge to deep aquifer [fr] Baseflow
REVAPMN Threshold depth of water in the shallow aquifer for revap to occur [mm] Baseflow
SFTMP Snowfall temperature [°C] Snow
SMFMN Minimum melt rate for snow on Dec 21 [mm °C’1 d™] Snow
SMFMX Minimum melt rate for snow on Jun 21 [mm °C’1 d*] Snow
SMTMP Snow melt base temperature Snow
SOL_AWC Available water capacity of the soil layer [fr] Surface runoff
SOL_K Saturated hydraulic conductivity [mm h™] Surface runoff
SURLAG Surface runoff lag time [d] Surface runoff
TIMP Snow pack temperature lag factor Snow

To improve the transparency in the calibration, a multi-objective calibration was
implemented by the separation of different catchment response outputs on three main
subflows, namely, slow flow, interflow and quick flow. For this purpose the discharge data
available for calibration were separated into these subflows following the filtering procedure
described in Willems (2009).

Parameters were grouped into subgroups corresponding to the different processes
underpinning each calibration objective. This classification was performed considering the



SWAT model structure (Nietsch et al., 2005). The calibration process was divided into three

steps: a) calibrating the timing of the hydrographs by adjusting the snow parameters, b)

calibrating of the surface runoff parameters to the quick runoff subflow, and c) calibrating the

parameters that control the baseflow based on the slow runoff subflow. In this way the
interflow was calibrated as well. Fourteen parameters were selected to perform the sensitivity
analysis.

Because of the complexity and extent of the study area, we employed automated
calibration. Sequential Uncertainty Fitting (SUFI-2) (Abbaspour, 2004) was selected. SUFI-2
combines parameter calibration and uncertainty prediction. It consists of a sequence of steps
in which the initial range uncertainty in the model parameters is progressively reduced until
certain criteria for prediction uncertainty are met. It uses LHS as implemented in the SWAT-
CUP platform (Abbaspour, 2008).

Combining all the elements mentioned above, the proposed procedure for
implementing and calibrating large scale hydrological applications can be summarized as
follows:

1. Principal Component Analysis to derive the catchment characteristics most relevant for
cluster analysis of hydrological regions.

2. Defining cluster regions of the model domain using catchment, meteorological and flow
characteristics that are important in describing the variable under study, in this case river
discharge.

3. Performing a sensitivity analysis at subbasin level to select significant parameters for
calibration.

4. Selecting gauged catchments that are representative of every cluster and independent
from the others, i.e., they can be calibrated simultaneously.

5. Performing simultaneous multi-objective calibration of the selected catchments to obtain
a set of calibrated parameters representative for every cluster group.

6. Extrapolating a set of calibrated parameters to the corresponding cluster group.

3. Results and discussions
3.1. Principal components and clustering

Four principal components were extracted from the variables included in the analysis.
The rotated matrix presented in Table 2 shows the relation between each variable and each
component.

Table 2. PCA results. Rotation method: Varimax with Kaiser Normalization

. Component

Variable 1 5 3 ]

Average elevation 0.892 0.376 0.096 0.126
Median slope 0.826 0.408 -0.161 -0.036
Clay content -0.686 -0.393 -0.320 -0.170
Annual precipitation 0.113 0.875 0.319 0.030
Average temperature -0.926 -0.525 -0.262 -0.033
Annual potential evapotranspiration -0.574 -0.177 -0.654 0.021
Forest area -0.239 -0.119 -0.057 0.895

The Ward’s hierarchical cluster analysis with Euclidean distances was performed with
the catchment descriptors listed in Table 1. Up to fifteen partitions were generated. To
determine the best partition to fit the Danube data, the corrected Rand index and Maila’s
variation of information are presented in Figure 3.
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Figure 3. Validity indices

From the analysis of Figure 3, five partitions were selected for the Danube; the
corrected Rand index decreased from 0.86 to 0.80 indicating that from four partitions to five
the dissimilarity between clusters increases. At the same time, Maila’s variation index is 0.27,
the highest value indicating that there is a good relationship between the cluster members and
its cluster. Ten clusters also seemed to be a plausible choice, but five clusters were preferred
as this is more consistent with spatial characteristics of basin land use and topography. Figure
4 shows the five clusters with similar hydrological responses for the Danube river basin.
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Figure 4. Partitioning of the Danube basin into 5 clusters

3.2. Sensitivity analysis

In Figures 5, 6 and 7 the most and least sensitive parameters for snow, surface runoff
and baseflow processes are shown. In these figures the most sensitive parameters are ranked
1 (green) and the least sensitive ranked 14 (red). These maps represent the position on the
ranking of sensitivity of the parameter for each subbasin. It is seen in the figures that
subbasins of Cluster 1 are dominated by snow processes which is reasonable as they
correspond to subbasins located in mountainous areas. For the subbasins of Clusters 2 and 3,
groundwater parameters are ranked higher, i.e. are more important. For the subbasins of
Clusters 4 and 5, soil processes are dominant.



There is a clear correspondence between the sensitivity maps and the cluster results.
This raises the question whether the sensitivity maps could be used instead of the PCA and
clustering procedure to define the hydrological homogenous regions.
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Figure 5. SFTMP (left) and TIMP (right) sensitivities for snow

3
i
:

(TTTTTRRTTITT
(TR T

Figure 6. SOL_AWC (left ) and SURLAG (right) sensitivities for surface runoff
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Figure 7. GWQMN (left) and REVAPMN (right) sensitivities for baseflow

3.3. Calibration
Catchments selected for calibration fulfilled the following requirements: they have a
long record of discharge data, they are head catchments thus allowing independent and



simultaneous calibration, and they are representative of a hydrological cluster. Following
these requirements, nine gauged catchments were selected (Figure 8). There were no head
catchments with available data located in Cluster 5. For this reason, and considering the
limited extent of this cluster, we employed the same parameters as for Cluster 4. Altogether,
the selected catchments correspond to near 20% of the basin area and cover different
combinations of elevation, land use and soil type. To perform the calibration for the selected
catchments, a new setup of the model including only these catchments was used (Figure 8),
reducing considerably the time needed to perform automated calibration.
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Figure 8. Overview of calibration catchments

Calibration was performed using a combination of SUFI-2 and a manual approach by
maximising the Nash-Sutcliffe efficiency (NSE) criterion on the monthly river discharges.
First the snow parameters were calibrated. As in SWAT, snow parameters are unique for the
whole basin; they were calibrated for the catchment with the highest elevation. Subsequently,
the subgroup of parameters corresponding to surface runoff were determined. Finally the
subgroup of parameters corresponding to baseflow were determined. Results for the
calibration of the selected catchments are shown in Figure 9 and Table 3. Next to the NSE,
two other model performance statistics were considered: the coefficient of determination (R?)
of model results versus observations of monthly river discharges, and the coefficient of
regression R? multiplied by the coefficient of the regression line (bR?).
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Figure 9. Calibration results for catchments representative of each cluster. (a) Cluster 1, (b)
Cluster 2, (c) Cluster 3 and (d) Clusters 4 and 5

Table 3. Model performance evaluation for monthly flows in the catchments representative of

each cluster

Cluster 1 2 3 4&5
R’ 0.77 0.73 0.64 0.23
bR? 0.75 0.72 0.51 0.17
NSE 0.70 0.70 0.61 0.14

As it is seen in Figure 9 and Table 3, results for Clusters 4 and 5 are poor. The
assessment of model performance was made using the R package hydroGOF (Zambrano,

2010).

