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Foreword

This proceeding presents papers that were given at the 4th International SWAT
Conference, which convened at UNESCO-IHE, Delft, The Netherlands.

The focus of this conference was to allow an international community of researchers
and scholars to discuss the latest advances in the use of the SWAT (Soil Water Assessment
Tool) model to assess water quality trends.

The SWAT model was developed by researchers Jeff Arnold of the United States
Department of Agriculture — Agricultural Research Service (USDA-ARS) in Temple, Texas
and Raghavan Srinivasan, Director of the Texas A&M University Spatial Sciences
Laboratory.

SWAT is a comprehensive computer simulation tool that can be used to simulate the
effects of point and nonpoint source pollution from watersheds, in the streams, and rivers.
SWAT is integrated with several readily available databases and Geographic Information
Systems (GIS).

Because of the versatility of SWAT, the model has been utilized to study a wide range
of phenomena throughout the world. At the same time, the research community is actively
engaged in developing new improvement to SWAT for site-specific needs and linking SWAT
results to other simulation models.

This conference provided an opportunity for the international research community to
gather and share information about the latest innovations developed for SWAT to discuss
challenges that still need to be resolved.

This proceedings includes papers covering a variety of themes, including agricultural
management, sediment modeling, climate change, integrated modeling, hydrological
processes, and ecological and water quality processes. In addition to papers presented at the
conference, posters shown at the conference are also included in this proceeding.

The organizers of the conference- Ann van Griensven and Raghavan Srinivasan- want
to express thanks to organizations and individuals who made this conference successful.
Organizations that played a key role in this conference include USDA-ARS, Texas A&M
University, and UNESCO-IHE. We also thank ESRI for their involvement and cooperation
with the conference.

To learn more about SWAT visit: http://www.brc.tamus.edu/swat/ or contact
Raghavan Srinivasan at r-srinivasan@tamu.edu
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Conference Objective

Soil and Water Assessment

Natural watershed systems maintain a balance between precipitation, runoff, infiltration, and
water which either evaporates from bare soil and open water surfaces or evapotranspires from
vegetated surfaces, completing the natural cycle. The understanding of this hydrological
cycle at a watershed scale, and the fate and transport of nutrients, pesticides and other
chemicals affecting water quality is essential for development and implementation of
appropriate watershed management policies and procedures.

In recent years, application of models has become an indispensable tool for the understanding
of the natural processes occurring at the watershed scale. As the natural processes are more
and more modified by human activities, application of integrated modeling to account for the
interaction of practices such as agricultural management, water removals from surface bodies
and groundwater, release of swage into surface and sub-surface, urbanization, etc., has
become more and more essential.

The program SWAT (Soil and Water Assessment Tool) due to its continuous time scale,
distributed spatial handling of parameters and integration of multiple processes such as
climate, hydrology, nutrient and pesticide, erosion, land cover, management practices,
channel processes, and processes in water bodies has become an important tool for
watershed-scale studies.

The fourth international SWAT conference to be at UNESCO-IHE, Delft The Netherlands
will devote itself to discussions around the application of SWAT to watershed problems
world wide. The five-day program will include two days of hands on learning of the SWAT
program at the introductory and advanced levels, followed by three days of conference
covering a variety of topics related to watershed modeling such as hydrology, water quality,
land use management, erosion, and system analytic topics in calibration, optimization, and
uncertainty analysis techniques.

Scientists associated with research institutes and those associate with government agencies
and center for policy making are encouraged to take part in this international conference in
order to become familiar with the latest advances and developments in the area of watershed
scale modeling and applications.
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Using SWAT for BMP Implementation in the Pike River Watershed, Canada

I. Beaudin'", J. Deslandes®, A. Michaud®, J. Desjardins', F.Umuhire?

! Institut de recherche et de développement en agroenvironnement (IRDA). 2700, Einstein
Street, Québec, Québec, Canada, G1P 3W8. "Tél. ++1-418-643-2787, "E-mail:
isabelle.beaudin@irda.qc.ca

2 Unesco-IHE Institute for Water Education, Delft - The Netherlands.

ABSTRACT

Hydrological and erosion processes as well as
phosphorus transport were modelled with the Soil and Water Assessment Tool (SWAT-2000)
for the Pike River watershed (630 km?), an important tributary of the Missisquoi Bay in the
north-eastern part of trans-border Lake Champlain (Canada-USA).

The model’s calibration and validation was based on
data from four hydrometric and water quality stations at the outlet of watersheds of varying
size (7 - 600 km?). The model-derived sediment and phosphorus loads showed a clear spatial
pattern: under present soil and crop management methods, over 50% of modelled phosphorus
loads originated over roughly 10% of the watershed’s area. Based on these results, agri-
environmental scenarios were devised in order to reduce by 41% the phosphorus loads
reaching the Missisquoi Bay. These are presented in this paper.