Figure 10 shows the NSE for the Danube basin for selected calibrated and non-
calibrated catchments with the original default parameters. Figure 11 shows the NSE after
extrapolation of a calibrated set of parameters at each hydrological cluster. It can be seen that
there is a clear improvement of NSE for ungauged catchments.
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Figure 10. NSE for the gauged catchments, with no extrapolation of calibrated parameter
sets within the clusters
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Figure 11. NSE for the gauged catchments, after extrapolation of calibrated parameter sets
within the clusters

Figure 12 shows the gradual improvement of the simulated discharge at the outlet of
the Danube river basin. It started with an NSE of -0.03 for the simulation with the default
parameters. After the catchments representative of the clusters were calibrated, the timing of
the peaks in the simulated discharge showed a better agreement with the observed values and
the NSE increased to 0.07. The runoff volume of the simulated discharge, however, became
overestimated. The results of the final simulation with the calibrated parameters extrapolated
to the whole basin show a better agreement both in time and in volume with respect to the

observed discharge with an R? value of 0.5 and NSE value of 0.4.
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Figure 12. Simulation results at the outlet of the Danube river basin. (a) First run with
default parameters, (b) After model calibration for the catchments representative of each
cluster and (c) With calibrated parameters extrapolated
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4. Conclusions

This paper illustrates the development of a protocol to simulate large scale
hydrological systems using SWAT. The proposed protocol aims at addressing the problems
of hydrological regionalization and calibration transparency and can be summarized as
follows:

1. Derive catchment characteristics most relevant for cluster analysis of hydrological regions
using Principal Component Analysis.

2. Define cluster regions using catchment, meteorological and flow characteristics.

3. Perform a sensitivity analysis at subbasin level to select significant parameters for
calibration.

4. Select a number of catchments with available data representative of every cluster and
independent from each other.

5. Perform multi-objective calibration to obtain one set of calibrated parameters
representative of every cluster group.

6. Extrapolate the set of calibrated parameters in the corresponding cluster group to
ungauged subbasins.

The proposed protocol was implemented and tested for the Danube river basin and
showed a promising performance. Sensitivity analysis at subbasin level was successfully
implemented, as was the multi-objective calibration, which significantly improved the
transparency of the calibration. The hydrological regionalization using PCA and cluster
analysis and the posterior extrapolation of a calibrated set of parameters within each cluster
resulted in a clear improvement in model performance at ungauged catchments.

The clear correspondence between sensitivity maps and cluster results raises the
question of whether sensitivity maps could be used in combination with PCA and cluster
analysis to refine the hydrological regionalization.

Finally, there are subsets of parameters, e.g. snow-related parameters, which are
assumed to be uniform for the whole basin. We could therefore hypothesize that performance
of the large-scale hydrological model could improve if these parameters were spatially
refined at subbasin level.
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Abstract

Climate data is perhaps the most important driving input data in watershed models. As there are
often a limited number of observation stations, watershed models suffer from a chronically large
uncertainty with respect to climate data. This uncertainty has profound impact on model
calibration of parameters, leading to wrong parameters which cause erroneous process
identification. In this paper, we used the Climate Research Unit’s (CRU’s) 0.5-degree gridded
climate data to test the ratio of the number of climate stations to the number of subbasins. As
SWAT only uses one climate station per subbasin, the spatial extent of subbasins may have a
significant impact on model performance. The results of this study show that on the local scale,
heterogeneity in precipitation may lead to a substantial difference in runoff. Further downstream
this influence becomes less pronounced. We conclude that the ratio of the number of climate
stations to subbasins should ideally be close to one, implying that subbasin area should be of the
same magnitude as the climate station grid size.

Keywords: SWAT, large scale application, Europe, hydrological modeling, climate
dataset, delineation threshold
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1. Introduction

Climate data observations are the key ingredient to successful application of a
hydrological model. The spatial and temporal resolution of precipitation data has a
significant impact on simulated discharge. As the SWAT model assigns one climate
station to each subbasin, not only the primary climate station distribution but also the
spatial overlap of subbasins and the climate grid defines model performance.

On small-scale simulations, the number of climate stations is usually lower than
the number of subbasins. However, if we increase the study scale, the area of the
watersheds will increase simultaneously and at some point more than one climate station
will be located in a single subbasin. As the SWAT model only makes use of one climate
station inside each subbasin, this situation leads to a loss of information.

In large-scale modeling, the required time for a model run is important as
calibration requires a high number of simulations. If the number of subbasins can be kept
low without a loss in model performance, the calibration process will speed up.

The river basin used for this study is part of the European Continental SWAT
model. To gain information about the convenient subbasin size for the Continental setup,
the Rhine basin was chosen as a test case. To assess model performance regarding
observed discharge values, this study uses two simulations with different mean subbasin
areas. The first simulation is built using a delineation threshold of 50,000 ha, and the
second simulation was assigned a threshold of 150,000 ha. The climate dataset which
serves as forcing data is the CRU TS3.0 dataset of the University of East Anglia and is
evenly distributed on a regular 0.5° grid.

2. Methods and Data

Data sources used in this project are free of charge and mostly available on the
internet. The following datasets have been used:

e A Digital Elevation Model (DEM) was constructed from the US Geological Survey's
(USGS) public domain geographic database HYDRO1k (http://edc.usgs.gov/
products/elevation/gtopo30/hydro/index.html), which is derived from their 3,000
digital elevation model of the world GTOPO30. HYDRO1k has a consistent coverage
of topography at a resolution of 1 km.

e The land use map is a product of the European Environmental Agency. The CORINE
Land Cover project (http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-
2000-raster) provides land use information for all EU countries on a resolution of 100
m. To cover the non-EU countries, the CORINE map was combined with the U.S.
Geological Survey's public domain land use map with an original resolution of 1 km
(http://edcsns17.cr.usgs.go/glcc/gle.html).

e The soil map was published by the Food and Agriculture Organization of the United
Nations (FAO, 1995). It holds around 5,000 soil types at a spatial resolution of 10
km.

e The stream network from the Digital Chart of the World (DCW, http:/
www.maproom.psu.edu/dcw) homepage was used for the project.
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Discharge observations on a mean monthly resolution for the Rhine River and 4
tributary rivers were obtained from the Global Runoff Data Centre (GRDC).

2.1. Climate data

The climate dataset consists of daily precipitation and maximum and minimum
temperature obtained from the Climate Research Unit (CRU) dataset which is available
on http://badc.nerc.ac.uk. The CRU dataset has a 0.5° spatial and monthly time
resolution. To acquire the daily SWAT input data, a statistical weather generator (dGEN,
Schuol and Abbaspour, 2007) was applied.

2.2. Model setup

The model setup on the Rhine River catchment was carried out using the ArcSwat
interface on ArcGIS (Winchell et al., 2007). To obtain two different model setups with
the intended mean subbasin areas, delineation thresholds of 50,000 ha and 150,000 ha
were chosen during the watershed delineation. The Rhine watershed has a total area of
163,737 km?, and the Rhine River originates in the Swiss Alps at an elevation of around
3000 m. 8.63% of the total watershed area is located at an elevation higher than 1000 m.
The distribution of climate and discharge stations over the catchment can be seen in
Figure 1. The six discharge stations used for this study are located on four tributary
rivers, the Aare at Untersiggenthal, the Neckar at Rockenau, the Main at Kleinhuebach,
the Moselle at Cochem and at two locations on the Rhine River: a very upstream station
located at Diepoldsau and a very downstream station at Lobith.

Amag Siatons
Subbasing
Main
S . Ao
% Moselle
I [ Neckar
I Rhine
1] Rhine basin

Figure 1. The Rhine basin and the five sub-watersheds. Left to right: model setup with
50,000 ha watershed delineation, model setup using 150,000 ha watershed delineation,
and location of discharge stations.