KEYWORDS: SWAT, sediment, phosphorus, BMP.

Introduction

In recent years, in spite of the efforts made for enhancing water quality in the
Missisquoi Bay, recurrent algal blooms triggered by an excess of phosphorus still cause
important economic losses to the region and represent a threat to human health. In 2002, the
province of Quebec and the state of Vermont have therefore reached an agreement seeking a
57,6 t/yr (41%) reduction in phosphorus loads reaching the bay.

In order to understanding the global dynamics of phosphorus transport in the
environment, the Research and Development Institute for the Agri-Environment (IRDA), in
collaboration with universities and the government has participated in several multi-
disciplinary studies in this region. Having now extensively characterized the Pike River
watershed, at plot scale (Michaud and Laverdiere, 2004), field-scale (Enright and
Madramootoo, 2004), meso-scale (6-11 km?) (Michaud et al., 2004a; 2005) and macro-scale
(630 km?) (Deslandes et al., 2004), answering questions pertaining to the potential efficacy of
BMPs in reducing P loads can now be done quickly, cheaply and over a greater time-scale
through modelling. Given its ability to simulate the long-term effects of different land use
management scenarios on water, sediment and nutrient transport over large heterogeneous
watersheds, SWAT-2000 was chosen to devise cropping systems and land development
scenarios that could meet target P-loads set by the Quebec-Vermont agreement.

This paper presents a brief summary of the calibration and validation results for the Pike
River watershed. The results of the agri-environmental management scenarios are also
presented here. The relative effectiveness of selected best management practices was
evaluated in comparison to a reference scenario, representing current agricultural production
systems employed in the watershed. A complete description of the methods, materials and
results can be found in Deslandes et al. (2007) and Michaud et al. (2007).

Materials and Methods

UNESCO-IHE 13
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Site Description

The Pike River is among the main watercourses discharging into the Missisquoi Bay, a
spur of Lake Champlain extending in Canadian territory (Figure 1). The Pike River
watershed (630 km?) has been identified as one of the principal contributors of P to the bay
(Hegman et al., 1999).

Spanning the Appalachian piedmont (elevation 50 to 710 m, mean slope 5°), the
watershed’s upstream region is ill suited for intensive agriculture. Only 35% of the region’s
area is devoted to agriculture, 22% to perennial forage crops and 13% to annual crops. The
downstream portion of the basin includes the majority of the watershed’s agricultural
activities as well as its industrial core. Elevation ranges from 20 to 130 m, with flatter slopes
(0.6°). Three quarters of the downstream region is cultivated, and of cultivated lands, roughly
20, 30 and 50% respectively, are devoted to hay crops, perennial forages, and field crops.

Data sources

Daily precipitation and temperature data for the 1997-
2003 study period were drawn from three weather stations, located around the periphery of
the watershed. Overall, annual precipitation during the study period remained within 11% of
the norm, while mean annual temperatures matched long term means. A 30 m resolution
digital elevation model (DEM) was developed from a multi-source database (Deslandes et al.
2004). A Landsat 7 ETM+ image served for land use mapping (Cattai, 2004), while soil-type
mapping drew from a number of sources (Talbot, 1943; Cann et al., 1946; USDA-NCRS,
1999). The exact position of subsurface drainage in the basin was unknown. Therefore, the
area under annual field crops (60%) was taken as being drained. This is comparable to tile
drained area inventoried in an experimental watershed in the study region (Michaud et al.,
20044, b).

Figure 1 — Lake Champlain and the Pike River Watershed.
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Five hydrometric stations were used in the calibration
and validation of the model (Table 1). Only stream flow was available at two stations located
on the main channel of the Pike River (PRyp, PRaown). Within the Pike River watershed, three
smaller (7-11 km?) experimental watersheds of the Walbridge Creek and Beaver Brook were
also monitored for suspended solids and P loads in addition to streamflow.

SWAT-2000 set-up
SWAT was set-up in order to keep the maximum
information. As such, all soil types and land uses were kept in the process of Hydrological
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Response Unit (HRU) definition. Overall, 3885 HRU, of which 2253 were cultivated, were
defined within 99 subwatersheds.

Table 1. Hydrometric stations in the Pike River watershed.

Data availability
Station ID. Associated Watershed and modelling time Description Measurements
frame

Pike River

PRy upstream (385 km?)