The coarse delineation threshold creates 73 subbasins with a mean subbasin size
of 2,243 km?. With 53 stations representing precipitation and discharge, a ratio between
subbasin number and climate stations of 1.38 is reached. Using the high subbasin
resolution, 77 climate stations are used with a total of 170 subbasins which results in a
ratio of 2.2. Ideally, the ratio between the number of subbasins and climate stations
should be 1 and subbasin area should not outsize the grid size of the climate station
dataset. In Table 1, the ratios between numbers of subbasins and climate stations are
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shown. As subbasin shapes are irregular, there will always be a loss of information when
transforming climate data from station information to the subbasin level. Using the high
resolution, we are able to use more climate stations in total for the whole Rhine basin, but
the ratio between number of subbasins and climate stations is rather high. This indicates
that a high number of climate stations have been assigned to the same subbasin and a
high number of subbasins are represented by a climate station considerably far away from
the subbasin centroid. The ratio between number of subbasins and climate stations is
between 2 and 2.3 for the high resolution model setup. For the low resolution setup, the
ratio is lower, between 1 and 1.5. But there are situations where a ratio of one is reached
because the subbasin area exceeds the grid size of the climate grid as in the upper Rhine
watershed (see Figure 1).

Table 1. Subbasin and climate stations for each basin for the high and low model setup

Basin Subbasins / climate stations Ratio
High Low High Low

Rhine upstream 713 1/1 2.33 1
Aare 18/9 717 2 1
Neckar 12/6 6/4 2 15
Main 23/10 10/7 2.3 1.4
Moselle 32/14 15/10 2.3 15
Rhine 173177 73153 2.2 1.38

For the definition of the Hydrological Response Units (HRUSs), a threshold of
10% for soil, land-use and slope was chosen.

In Table 2 the main land-use types inside each watershed are listed. Discharges at
the outlets of the Aare and the upstream Rhine catchment are dominated by mountainous
areas; more than 40% and 80% of the catchment areas, respectively, are located higher
than 1000 m. The upstream Rhine catchment is dominated by forested areas (59.53%)
while the main land-use inside the Aare catchment is agriculture (57.11%). The Main,
Neckar and Moselle rivers are lowland rivers with maximum elevations around 1000 m.
The major land-use is agriculture (around 50% each) followed by forested areas (around
35%). The entire Rhine catchment has is dominated by land-uses of agriculture (45%)
and forest (37%), and 8.6% is located at an elevation of 1000 m or higher.

Table 3 shows the initial parameter changes applied to run the two model setups.
A preliminary analysis of the 6 discharge stations led to the changes from the initial
parameters which are shown below. Only values that differ from the default parameters
are listed. Changes were applied to the groundwater, management, soil and basin
parameters. Additionally, elevation bands starting at 1000 m with a 500-m bandwidth
were added with a temperature lapse rate of -6.5. Potential evapotranspiration is modeled
using the empirical Hargreaves equation (Hargreaves and Samani, 1985).

Table 2. Characteristics of Rhine watershed: Percentage of watershed area

Land-use Rhine upstream Aare Neckar Main Moselle Rhine
Agriculture 11.33 57.11 48.31 57.37 38.75 45.78
Forest 59.53 323 35.51 38.93 38.09 37.07

Pasture 10.07 0.2 10.77 3.68 21.33 10.69
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Residential 5.41 1.83 4.32
Tundra / bare ground 19.08 7.78 1.24
Waterbodies / wetlands 2.81 0.78
Urban / industrial 0.12
Topography

Below 1000m 17 59.33 99.63 100.00 99.74 91.37
Above 1000m 83 40.66 0.37 0 0.26 8.63
Above 1500m 65.11 21.02 0 0 0 4,98
Above 2000m 39.57 10.16 0 0 0 2.65

Table 2. Parameters changes applied to the two model setups. The identifier

r__<parameter>.<extension> indicates a relative change of the initial parameter of a given

value
Groundwater parameters (.mgt)
SHALLST : Initial depth of water in the shallow aquifer [mm] 750
DEEPST : Initial depth of water in the deep aquifer [mm] 1000
GW_DELAY : Groundwater delay [days] 5
ALPHA_BF : Baseflow alpha factor [days] 0.003
GWQMN : Threshold depth of water in the shallow aquifer required before [mm] 650
Watershed parameters (.bsn)
SFTMP : Snowfall temperature [°C] 1
SMTMP : Snow melt base temperature [°C] 15
SMFMX : Melt factor for snow on June 21 [mm H20/°C-day] 4.5
SMFMN : Melt factor for snow on December 21 [mm H20/°C-day] 3
TIMP : Snow pack temperature lag factor 0.2
FFCB : Initial soil water storage expressed as a fraction of field capacity water content 0.8
ICN : Daily curve number calculation method 1
CNCOEF : Plant ET curve number coefficient 0.5
IPET: PET method 2
Soil parameters (.sol)
r__SOL_K().sol : Soil hydraulic conductivity [] 0.05
r__SOL_AWC().sol : Soil available water holding capacity [mm] 0.05
Management parameters (.mgt)
r_ CN2.mgt -0.05
Subbasin parameters (.sub)
Elevation bands with a 500m bandwidth:
TLAPS starting from 1000m [C°] -6.5
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3. Results

In this section the results are discussed based on the two SWAT simulations using
different delineation thresholds. In Figure 2, mean monthly values for the six discharge
locations are displayed for both simulations as well as for the observed time series.

There is no obvious pattern to detect over all six discharge locations. At the upper
Rhine catchment the timing of the discharge peak is delayed by two for the coarse
simulation. As the upstream Rhine catchment is a mountainous catchment, the
temperature data is the determining factor for the occurrence of snowmelt. Obviously, the
temperature data vary between the two simulations with a lower spring temperature using
the coarse resolution. This results in a postponed runoff peak due to snowmelt in the
month of July compared to the peak timing in May for the high resolution simulation. At
the Neckar catchment, the overall amount of discharge is substantially larger using the
high resolution. At the Main and the Moselle rivers, the differences are rather small.
These features results in a small difference at the Rhine outlet in Lobith. The different
subbasin resolutions may influence the discharge regime locally; in this study, however,
the differences diminish more downstream.
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Figure 2. Observed and simulated mean monthly discharge values for the 1973 - 1992
time period at six discharge gauges using both subbasin resolutions. From the top left
corner clockwise: Rhine River at Diepoldsau, Aare River at Untersiggenthal, Neckar
River at Rockenau, Main River at Kleinhuebach, Moselle River at Cochem and Rhine
River at Lobith.

Table 4 shows the statistics of the six catchments, the Nash-Sutcliffe Efficiency
(NS), the R?value, the mean and standard deviation of simulated and observed discharge.
Both model simulations greatly overestimate mean discharge at the upper Rhine
catchment which leads to a low NS value for both simulations. The only catchment where
a large change in the NS value can be observed is the Neckar catchment. The high-
resolution simulation leads to an NS value of 0.40 which is about 0.6 higher than the low-
resolution.
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R? values improve from low- to high-resolution at the upper Rhine catchment
(0.14) and the Rhine basin (0.03) and decrease slightly at the other four catchments.

Table 3. Model performance statistics for both simulations. Nash-Sutcliffe Efficiency [-],
R?[-], mean[m®/s] and standard deviation [m®s] for high and low resolution runs for
the six catchments.

NS R? Mean Standard dev.
hig
Catchment high Low h Low high low obs. high low obs.
Upper - 0.5
Rhine 062 -056 7 071 313.84 310.13 236.75 237.70 258.43 140.23
- 0.3
Aare 013 -037 5 0.28 513,53 504.83 566.50 269.54 27831 217.00
0.6
Neckar 040 -027 2 0.52  106.83 61.30 138.76 94.02 61.18 87.45
- 0.4
Main 005 005 7 0.50 99.20 109.63 156.00 10541 111.22 95.63
0.7
Moselle 066 065 2 0.71  313.05 29428 343.39 28320 273.78 266.98
0.5 2079.4 194277 22853 1159.8 1035.2
Rhine 021 029 3 0.56 1 0 3 5 4 93419
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Figure 3. Long term annual mean values at the subbasin scale: Difference between low-
and high-resolution relative to the high resolution values [(low - high) / high].
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Figure 3 shows the mean annual values of some water balance components on the
subbasin scale. The highest percentage of difference in precipitation occurs in the Neckar
and upstream Rhine basins with a decrease in precipitation between 30 and 45% using the
low resolution. This change in precipitation leads to a decreased amount of snowfall and
snowmelt of up to 50%. A change in snowfall/snowmelt may not only be triggered by a
change in precipitation amount, but also may be caused by a change in temperature and
elevation of the climate station which explains why the spatial pattern of relative changes
are not consistent between precipitation and snowfall/-melt. The same applies to ET: a
higher amount of precipitation is expected to lead to a higher latent heat flux. However,
as the model uses the empirical Hargreaves method to calculate ET, the temperature
values also affect ET. Relative changes in ET are highest for alpine subbasins. Runoff at
the subbasin scale is affected by up to 37% in the upstream Rhine basin and up to -70%
in the Neckar basin while on the outlet of the Rhine basin in Lobith, only a difference of
-0.07% can be detected.

4. Conclusions

With the variation of the delineation threshold, precipitation values are affected
substantially at the local level which has implications on snow accumulation, snow melt,
evapotranspiration, water yield and runoff. Model performance regarding runoff at the
tributary rivers was increased to a certain degree at the Neckar river, while other
tributaries neither showed a considerable increase nor decrease in Nash-Sutcliffe or R
value. The largest differences in the mean monthly time series of the two simulations can
be observed at the smallest catchments: the upper Rhine River and the Neckar River. The
upper Rhine River, as the most mountainous catchment, shows a high sensitivity to
temperature data which results in a shift of the snowmelt season. While the impact of the
spatial extent of the subbasins is mostly visible at the local scale on the upstream basins,
on the downstream outlet at the Rhine River the impacts of the various changes in climate
at the local scale overlap and no significant signal can be detected.

To choose an appropriate spatial extent of subbasins for a specific study area, the
following points should be considered: the grid size of the climate station grid should be
in the same range as that of the mean area of the subbasins, and the number of subbasins
should be low enough to keep model calibration time within a reasonable magnitude.
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Abstract

Streams throughout the North Canadian River watershed in northwest Oklahoma, USA have elevated
levels of nutrients and sediment. SWAT (Soil and Water Assessment Tool) was used to identify areas that
likely contributed disproportionate amounts of phosphorus (P) and sediment to Lake Overholser, the
receiving reservoir at the watershed outlet of the project area. These sites were then targeted by the
Oklahoma Conservation Commission (OCC) to implement conservation practices such as conservation
tillage, pasture planting, and riparian exclusion and buffers as part of a US Environmental Protection
Agency Section 319(h) project. Practices were implemented on 238 fields. The objective of this project
was to evaluate conservation practice effectiveness on these fields using TBET, a simplified user interface
for SWAT developed for field-scale application. TBET was applied on each field to predict the effects of
conservation practice implementation on P and sediment loads. These data were used to evaluate the cost
(per kg of pollutant) associated with these reductions. Overall the implemented practices were predicted
to reduce P loads to Lake Overholser by nine percent. The ‘riparian exclusion’ and ‘riparian exclusion
with buffer’ practices provided the greatest reduction in P load while ‘conservation tillage’ and
‘converting wheat to Bermuda’ produced the largest reduction in sediment load. The most cost efficient
practices were ‘converting wheat to Bermuda or native range’ and ‘riparian exclusion’. This project
illustrates the importance of conservation practice selection and evaluation prior to implementation. This
information may lead to the implementation of more cost effective practices and an improvement in the
overall effectiveness of water quality programs.
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1. Introduction

In agricultural watersheds, non-point sources are often the dominate contributor to water
quality impairment. Phosphorus (P) and sediment are two of the most common contributors to
aquatic impairment with agricultural sources responsible for 46% of the sediment and 47% of the
P released into U.S. waters (Allan, 1995; Rao et al., 2009). P is a necessary nutrient for
agricultural crops, yet over application of fertilizer may lead to elevated P levels in streams,
reservoirs and lakes. Several conservation practices are effective in reducing sediment and P loss
from agricultural fields, including riparian buffers, conservation tillage, crop rotation, and filter
strips. Knowing the efficiency of these conservation practices (i.e. Best Management Practices)
in a particular setting is critical to providing policy makers the knowledge they need for future
resource allocations (Tuppad et al., 2010). Published data on P and sediment reduction for
various conservation practices are available, yet these data provide only a general estimate of
practice efficiency as site characteristics always vary. A watershed or field scale model provides
an alternative to these generalized efficiencies and may produce more accurate site-specific P
and sediment reductions from conservation practice implementation.

SWAT (Soil and Water Assessment Tool) (Arnold et al., 1995) is a watershed scale
model widely used to evaluate conservation programs. It was utilized by Tuppad et al. (2010)
and Vache et al. (2002) to model the reduction of sediment and nutrients due to conservation
practice implementation. Simulated scenarios by Tuppad et al. (2010) showed decreases from
3% to 37% for sediment load and up to a 30% decrease in P load for individual conservation
practices for the Bosque River watershed in northern Texas, USA. Overall the most effective
conservation practices for the Bosque River watershed in Texas were recharge structures,
terraced fields and filter strips. Vache et al. (2002) examined three future land use scenarios in
central lowa, USA where two of the scenarios showed significant reductions in sediment and
nutrient loads. By using a combination of conservation practices (conservation tillage, strip
intercropping, rotational grazing, etc), predicted sediment loads were reduced by 37% to 67%
and nutrients by 54% to 75%. Another example is the field scale water table management model
ADAPT (Agricultural Drainage and Pesticide Transport) (Chung et al., 1992). Coupled with a
dynamic watershed scale modeling approach (Gowda et al., 1999), ADAPT was used to simulate
the reduction of sediment and P loads in the Sand Creek watershed in south-central Minnesota
(Dalzell et al., 2004). By simulating the implementation of various conservation practices
(conservation tillage, reduced application rates of P fertilizer, and conversion of crop land to
pasture), they predicted that sediment loads could decrease by up to 24% and P loads by up to
23%.

Though several studies have evaluated the effect of conservation practice implementation
on P and sediment losses from agricultural fields, few have considered the cost per unit load
reduction. It is important to make this information available to policy makers to aid them in
determining the largest P and sediment reduction for the least cost. Secchi et al. (2007) found
that by implementing conservation practices in 13 lowa watersheds, SWAT predicted sediment
loads could be reduced from 6% to 65% and the P loads from 28% to 59% at a cost of $2.4-4.3
billion over ten years. Chang et al. (2009) evaluated the number and location of conservation
practices vs. pollutant reduction. They showed that although there continued to be a reduction in
pollutant load per added conservation practice, there was an optimal quantity of conservation
practices where the largest pollutant reduction per cost was achieved. Gitau et al. (2004) utilized
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SWAT to determine the optimal selection and placement of conservation practices to identify
cost-effective solutions for nonpoint source reduction.

The objective of this project was to estimate the reduction in P and sediment loads from
238 fields in the North Canadian Watershed in northwestern Oklahoma resulting from the
implementation of conservation practices using TBET, a simplified GUI for SWAT. Costs for
conservation practice implementation for both the federal government and the rancher and
farmer per ton of sediment and kg of P reduction were also calculated and their efficiency
evaluated.