1997-2003 Rolling landscape, mainly wooded Stream flow

Pike River Nov. 2001- Rolling and forested lands of the

PRaown downstream (561 km?) Dec. 2003 watershed's headwaters and a part of the Stream flow
flat, agricultural lands
We Walbridge Creek Nov. 2001- Rolling and agricultural (61%), typical of ~Stream flow, sediments,
o (6.3 km?) Dec. 2003 the Appalachian piedmont and P
WC Walbridge Creek Nov. 2001- Flat and agricultural (63%), typical of St. ~ Stream flow, sediments,
down (7.9 km?) Dec. 2003 Lawrence lowlands and P
. 0 . .
Beaver Beaver Brzook 1997-2003 Flat and agricultural (97%) typical of St. ~ Stream flow, sediments,
(11 km®) Lawrence lowlands and P

The model was ran from 1997 to 2003. The hydrology was calibrated daily using flow
at two gauging stations: PRy, and PRgown. The year 2000 was used for the calibration of PRy,
and 2002 for PRgown. The year 2003 was used as the validation period for both gauging
stations. Daily flows and monthly sediment and phosphorus loads, for the period extending
from November 2001 to December 2003, were also calibrated at WCy, and WCgown. The
calibrated parameters governing sediment and phosphorus exports for the WC,, were applied
to upstream portion of the Pike River watershed and those from the WCygow, Stations were
applied to the downstream portion of the Pike River. To overcome the lack of validation data
for these stations, a validation of the retained parameters was done with the data from the
Beaver Brook from March 1997 to September 2002.

Calibration was done manually and a visual consideration of the hydrograph was used
in conjunction with the Nash-Sutcliffe Coefficient (N-S), the Pearson correlation coefficient
(R) and the Percent Deviation (Dy) for assessing the accuracy of the predictions of the model.

Cropping systems, nutrient management and agrienvironmental scenarios

A reference management scenario was built for the
2253 agricultural HRUs. The spatial distribution of crops was maintained during the
modelling period. Sowing, tillage, and fertilizer application dates were adjusted according to
crop type, probable management schedule, and the precipitation series. Based on standard
practices in the region, fall ploughing and spring harrowing was maintained for annual crops.
Broadcast manure application date in Spring was set after the first 72 h precipitation-free
period starting last week of April and a 48 h precipitation-free period had to occur prior to
secondary tillage, sowing and fertilizer application. Phosphorus inputs were based on annual
spendings in inorganic fertilizers and on the types of livestock and crops produced. The
spatial distribution of fertilizer inputs was established using management data collected at the
field-scale (Michaud, 2004a,b). Farm manure inputs were allocated 45% to preplant, 36% to
post-emergence, and 16% to fall applications. Inorganic phosphorus fertilizer was applied in
a single operation at sowing.

The effect of different best management practices (BMPs) on the water balance,
sediment and P exports were modelled for the study period (2000-2003) over the entire Pike
River watershed. Timely manure incorporation, cover cropping, conservation tillage,
riparian buffers and structural runoff control were selected since their feasibility has been
documented in field studies in the North-East (Gangbazo et al. 1997; Kleinman et al. 2005;
Angers et al. 1997; Duchemin and Majdoub 2004). SCS curve numbers and Manning’s
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surface roughness were the two parameters, notwithstanding the changes made in the
management operations, that were modified in the scenarios described below. A common
modelling period for the reference and agri-environmental scenarios permitted a comparison
of the relative effect of selected BMPs on non-point source sediment and phosphorus exports.
Individual BMP’s effects on water, sediment and phosphorus yield were first investigated.
Then, the influence of mixed scenarios, combining various levels of implementation of BMPs
at HRU scale, was evaluated.

In order to quantify the effect of different lag times in soil incorporation of farm
manures on P exports, spreading dates were modified so as to precede tillage by a single day.
The simulated incorporation-lag in the BMP’s scenario was set at <24 h for all manure P
inputs. Cover cropping and no-till practices were also systematically subjected to a lag
optimisation (<24 h). Comparing with the reference scenario (6 to 16 days lag; 4 to 87 mm
rainfall), this first scenarios allowed to deduce the net effect of optimizing the incorporation.

The cover crop scenarios assumed the establishment of (i) a perennial legume or
grass cover crop (CCpe), (ii) a small grain intercropped with red clover (ICsg+rc), or (iii) a
small grain followed by a late season cruciferous cover crop (CCsg—.cr), On annual crops.
Under the CCsq_.cr and ICsq4rc SCeNarios, fertilizer applications were split 55% and 45%
between pre-plant and mid-August post-harvest, respectively. The CCer scenario followed
the reference scenario’s three dates of manure application, based on the date of hay cuttings.

Modelled conservation tillage scenarios were assigned according to the crop type and
soil hydrological group. These include, for small grains, soya and corn: (i) no-till seeding
(NTpge) on soils of hydrological group A and B, (ii) reduced tillage with fall stubble ploughing
(RT¢) on hydrological group C, and (iii) reduced tillage with spring stubble ploughing (RTs)
for group D. For no-till (NTpe) seeding of corn, all manure applications were shifted to post-
emergence burial while for small grains, they were limited to the spring, simulating a
superficial burial. Fall manure spreading was maintained for RT¢, whereas for RTs it was
shifted to the spring, preceding stubble ploughing and post-emergence in summer.