2. Materials and Methods

2.1. North Canadian watershed
The Canton-Overholser corridor of the North Canadian watershed (Figure 1), which
includes parts of Blaine, Canadian, and Dewey Counties, located in northwest Oklahoma, USA,
occupies a drainage area of approximately 1,970 km?. Streams throughout this wheat and cattle
producing area are impaired due to excess nutrients, suspended solids, and siltation. Storm et al.
(2007) used SWAT to identify the non-urban
N areas that contributed disproportionate nutrient
I leveted Areas of Phosphorus + loads (Figure 1). Cropland (small grain and
row crops), bare soil, and urban development
were the primary sources of nutrient and
sediment loads, with 60% of the total nutrient
load contributed from only 20% of the total
watershed area. They simulated several
conservation practice implementation
scenarios to determine potential P load
reductions at the watershed outlet. If all fields
with small grains and row crops implemented
conservation tillage and farming on the
contour, P loads were predicted to be reduced
by 22%. By converting all small grains and
. row crops to pasture or all grazing pastures to
iometers hay, P loads were predicted to be reduced by
15% and 12%, respectively. The greatest
Figure 1. The North Canadian River Watershed Smg.le P load reduction (.22%) reSUIt.ed from
Project area in northwest Oklahoma, USA with adding a 1O_m buffer strip to all a_lgncu_ltural
Canton Lake in the north draining to Lake lands bordering the Northern Canadian River.
Overholser in the south connected by the North
Canadian River. Areas in red indicate identified 2 2 Conservation practices

areas of elevated sources of total phosphorus load to The Oklahoma
the river.

036 12 18 2

Conservation

Commission (OCC) applied finite funding
from the US Environmental Protection Agency 319(h) Program to cost share the implementation
of conservation practices at 238 field sites within the watershed project area to reduce P and
sediment loads (Figure 2). Although OCC prioritized implementation target areas of elevated P
(per Storm et al., 2007), implementation efforts were ultimately constrained by landowner
participation. The targeted area made up a total of 54 km? and the 238 field sites occupied a total

26



of 65 km?, with field sizes ranging from 0.01 to 1.2 km? (1.2-120 ha). The targeted areas and
field sites with conservation practices mutually occurred on 44 of the 238 field sites with an area
of 14 km® Six types of conservation practices were implemented within the watershed with
annual costs provided in Table 1. The fraction of the total cost subsidized by the cost share

Figure 2. The North Canadian River Watershed
Project area in northwest Oklahoma, USA showing

Field Sites with Conservation Practices
I siope > 2% and within 200 m of Waterbody

m} . I Within 200 m of Waterbody the 238 field sites where the conservation practices
R I siope > 2% were implemented based on distance to a waterbody
Sy I other
AR and slope

ey program differed by practice. For some
ey L practices, such as conservation tillage, 100% of
il Thnin the cost was paid by the federal government.
' L For other costs, such as the installation of fence
R and the establishment of Bermuda grass, the
' cost was shared between the government

. (80%) and the farmer or rancher (20%). Some
1L ; practices required single implementation
(conservation tillage), while others required

0se w w a multiple installations such as animal exclusion

(fence, watering facility, pipeline, and pump).
The practical life of the conservation practices
were also taken into account. For example, based on the US Department of Agriculture Natural
Resources Conservation Service (NRCS) Field Office Technical Guide (FOTG), native
rangeland implementation had a practical life of 10 years compared to 20 years for a watering
facility (USDA-NRCS, 2011).

2.3. Phosphorus and sediment load modeling

Due to its ease of use and applicability at the field scale, TBET (Dr. M.J. White, personal
communication, 2010) was selected to estimate the average annual P and sediment loss from the
238 field sites. TBET is a software tool which predicts P and sediment in runoff from
agricultural fields in Oklahoma, Texas, and surrounding states. It is an updated and expanded
form of PPM Plus (White, 2007; White et al., 2009, 2010). Using a region-specific 15-yr weather
period, TBET predicts the average annual P and sediment transport rates delivered to the nearest
stream from a single agricultural field. TBET was extensively validated using 283 field years of
field scale data from several sites across the southern United States (White, 2007; White et al.,
2010). The sites varied based on cropping system, location, nutrient application, size, soil type,
and Soil Test Phosphorus (STP) levels.

TBET is based on the Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998), a
product of more than 30 years of model development by the U.S. Department of Agriculture,
Agricultural Research Service. While models like SWAT are a valuable tool for highly trained
specialists, their complexity becomes prohibitive for use by most conservation and nutrient
management planners. TBET was designed to simplify the operation of SWAT in order to put
the predictive power of a proven water quality model into the hands of people who make daily
decisions that affect water quality. Required data for TBET simulations include crop system and
management practices, soil type, field area, distance to stream, and STP. A myriad of
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management options can be simulated by accounting for detailed field characteristics and land
management.

Table 1. Conservation practices implemented in the North Canadian River Watershed Project, their costs to the
federal government and the ranchers and farmers, their practical life expectancy, and total cost per year in 2011

USA Dollars

Conservation Number | Total | Costto Cost to Practical | Total
practice of fields | area | federal government farmer or rancher life cost per
(ha) (yrs) year
Conservation tillage 205 6040 $48.70/ha $0.00 1 $48.70/ha
Wheat to Bermuda 23 305 $190.69/ha $47.67/ha 10 $23.84/ha
Wheat to native 2 37 $55.62/ha $13.91/ha 10 $6.95/ha
range
Riparian exclusion 2 13 $3.99/ linear m fence $1.00 /linear m fence 20 $0.25/m
$3.99/linear m pipe $1.00/linear m pipe 20 $0.25/m
Watering facility-$139.10 | Watering facility-$34.77 10 $17.38
Solar water pump-$3.93 Solar water pump-$0.98 15 $0.33
Riparian exclusion 2 45 $3.99/ linear m fence $1.00/linear m fence 20 $0.25/m
with conservation $3.99/linear m pipe $1.00/linear m pipe 20 $0.25/m
tillage Watering facility-$139.10 | Watering facility-$34.77 10 $17.38
Solar water pump-$3.93 Solar water pump-$0.98 15 $0.33
$48.70 ha™* $0.00 1 $48.70/ha
Riparian exclusion 4 33 $3.99 linear m fence $1.00/linear m fence 20 $0.25/m
with buffer $3.99/linear m pipe $1.00/linear m pipe 20 $0.25/m
Watering facility-$139.10 | Watering facility-$34.77 10 $17.38
Solar water pump-$3.93 Solar water pump-$0.98 15 $0.33
$223.20 ha* $0.00 15 $14.88/ha

Each field site was modeled pre and post conservation practice implementation. For
wheat fields with conservation tillage, pre conservation practice conditions were simulated with
conventional tillage and post conservation practice with conservation tillage with 70% crop
residue. Other wheat fields were converted to Bermuda or native grasses as a conservation
practice. Due to cattle prices, precipitation, and other factors, anywhere from 30-70% of the
fields may be grazed in any one year; therefore all fields were simulated as both grazed and
ungrazed and the average used for all statistics. Grazing was assumed to be continuous for a 90
day period at various densities (Table 2). The sites which bordered streams had fences installed
to prevent animal entry and establish/reestablish riparian vegetation for filtering and stabilizing
benefits. This conservation practice was implemented individually or coupled with conservation
tillage or a buffer. These field sites were only modeled as grazed.

Table 2. Crop management data for TBET simulations with crop system, fertilization and grazing management data,
and field Mehlich 111 Soil Test Phosphorus levels

Fertilizer rates and Grazing Soil test
Crop system time of aoplication management phosphorus
bp (animal unit/ha) (ppm)
Winter Wheat 34 kg N, 2.7 kg P (Pre-plant) 0.82 39-41
Bermuda Grass 136 kg N, 34 kg P (Spring) 1.85 40
Native range None 0.62 26-30

2.4. Data acquisition

The OCC provided the locations and areas of the field sites. In TBET up to three soil
types and their percentages can be selected for each field site. SSURGO data (USDA-NRCS,
2007) were chosen due to its high resolution. Slopes from 0.01-12.7% with an average of 2.2%
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were calculated in ArcGIS using 10-m National Elevation Dataset (NED) (USGS, 1999).
National Agricultural Statistics Service (30-m resolution) (USDA-NASS, 2009) was used to
obtain the current crop system for each field site of which the majority was wheat fields, but also
included pasture and rangeland. Crop management data were obtained from the OCC, Oklahoma
State Cooperative Extension papers (PSS-2263 and NREM-2869), and from Hossain et al.
(2004) (Table 2). STP levels were based on a previous survey from Storm et al. (2007).

3. Results and Discussion

The average annual reduction from the 238 field sites due to the implementation of the
conservation practices was 4,200 kg of P per year (0.65 kg ha™yr™) and 3,000 t of sediment per
year (0.47 tons ha™yr™). This corresponded to a nine percent average annual reduction in P load
to Lake Overholser based on loads estimated by Storm et al. (2007). The vast majority of these
reductions were from the ‘conservation tillage’ and ‘wheat to Bermuda’ practices due to the large
number of fields where these practices were implemented; however the largest reductions in P
and sediment per unit area were achieved with the ‘riparian exclusion with buffer’ (i.e. cattle
exclusion) practice and the ‘wheat to Bermuda’ practices, respectively (Figure 3). Although
‘riparian exclusion’ greatly reduced P
loads to the stream, it did little for the
sediment load reductions (neglecting
streambank erosion). On the other
hand, ‘conservation tillage’ and
‘converting wheat to Bermuda’
significantly reduced both P and
sediment loads. Based on a Mann-
Whitney ranked sum test, the median
P reduction for the conservation
practice  ‘converting wheat to

% Bermuda’ was not significantly

% greater than the median P reduction
due to ‘conservation tillage’ at a p-

%] % value of 0.05 (0.62 and 0.47 kg ha™);

44 ®

34

=) —
-
I P

= however it had a significantly greater
ol = _ reduction (p-value of 0.044) in
‘ ‘ = < g sediment (0.41 and 0.29 t ha™).
& OQ;,@‘ 8‘3 & N & Statistical analysis was n_ot perforr_ned
& & o o e < on the other conservation practices
" a & a & & due to their small sampling size.
The Mann-Whitney rank sum
Figure 2. Unit area Phosphorus and sediment load reduction per test was also utilized to analyze the
year summary for each conservation practice for the 238 fields sites ~ effect of field slope and distance to a
based on TBET simulations (Rip = Riparian; Exe = Exclusion; Cons waterbody on P and sediment loads.
= Conservation; w = with; Exclusion = cattle exclusion) Fields with a slope greater than 2%
(112 fields) had a median P load
reduction of 0.95 kg ha™ and the load reductions were significantly greater than fields with a
slope less than 2% (126 fields) with a reduction of 0.29 kg ha™. The results were similar for

Total Phosphorus Load Reduction (kgtha) | Sediment Load Reduction (t/ha)
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sediment loads with a reduction of 0.76 t ha™ for the fields with a greater than a 2% slope and
0.19 t ha™* for the fields with less than a 2% slope. There were 99 fields within a distance of 200
m of a waterbody (based on 1:24,000 USGS blue line streams) that contributed median P and
sediment load reductions of 0.76 kg ha™ and 0.41 t ha, respectively. These were significantly
greater than the fields with distances greater than 200 m from a waterbody where the median P
and sediment loads were reduced by 0.41 kg ha™* and 0.25 t ha™, respectfully. Each had a p-
value less than 0.005.

Forty of the field sites where conservation practices were implemented were identified as
targeted areas by Storm et al. (2007). The median P reduction from these 44 field sites was 1.13
kg ha* compared to 0.41 kg ha™ for the non-targeted field sites. The median sediment loads
were also significantly greater with a 0.88 t ha™ reduction for the targeted areas and 0.24 t ha ™
for the remaining sites. Fifty field sites had both a slope greater than 2% and were within 200 m
of a waterbody. Of the 50 sites, 42% were also targeted areas. These sites had median P and
sediment reductions of 1.38 kg ha™ and 1.08 t ha, respectfully (Figure 4).

15

0.5 1

Phosphorus (kg) and Sediment (t)
Reduction per Ha per Year

Targeted Areas Slope >2% Within 200 m of Slope >2% and within
Waterbody 200 m of Waterbody

Method of Selecting Fields with Elevated
Phosphorus and Sediment Levels

B Phosphorus M Sediment

Figure 4. Average annual unit area total phosphorus and sediment load reductions from targeted areas, field sites
with slopes greater than 2%, and fields within 200 m of a waterbody.

When selecting which conservation practice(s) to implement, the total cost of P and sediment
load reduction per kg or t and the practical life of the practice must be taken into account
(Figures 5 and 6). For example, the cost per ha for ‘conservation tillage’ was $48.70 with a life
expectancy of one year whereas the cost of ‘converting wheat to Bermuda’ costs $238.36 over
ten years or only $23.84 per year. ‘Converting wheat to Bermuda’ cost $52.21 per ton of
sediment reduction and $38.72 per kg of P. These were both significantly less than the load
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reductions for ‘conservation tillage” with a P reduction of $103.28 per kg and $166.60 per t of
sediment. Statistics were not utilized with the remaining practices due to their small sample
sizes. The most cost efficient practice for P reduction was ‘converting wheat to native range’ and
‘riparian exclusion’. For sediment reduction, ‘converting wheat to either Bermuda or to native
range’ were the most efficient. Although buffers were predicted to be effective at reducing P and
sediment, the small field sites and total pollutant reductions were small compared to the large
size and cost of the buffers.

Finally, when deciding which conservation practice(s) to promote to the farmers and
ranchers, it is important to consider the costs to both the landowner and the federal government.
Typically farmers and ranchers are more willing to implement conservation practices that pay for
themselves with increased crop yields or decreased inputs, are easy to install and maintain, and
do not alter their management requirements. However, each conservation practice considered in
this project requires some change in management. Thus, the cost share rate must provide the
incentive to implement the practice, or the practice must provide a reasonable cost savings or
increased revenue. For example, to convert from conventional to conservation tillage, the
additional capital investment requirement to purchase additional equipment and the added
pesticide costs may be offset by reduced fertilizer and fuel costs, and improved soil quality
resulting in increased crop yields. Based on the results from this project, the most efficient

$300

$200

$100

Cost per kg of Phosphorus Reduction per yr

$0

Conservation Wheat to Bermuda Wheat to Native Riparian Exclusion Riparian Exclusion Riparian Exclusion
Tillage Range with Conservation with Conservation
Tillage Buffer

Conservation Practice

B Federal B Farmeror Rancher

Figure 5. Conservation practice implementation cost for both the federal government and the farmer or rancher for
total phosphorus load reduction in 2011 USA dollars

reduction of P to both the farmer and the federal government was ‘converting wheat to native
range’ and ‘riparian exclusion’, and for sediment reduction the most cost effective conservation
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practices was ‘converting wheat to either Bermuda or native range’. However, the potential
reduction in economic returns from native range or Bermuda compared to wheat production
should also be considered. In addition, the increased management requirements for riparian
exclusion may also be a factor for some farmers and ranchers.

$300

$200

$100

Costpert of Sediment Reduction per yr

$0
Conservation Tillage Wheat to Bermuda Wheat to Native Range

Conservation Practice

= Federal ® Farmeror Rancher

Figure 6. Conservation practice implementation cost for both the federal government and the farmer or rancher for
sediment load reduction in 2011 USA dollars