Riparian buffers and catch-basin inlets were simulated empirically, by attributing
pollutant trapping-efficiency coefficients (PTECs) to HRU’s particulate P outputs. An overall
PTEC of 25%, based on a study on the Beaver Brook watershed (Michaud et al. 2005) was
used. In this watershed, catch basin inlets at the outlets of non-subsurface drained fields (50
structures per 10 km?) were installed on the most hydrologically active parcels of land (42%
of the total watershed area) and permanent buffer strips of roughly 3 m above the bank were
established along 4 km of the waterway’s main reaches. The relative trapping contributions of
buffer strips and catch-basin inlets were set according to coefficients from literature and in
proportion to lands draining to buffer strips (33%) or to catch-basin inlets (67%) (Duguet et
al. 2002). The ensuing PTECs were 9% for buffer strips and 16% for and catch-basin inlets.

A combination of different BMPs were implemented on different targeted cropped
HRUs. Three criteria were followed in the selection and spatial distribution of BMPs: (a)
reaching a 41% decrease in annual mean total P loads, (b) prioritising BMP simulation to the
HRUs with the greatest vulnerability to P exports, as drawn from the reference scenario, and
(c) generating realistic scenarios while minimizing constraints and enhancing environmental
benefits. A three-step cumulative approach was thus implemented: (i) the basic scenarios
insure the protection of the watershed flood plains, the generalised implementation of a three
meters wide buffer strips along waterways and reduced farm manures incorporation to less
than 24 hr; (ii) The conservation practices scenarios implement conservation tillage and cover
crops, without altering the crop rotation; and (iii) The crop substitution scenarios shift most
P-loss vulnerable annual crops to small grains with a cover or catch crop. For all three types
of mixed scenarios, the implementation of buffer strips and catch-basin inlets was
incorporated in the simulations.
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Results and Discussion
Calibration and validation results

Overall, the water balance appeared to be consistent with local agroclimatic
conditions. The mean predicted annual water balance for 2000 to 2003 showed that of the
1154 mm yr™* precipitation, roughly 560 mm was lost through evapotranspiration. Surface
runoff, lateral flow, and tile flow accounted for 218, 39 and 180 mm yr, respectively. Some
211 mm yr* contributed to shallow groundwater, while 60 mm were lost to deep aquifers.
However, comparing tile flow predictions to measurements made on instrumented fields in
the Pike River watershed, Enright and Madramootoo (2004) suggested that tile drainage
depths might be slightly underestimated.

SWAT satisfactorily predicted streamflow at the four stations within the Pike River
watershed (Table 3), with most daily and monthly Nash-Sutcliffe coefficient (NSC) being
above 0.50 and with correlation coefficient (r) over 0.7. Predicted flows were generally
within 20% of the expected volumes, except at PRgown, Which showed a 20% and 30%
underestimate over the calibration and validation periods despite r and NSC values above 0.5
and 0.7, respectively. This underestimate is essentially attributable to exceptionally
unseasonable near-zero and above-zero temperatures during the winter periods. Under such
conditions, SWAT has difficulty distinguishing between rainfall and snowfall. Given the
important magnitude of peak flows associated with winter thaws, which represents more than
20% of the annual water yield, predictions of water depths were strongly affected.

Table 3. SWAT’S stream flow daily and monthly closeness of fit indicators for the
calibration and validation period at four hydrometric stations.

Watershed Period D, Monthly streamflow Daily streamflow
r NSC r NSC

Calib: 04/1998 to 12/2000

=30,

PRy and 05/2001 t0 12/2002 % 0.93 0.85 0.75 0.56
Valid: 01/2003 to 12/2003  -8% 0.97 0.91 0.71 0.50
- Calib: 11/2001 to 12/2002 -20% 0.82 0.52 0.76 0.55
down Valid: 01/2003 to 12/2003  -33% 0.88 0.60 0.86 0.64
WE Calib: 11/2001 to 12/2002  -9% 0.74 0.49 0.77 0.58
*® Valid: 01/2003 to 12/2003  +19% 0.93 0.64 0.78 0.44
We Calib: 11/2001 to 12/2002  +3% 0.78 0.60 0.77 0.59
donn Valid: 01/2003 to 12/2003  -15% 0.94 0.85 0.82 0.66

SWAT’s ability to discriminate the hydrologic
response between HRUs was verified at HRU scale by analysing the contribution of surface
runoff, lateral, tile and groundwater flow to the water yield for two corn HRUs (not shown)
having significantly different physical properties. As expected, the well drained sandy-
gravely loam showed much greater surface runoff (143 mm vs. 50 mm) than the sandy loam.
On both sites the main runoff events occurred in the spring or fall, when the soil was either
frozen or saturated, as well as during the spring snowmelt, which accounted for 60 to 80% of
the annual predicted runoff. With respect to subsurface flows, tile drainage represented 34%
of total runoff for the HRU on the sandy loam and 63% on the well drained sandy-gravely
loam. The scarcity of relevant measurements prevents a full validation of the model's relative
allocation to lateral flow, shallow groundwater, and tile flow at the HRU or field scale.
However, recent data based on the separation of the hydrograph using the electrical
conductivity of water at the outlet of three subwatersheds (WCyp, WCgown and Beaver) shows
that roughly 55 to 75 % of the flow transits below ground level. Although not shown here,
results at the HRU scale over the entire Pike River watershed present a high variability, with
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tile flow alone representing from 2 to 78% (average 40%) of the total water yield. Moreover,
studies on two fields located in the Pike River watershed highlighted the importance of tile
flow. On these two fields, tile flow represented between 83% to 90% of the annual water
yield, defined as the sum of surface runoff and tile flow (Simard, 2005; Gollamudi 2006).

The calibrated SWAT model was also able to
satisfactorily predict (0.82<r<0.88; 0.55<NSC<0.76) monthly sediment and P loads at the
outlet of the 6-8 km? Walbridge experimental watersheds (Table 4). The results show that
exported sediments remained within 10% of the measured data and phosphorus loads within
13% at both WC,, and WCown Watersheds. Overall, the model tended to underestimate
sediment and P exports during winter and autumn, while overestimating in early spring and
summer. This reflects in large part the modelled watershed's hydrology.

Table 4. SWAT’s monthly sediment and phosphorus exports closeness of fit indicators
for the calibration and validation subwatersheds.

Watershed Period Sediment Total P Exports
DV DV

R NS % R NS %

Calibration: 11/2001 to 0 -
WC,p 12/2002 086 0,70 10% 088 0,76 13%
WCqown | CHPTHION I200L0 | 0gp 055 4% o0s7 073 T%

Validation: 03/1997 to -

-Q0,

Beaver 09/2002 092 084 -8% 094 0.87 20%

For validation purposes, even though the model was
not calibrated on the Beaver Brook subwatershed, the statistical indices showed SWAT’s
efficiency to reproduce monthly sediment (r=0.92, NSC= 0.84, Dv=-8%) and P exports
(r=0.94, NSC= 0.87, Dv=-20%) between March 1997 and September 2002. The complete
validation of SWAT would have required more spatial and temporal water quality data,
especially at the Pike River downstream station (PRgown). Unfortunately, only sparse data was
available at that station.

The analysis of daily sediments and P exports at the
outlet of the Walbridge Creek experimental watersheds, highlights the very episodic nature of
hydrologic events leading to erosion and P transport. For example, 80% of sediment loads
predicted in 2002 arose during short periods totalizing 28 days or 8% of the year, while 80%
of the P was exported over a total of 67 days (17% of the year), mainly during significant
spring and fall hydrological events. Land use patterns and topography are also involved in
creating a significant spatial gradient in field-scale-modelled erosion rates. Indeed, roughly
50% of the erosion modelled was associated with less than 10% of the watershed's total area.
Similarly, around 13%, of the watershed contributed to 50% of the total P exports. This
episodic nature of modelled P fluxes parallels observations made on a number of
instrumented agricultural watersheds in the region (Michaud et al., 2004a, b; Meals, 2004).

Overall, SWAT indicated the prominence of
particulate P exports (67% of total P) across the Pike River watershed, and particularly over
erosion-prone zones (corn, soybean, cereals). This speciation is consistent with those
observed on experimental watersheds (Michaud et al., 2004a, b; Sharpley et al., 1992) where
particulate P forms account for roughly 60% to 90% of the exported loads. In less erodible
lands (grassland/pastures, forest) however, soluble forms of P dominated.
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Results of Agri-Environmental Scenarios

The elimination of delays in soil incorporation of farm manures, compared to the
reference scenario, resulted in a 3% overall watershed-wide decline in P exports. However, at
the HRU scale, the magnitude of the reduction in delay is rather variable (0 to 70%; 0 to 1,3
kg P ha™) reflecting variations in rainfall received between manure spreading and soil
incorporation, tillage practice, HRU-specific soil permeability, and the quantity of manure
applied.

The influence of cover crops on surface runoff depths strongly influenced watershed
scale P and sediment exports: 81 to 86% lesser sediment and 63 to 68% lesser phosphorus
loads at the watershed’s outlet were simulated when annual crops were shifted to prairie
(CChper) or cereal-clover (ICsg+rc) intercropping. A slightly lesser decrease (68% and 55% for
sediment and P, respectively) occurred with a small grain crop followed by a cruciferous
cover crop (CCsy—cr). Such trends in predicted sediment and P loads can be attributed to the
differences in soil and manure management practices, and associated effects on the
mobilisation of soluble P. Indeed, the model’s algorithms simulate a stratification of topsoil P
in prairie soils, which translates to an enrichment of surface runoff waters with soluble P.