4. Conclusions

Agricultural fields contribute a large percentage of P and sediment to our nation’s
waterways each year. Implementing conservation practices can aid in reducing these pollutant
loads and thereby have the potential to increase the water quality in the receiving streams, rivers,
reservoirs and lakes. This study modeled P and sediment loads from 238 field sites before and
after the implementation of conservation practices. The total load reduction, load reduction per
ha, and the efficiency of each conservation practice were analyzed using TBET. The average
annual reduction from the 238 field sites due to the implementation of the conservation practices
was 4,200 kg of P per year (0.65 kg ha™yr™) and 3,000 t of sediment per year (0.47 tons ha™yr
1). This corresponded to a nine percent annual reduction in P load to Lake Overholser based on
loads estimated by Storm et al. (2007). Results from these model simulations demonstrated that
the conservation practice ‘riparian exclusion’ had the largest P reduction and was the most cost
efficient; however this practice was only implemented on two of the 238 field sites. One of the
most implemented practices, ‘converting wheat to bermuda’, was not only efficient at reducing P
loads, but also sediment loads. Though there was a large reduction in P load for the conservation
practices ‘riparian exclusion’ coupled with a buffer or conservation tillage, the combined costs
were expensive compared to other practices. Eighty-six percent of the field sites implemented
‘conservation tillage’, which resulted in predicted average P and sediment load reductions of
89% and 92%, respectively.
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Typically farmers and ranchers are more willing to implement conservation practices that
pay for themselves with increased crop or forage yields and/or decreased inputs, are easy to
install and maintain, and do not alter their management requirements. Therefore, the out of
pocket cost and the impact on the management of their operation to implement a conservation
practice must be considered when selecting conservation practices to recommend for cost share
programs. However, at the same time the cost per mass of pollutant reduction must be a primary
consideration to determine the cost share rates. TBET provided an easy to use and cost effective
and efficient tool to provide information to help determine cost share rates for new water quality
programs as well as providing the potential load reductions for actual conservation practices
implemented.
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Abstract

Best management practices (BMPs) are routinely used to reduce nonpoint-source pollution
resulting from agricultural activities and to improve water quality. Models are useful tools to
investigate effects of such management practice alternatives on the watershed level. The river
system of the northern Jiangsu Plain was manually divided into three sub-systems for
modeling purposes. This area consists of an inshore alluvial plain (2,374km?) with an
extremely dense river system (1.56km/km?) with less than 8 meters’ difference in elevation as
well as overloaded fertilizer application (1,062.91kg/ha). Based on the generalized river
systems, stream flow and phosphorus transportation processes were constructed and
calibrated using the Soil and Water Assessment Tool (SWAT 2005) from 2003 to 2008.
Spatial distribution of water flow and TP were calculated. The BMP simulation was designed
in order to reveal the relationship between different fertilizer rates and P nutrient yields in
three land use types. Calibration results presented acceptable precision (0.62<R’<0.99,
0.34<NS<0.96). This means the manually design watersheds and generalized river systems
were capable of representing local hydrological features. The spatial distribution showed a
higher water and TP yield in the east and lower yield in the west. The scenarios’ results
indicated that phosphorus load is positively correlated to the fertilizer rates in three different
land use types. Soluble P is the most sensitive nutrient in the three forms of P nutrients. In
three land usages, paddy field had a great P reduction response, while arid land and orchard
had a moderate response.

Keywords: SWAT, manually designed watersheds, spatial distribution, BMPs
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1. Introduction

The Soil and Water Assessment Tool (SWAT) predicts the impact of land
management practices on water, sediment and agricultural chemical yields in
watersheds with varying soils, land use and management conditions over time
(Arnold et al., 1998). The continuous-time, process-based model requires specific
information about weather, soil properties, topography, vegetation, presence of ponds
or reservoirs, groundwater, the main channel and land management practices.

In recent years, BMPs research with the SWAT model mainly concentrated on
TMDL (Benham et al., 2006), tillage practices (Kirsch et al., 2002), harvest routine
(Stewart et al., 2006) and manure and nutrient (Santhi et al., 2006). Based on the
current situation of extreme fertilizer over use, fertilizer application research in this
area is the most urgent topic.

Several scientists of China have investigated into hydrological features or
non-point source (NPS) pollution in plain river systems, but their research was based
on analysis of monitor data. HU Xiao-wen (2008) constructed a water flow model for
a river system in the plains. TANG Ying-zhou (2006) simulated water quality with
WASPS5 in this area.

With the development of society and economy, citizens and the local
government of the north Jiangsu province city of Dafeng have become more and
more concerned about agricultural pollution in recent years. Part of the reason for
their concern is that the drainage of this area flows directly into the Yellow Sea.
Therefore, water quality of the water flow in this area contributes greatly to the sea
water quality. Moreover, Dafeng Milu National Nature Reserve (DMNNR) lies on the
alluvial plain — downstream of the river system. Water quality that cannot meet the
safety standard will undoubtedly do harm to DMNNR.

Industrial environmental pollution in this area was well controlled. The local
population has not exceeded 750,237 since 2000, but agricultural activity in this area
is extremely high. The fertilizer rates of China and Dafeng city are 36.65 kg/ha and
1,062.91 kg/ha respectively (China Agriculture Yearbook, 2006; Environmental
quality report of Yancheng, 2005). The great deal of over use of fertilizer
undoubtedly does harm to the environmental quality. Therefore, the research
concentrating on fertilizer application activity is greatly important. What’s more, the
local natural system is very sensitive. There are two state-level nature reserves, and
water discharge of this area goes into Yellow Sea directly. Mechanical models are
rarely used in this region because of the complexity of the hydrological process.
Thus, NPS research in this region has concentrated on statistical analysis of
monitoring data or fertilizer usage. The Soil and Water Assessment Tool (SWAT)
was used in this area founded on the manual designed subbasin system.

The objective of this study is to reveal the spatial distribution of water and TP
yield for the inshore alluvial plain river system in northern Jiangsu, China. This
research presented land use-based nutrient yield strength and the relationship between
phosphorous contamination yield and the amount of fertilizer used in order to analyze
the response disciplines of three phosphorous nutrient forms in three land use types.
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2. Materials and methods

2.1. Study area description

The research area focuses on Dafeng city which extends between latitudes
32°56° N and 33°36’ N and longitudes 120°13’ E and 120°56° E (Figure 1). Dafeng
city lies on the Jiangsu shore alluvial plain, whose elevation ranges from 0 to 8 within
2,367 km? area. Dafeng city belongs to the North Subtropical Monsoon Climate
Zone. Mean temperature of the research area is 14.7°C while the maximum 36.6°C
minimum -8.6°C. Dafeng is an agriculturally dominant city, where agriculture
contributed 22.2% of the GDP in 2007.
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Figure 1. Research area: Dafeng City, Jiangsu Province, China

2.2. Data source

Daily temperature and precipitation data of this area from 2003 to 2008 were
drawn from the adjacent Dongtai weather station, which were available from the
China Meteorological Data Sharing System. The digital elevation model (DEM) was
developed in the ARC/INFO platform based on the 87 m resolution data provided by
the Data Center for Resources and Environmental Sciences of the Chinese Academy
of Sciences. A Land-sat image of the research area in 2005 with 30 m resolution was
used to map the land use. A soil database was established by reclassifying the soil
type data provided by the Institute of Soil Sciences of the Chinese Academy of
Sciences. Monthly stream flow from 2003 to 2008 as well as organic phosphorus and
mineral phosphorus in three hydrometric stations were used in the model calibration.
Hydrology stations upstream provided the inlet data. Crop management information
such as fertilizer rate was drawn from the yearbook and environmental quality report
of Dafeng city in 2005, while the fertilization schedule was obtained by field
investigation. The research area was identified as a plain with a slow water flow rate,
where sediment in the runoff was not taken into consideration for the rare
concentration and absence of sediment monitoring.

2.3. Manually designed watersheds and streams
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The classical subbasin delineation cannot be used for this extremely intensive
river network with less than 8 meters’ difference in elevation and complicated
hydrologic connections among the rivers. The pre-defined watersheds and rivers
module was executed in the ArcSWAT interface.

First of all, the banded spatial features that cut off hydrologic connections
should be identified for the subbasin delineation (Figure 2). In the research area, the
artificial road network and railroad can be considered as the divide because the
subgrade of road or rail road would be sufficiently substantial to keep them
adequately firm. Similar to the natural divide, when precipitation occurs around the
road or railway runoff flows to each side, so that the hydrologic connection is cut off
by the divide. When rivers intersect with roads, bridges will help to keep the
hydrologic connection. In this research, subbasin is delineated on the basis of the road
and rail networks.

Precipitation
1Y
Precipitation

/ " 14

Natural Divide Water Flow Water Flow
{ . \ Water Flow
. R . Road & Railway

Water Flow

Figure 2. Analogy map of natural divide and the road & railway system in water
diversion

Although the difference in elevation of this area cannot be the determinant
attribute of subbasin delineation, the water diversion due to elevation change cannot
be ignored. Elevation difference was also taken into consideration to modify the
primary subbasin delineation on the basis of the road and rail networks.

There are three main estuaries in the research area, Doulonggang, Simaoyou
and Wanggang. This situation cannot be simulated by the SWAT model if the
watershed contains a single upstream and multiple outlets. Thus, the watershed
delineation was carried out according to the location of three estuaries and the
availability of water flow. The hydrological connection was designed by adding point
source.

Finally, the subbasin delineation was complemented according to the database
provided by the National Basic Geographic Data Sharing System (NBGDSS) with the
scale of 1:1,000,000.

2.4. BMPs design

Fertilizer rate in the research area is extremely high. Fertilizer reduction in
this area will be a reasonable and useful practice in order to control the degraded
water environment. Founded on this train of thought, a series of fertilizer rates were
designed and simulated for investigating the relationship between fertilizer
application amount and phosphorous yield.
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The scenarios were designed based on the actual fertilizer rate of 2005. A
serial variation represented the scenario fertilizer rates. A 3% step was chosen
because it is short enough to reveal the possible details of response and long enough
to represent the potential downward capability of total fertilizer rate. The range was
limited to between 85% and 100% of the fertilizer rate in 2005. The fertilizer
database consists of phosphate fertilizer and compound fertilizer.

3. Results and discussion

3.1. Watershed and stream delineation

- = ¢ H
.i‘:t -f/-./ﬂ B e—————
e raily DEM  HDGESS oEE
— i ] —
Fesult]l  Remlt?  Results - 1 o D

Figure 3. Flowchart of watershed delineation and the final result of the manually
designed watersheds

The initial result was obtained by the overlay of the road layer and railway
layer (Figure 3). Result 1 presented relative rough sub-basin delineation. But this
sketch provided a foundation for the next step. Result 2 contained two aspects of
spatial feature: Result 1 and a DEM. Based on Result 2, river network features were
next considered in order to cut a whole basin into three independent basins. Finally,
NBGDSS was taken into account in order to generate more precise subbasin systems.
The river system of Dafeng city was cut into three watersheds: Doulonggang,
Simaoyou and Wanggang. In these three watersheds, 40 subbasins were generated
based on multiple aspects. The final step was to add a river system founded on the
manually designed subbasins. The SWAT model could then be used utilizing the
classic procedure since the watershed delineation was finished.

3.2. Calibration results

SWAT-CUP software was used to calibrate the model. Hydrology, organic
phosphorus and mineral phosphorus monitored data from 2003 to 2008 is the base of
the calibration. Four groups of 700 times SWAT simulation could lead to a
reasonable result (Table 1).

Table 1. Pearson Correlation Coefficient and Nash-Sutcliffe Coefficient in three watersheds

Watershed Items Pearson Correlation (R)  Nash-Sutcliffe
Doulonggang Water Flow 0.96 0.80
Organic Phosphorus 0.77 0.56
Mineral Phosphorus 0.93 0.43

Simaoyou Water Flow 0.99 0.96
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Organic Phosphorus 0.62 0.34

Mineral Phosphorus 0.97 0.57
Wanggang Water Flow 0.79 0.69
Organic Phosphorus 0.73 0.71
Mineral Phosphorus 0.81 0.77

Overview of the calibration presents two characteristics: almost perfect water
flow simulation, and simulation in the Doulonggang watersheds was better than the
other two watersheds.

The nearly perfect water flow simulations were greatly benefited by the
upstream point inlet. In three watersheds, flow rate from upstream account for 75%,
88%, 23% outflow in the Doulonggang, Simaoyou and Wanggang watersheds
respectively. Undoubtedly precise hydrology monitoring data was the basis of the
high quality of the simulation.

Over three watersheds, Doulonggang presented the most accurate simulation,
while Simaoyou showed was the worst simulation. This was caused by multiple
factors. First of all, the number of Doulonggang’s nutrient monitoring data was
greater than that for the other two watersheds. There were 26 samples in
Doulonggang over the simulation period, 8 samples in Simaoyou and 24 in
Wanggang. This might be the most significant influence over the calibration. Another
reason was that the Wanggang watershed could be divided into two separate
watersheds. These two watersheds combine before the monitoring station. As we
know, the river system in this area is extremely complex. Moreover, there are several
floodgates. The floodgates could not be taken into account for the lack of related
running data.
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Figure 4. Water flow, organic P and mineral P simulation in Doulonggang
watershed
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In detail (Figure 4), among the three factors that we were concerned with,
water flow displayed the best simulation. The simulation of organic P and mineral P
were not as good as water flow, but the results were acceptable. In water flow
simulation, the most significant feature was the flood peaks of simulation obviously
higher than those of the monitor data. This phenomenon was caused by the flood
storage of the dense river system. In the Dafeng city area, the river system is extended
to every single field; even peasant households are surrounded by streams. As rain
falls on the streams, overflow will not occur until the entire river way is filled.

3.3. Simulation results
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Figure 5. Spatial distribution of average water yield and TP in Dafeng from 2003 to 2008

Spatial distribution of average water yield and TP (Figure 5) showed a
relatively coinciding result. Water flow in the east is higher than that in the west.
There was no obvious difference between the north and the south. Downstream of
Simaoyou and Wanggang watersheds has the highest water yield (59.0 mm/month).
The lowest yield occurred in the middle of the research area (45.73 mm/month). TP
spatial distribution presented similar characteristics to water yield.

3.4. Scenario results

41



i

Chrgaric P (ki

of Land 503
LR - rchad_ S0P

Gl ark % %

ults of different land use types’ response to the different

100%

Figure 6. Scenario res
fertilizer rates

Arid land contributed the most organic P, soluble P and sediment P of the
three land use types. Orchard’s yield of phosphorus pollutants was significantly less
than the other two vyields. Of three types of phosphorus pollutants, organic P
contributed the most P load, while soluble P had the least output. All kinds of land
use presented positive correlation with fertilizer reduction.

The reduction of fertilizer application leads to little reduction of organic P
yield. For orchard and paddy field, zero reduction of organic P was found. Soluble
P’s response was significant, as can be seen in Figure 6. But the 94% fertilizer
reduction differs little from the 97% reduction output. The same characteristics of
soluble P can be seen in sediment P.
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Over all three P pollutants, soluble P showed the most obvious sensitivity to
fertilizer application reduction (Table 2). Organic P has very little response to
fertilizer reduction. For the three land usages, paddy field had the greatest P reduction
response, while arid land and orchard exhibited moderate responses.

Table 2. Various P Pollutants’ Reduction with 15% Fertilizer Application Reduction

Nutrient Arid Land Orchard Paddy field
Organic P 0.53% - -
Soluble P 11.33% 12.71% 14.93%

Sediment P 6.89% 5.56% 7.61%

4. Conclusions

Calibration results showed that the SWAT 2005 model carried out a precise
water flow simulation of the research area, the precision of which was mostly
benefited by the upstream point inlet setting. The organic and mineral phosphorus
simulation results were acceptable for the BMP design as well. Consequently, the
method of manual subbasin delineation based on using the road and rail networks as
artificial divisions was proved to be reasonable enough for presenting the
hydrological connections of the shore alluvial plain.

The spatial distribution of average water and TP yield showed a relatively
coinciding result, where the water flow and TP yield in the east were both higher than
that in the west.

The scenarios concluded that phosphorus load had a linear correlation to the
fertilizer rates in three different land use types. Soluble P showed the most obvious
sensitivity to fertilizer application reduction, while organic P had very little response
to the fertilizer reduction. In the three land usages, paddy field presented great P
reduction response. Arid land and orchard had more moderate responses.
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