Comparing reductions in P and sediment loads amongst rising rates of targeted or random
cover crop or inter-crop implementation, highlights the effect of spatial targeting of BMPs on
the overall export balance. While the targeted conversion of the most vulnerable 10% of
annual crop lands would result in a 21-24% and 27-31% decreases in predicted P and
sediment loads at the watershed outlet, respectively, a similar but randomly assigned land
conversion would only result in a third of the decrease in predicted P and sediment loads. The
merits of spatial targeting of BMP implementation reflect the strong field-scale spatial
clustering in vulnerability within the study watershed, which is often reported in watershed
studies done elsewhere in North America (Sharpley et al. 1994; Daniel et al. 1994).

Compared to the reference scenario’s conventionally tilled HRUs planted to annual crops,
reduced tillage (RTs and RTy) led to a mean decreases in runoff depth, sediment loads and P
loads of 42%, 46%, and 53%, respectively. Such predicted effectiveness concurs with North
American reports of natural or simulated rainfall-impacted plot studies (McDowell et al.
1984; McGregor et al. 1999; Meyer et al. 1999; Franti et al. 1999; Dabney et al. 2000).
Reduction in predicted P load largely reflects the reduction in predicted sediment yield,
which are not only sensitive to the type of conservation practice governing the protection of
the soil but also to the crop type and the hydrologic group. Similar to the projected effects of
cover crops, the conversion of 1726 ha (10%) of the watershed’s most vulnerable lands under
annual crops to no-till (NTy) results in reductions in sediment and P exports of 5000 t yrt
and 4.6 t yr, respectively, corresponding to 10 and 16% of their respective total exports.

Phosphorus trapping coefficients of 9% and 16%, respectively for buffer strips and
runoff control structures implemented on the watershed’s 1726 ha (10%) of most
vulnerable lands planted to annual crops resulted in a 4% simulated decline in total P exports
at the watershed outlet.

Several mixed agrienvironmental scenarios were subsequently created to simulate
the 41% reduction sought by the Quebec-Vermont agreement. The effects of those scenarios
on the hydrological balance, erosion and P mobility are shown in Table 5. The
implementation of easily acceptable and feasible scenarios was first investigated. Overall, the
conversion of flood plains to prairie, combined with the optimisation of delays in manure
incorporation, and the installation of buffer strips and runoff control structures, would
translate into a 21.4% drop in simulated P exports at the Pike River watershed’s outlet. This
is however insufficient to meet the reduced target loads.
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The second step in creating agri-environmental scenarios involved a shift to
conservation tillage, a practice that is widely gaining acceptance from farmers. Theoretically,
shifting all crops to conservation practices would result in a 47 and 35 % drop in sediment
and P exports, respectively. However, targeting 100% of the cropped area is not technically
feasible nor socially acceptable. For this reason, a random or targeted implementation over
various portions of agricultural lands (10 or 50%) of conservation practices together with
timely manure incorporation, conversion of flood plains to prairie, and the installation of
buffer strips and runoff control structures was tested. While using a random implementation
over 50% of the cropped area resulted in a 43 and 34% drop in sediment and P, a targeted
approach leads to similar results (38 and 29%). Moreover, the reductions obtained when
targeting 50% of the area are very close (53 and 40% reduction in sediment and P
respectively) to those sought, but do not quite reach the 41% mark.

Table 5 - Predicted reduction in runoff, sediment and total P exports at the Pike River
watershed’s outlet associated with the implementation of agri-environmental scenarios.

Late

Conservation . . Runoff Sediments Total P
No. season - Timely Perennial . Runoff control
Scenario  cover tillage O manure incorp.  cover crop Buffer strip structure
crop Inter-cropping mm % t % t %
red.* Red. Red.
Reference scenario 181 30 500 46.1
Derivatives of the reference scenario
1 ALL FP ALL ALL 182 0% 22500 26% 363 21%
Conservation agricultural practices
2 ALL 171 6% 16100 47% 30.1 35%
3 T 10% ALL FP ALL ALL 180 0% 18900 38% 329 29%
4 R 50% ALL FP ALL ALL 176 3% 17300 43% 305 34%
5 T 50% ALL FP ALL ALL 180 1% 14200 53% 27.7 40%
Scenarios with shifts in crops
6 T 10% ALL FP ALL 180 1% 19900 35% 329 29%
7 T 10% R 45% ALL FP ALL T 10% 175 4% 15000 51% 272 41%
8 T 50% ALL FP ALL 173 4% 11200 63% 224 51%

% reduction with respect to the reference scenario; T = targeted implementation of the BMPs on a certain percentage of annual cropped lands;

R = random implementation of the BMPs on a certain percentage of annual cropped lands; FP = Flood plains; ALL = BMP applied to all cultivated lands.

The third step was therefore to change the crops cultivated. The influence of changing a
targeted 10 and 50% of the crops to late season cover crops along with manure incorporation,
flood plain cultivated as grassland and buffer strips was thus tested. These scenarios lead to a
significant decrease in sediment (35 and 63%) and phosphorus (29 and 51%). Several other
scenarios were tested and a number met both objectives of a 41% decrease in P inputs to the
Missisquoi Bay while being technically feasible and acceptable for the farming community.
As such, scenario no. 7 appears to be the most appropriate. A spatially random distribution
(R45%) of conservation cropping practices indeed represents the voluntary response of
agribusiness owners, whereas the shift of 10% of vulnerable lands to late season cover crops,
as well as the implementation of runoff control structures on critical cropped lowlands are
better suited to targeted interventions, supported by an incentive programme.

Conclusions

The modelling of different agri-environmental scenarios highlights the importance of
spatial targeting when implementing BMPs. Results show that a targeted implementation of
BMPs on the most vulnerable of annual cropping land can end in environmental gains four-
fold greater than a random implementation over an equivalent area.
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With respect to the different BMPs’ efficacy, the model attributes the greatest decreases
in P exports to cover crops, followed by no-till cultural practices, and runoff control
structures. The large capacity to decrease diffuse source P exports attributed to cover
crops is tied to their ability to limit erosion and to a field management protocol which
simulate a rapid soil incorporation of farm manures. No-till practices also substantially
reduce predicted P exports. Given the influence of soil properties on runoff depths and the
accumulation of nutrients in the topsoil interacting with surface runoff, the effectiveness of
these cultural practices shows a greater variability than that of cover crops. With respect to
agricultural water conservation practices, it should be noted that the efficacy of trapping of
sediments and P used reflect a particular set of interventions, combining in-ditch catch-basin
inlets and shrubby buffer strips, whose efficacy was documented on an experimental
watershed. One finding derived from the relative efficacy of the different BMPs modelled is
the priority that should be given to the implementation of field-level cultural practices as a
first line of agri-environmental defence, with runoff control structures providing a
complementary role in diminishing exported flows.

From an operations perspective however, the foremost finding of the current study is the
feasibility of attaining the objective of reducing P loads entering the Missisquoi Bay by 41%,
as agreed in the Québec-Vermont agreement.
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Abstract

Farming practices (FP) affect the transport and fate of water, carbon, nitrogen, phosphorus,
pesticide and other bio-geo-chemical substances in agricultural watersheds. We used the
AVSWAT2000-modelling framework to assess environmental impacts of an array of FP and
evaluated its possibilities and limitations for this purpose. We mainly considered FP which
are important in the context of the EU’s Common Agricultural Policy: diversification of crop
rotations, introduction of cover crops, shift to zero-tillage, shift to organic fertilization,
afforestation. We calibrated SWAT for total discharge in a medium-sized, almost flat, semi-
rural watershed taking into account current FP. Next we simulated 11 land use and land
management scenarios involving the selected FP. We finally compared the scenarios in terms
of the modeled discharge at the outlet and the soil organic carbon stocks of HRU. Although
the relative simulation results are largely according to expectation, we found that the plant
growth and management modules of AVSWAT2000 are not fully operational to efficiently
and realistically parameterize and evaluate the impacts of FP. We identified the simulation of
biomass development over time, the computation of a true carbon balance, the handling of
crop rotations and the definition of the till-operation to be among the major points of
attention for improving AVSWAT2000’s capabilities in dealing with FP and their
environmental effects.

Keywords
Farming practices, environmental impact, river discharge, soil organic carbon
Introduction

Agricultural or farming practices (FP) deal with issues as basic as the choice of crops, crop
varieties and crop succession, crop calendars, nature and timing of soil preparation, crop
fertilization, protection, drainage, irrigation and harvest. From an agro-economical point of
view, FP can be considered as driving forces which modify the bio-hydro-geo-chemical
cycles to obtain maximum desired biomass output, in terms of both quantity and quality. The
cycles affected are especially the ones related to water, carbon, nitrogen, phosphorus and
pesticide components.

The EU’s common agricultural policy (CAP) provides the legal framework for Member
States to prescribe, prohibit and recommend FP that should result in Good Agricultural and
Environmental Conditions (GAEC). GAEC must be achieved by farmers for being eligible
for income support from the CAP. These conditional CAP-payments can be considered as a
policy response which is based on the assumption that by controlling the driving forces, i.e.
the FP, pressures on the agri-environment will decrease, states improve and negative impacts
be reduced.

All the cycles are highly interrelated and extremely dynamic in space and time. In order to
understand, assess and predict the environmental impacts of FP on policy relevant scales, an
integrated modeling approach is required.
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In this study the AVSWAT?2000-modelling framework was examined for its possibilities and
limitations to assess environmental impacts of various FP for an almost flat, medium-sized
river basin in north-eastern Belgium. The specific objectives of the exercise were to:

- Examine the plant growth and management modules of SWAT in terms of the
possibilities for parameterization of crop successions within and over individual years,
tillage versus no-tillage, mineral versus organic fertilization practices and afforestation.
Also loss of agricultural land through sealing was considered;

- Study the relative effects of the FP in terms of both river discharge at the outlet of the
catchment and soil organic carbon (SOC) storage in HRU.

Materials and methods
SWAT 2000 + ArcView GIS 3.2 interface

The version of the Soil Water Assessment Tool (SWAT) used was the version 2000, with
ArcView GIS 3.2 as pre- and postprocessor (Di Luzio et al., 2002). It is further termed
AVSWAT2000 or SWAT.

Study area

Several research projects have shown that SWAT has a good potential to study the hydrology
of small to medium sized river basins in Belgium, using available data sources (e.g. Abu El-
Nasr et al., 2005; Heuvelmans et al., 2004, Van Griensven, 2002). For this study the Grote
Nete River basin, situated in the northeast of Belgium, with an area of 383 km? was selected.
Rouhani et al. (in press) provide a detailed physiographic description of the basin.

Model input and reference data

A spatial model was established for the river basin using a DEM and geodatasets
encompassing river network, land use and soil associations, coming from the Flemish
regional Spatial Data Infastructure (www.agiv.be). Based on the 50 meter resolution DEM
and the river network, the catchment was automatically delineated and divided into 57 sub-
basins. Whereas the “official’ area of the catchment is 383 km2, SWAT retains 348,5 km® as
draining to the studied outlet. Soil associations were characterized by a dominant soil series
for which a typical synthetic soil profile with horizon characteristics was retrieved from the
Aardewerk-BIS Soil Information System (Van Orshoven et al., 1991). The soil profile and
horizon characteristics were used to derive bulk density, available water capacity and
saturated hydraulic conductivity by means of the pedo-transfer functions developed by
Vereecken et al. (1989) and Vereecken et al. (1990). SWAT’s multiple HRUs option was
used to enable the creation of multiple HRU for each sub-basin based on the threshold values
of 10% for land use type and 20% for soil type. In total 347 HRUSs, varying in size, were
derived. 126 km? or 36% of the modeled watershed, distributed over 104 HRU, are under
arable land. 98 km? or 28%, distributed over 94 HRU, are under pasture. Based on a high
resolution agricultural parcel geodataset, it was assumed that all ~ arable land was under
silage maize and all pasture land under winter pasture (CSIL and WPAS in SWAT’s land use
database respectively).

Daily rainfall data for seven stations, other daily data needed for PET-computation at one
station and the monthly statistics for minimum and maximum temperature for eleven stations
were retrieved from the Royal Meteorological Institute of Belgium (1985-1995).

Stream gauging records for the period 1985-1995 at the outlet of the basin (Flemish regional
administration for waterways and maritime affaires) and SOC-stocks for landscape units
(Lettens et al. 2005) were available for calibration and validation.

‘Default’ land management and farming practices
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Land management and farming practices are of crucial importance for this study. From the 13
FP which can be parameterized by SWAT (Neitsch et al., 2002 — p.193), irrigation and auto-
irrigation, pesticide application, street sweeping and impound and release of water for rice
growing are not considered in this study.

Default practices and scheduling were accepted for all land use classes but the agricultural

classes. Based on common agronomic knowledge and on the lessons learnt by trial and error,
the ‘baseline’ FP for CSIL and WPAS were parameterized according to Tables 1 and 2.

Table 1: Adopted management practices and scheduling for CSIL
#

Timing Practice Remark
0 1-jan Initialisation of | CN is initialized at the default CN provided by SWAT. This means that the soil cover
SCS Curve effect (CN to increase since soil cover is not complete) is assumed to be compensated by
Number (CN) the slope effect (CN to decrease since slopes are smaller than 5%).
1 15-april Tillage Mixing depth = 350 mm; Mixing efficiency = 0.70; Implement choosen from the SWAT-

tillage database is the Subsoiler-Bedder Hip-Rip (SBEDHIPR; code 57). CN is increased
to default CN +3.

2 11-may Sowing CN is set back to the default CN — 2.

3 12-may Start of 28-10-10 fertiliser is used as soon as the nitrogen stress factor drops below 0.95.
Autofertilisation | Maximum allowed fertilization dose per intervention is 200 kg. Maximum allowed total
fertilization amount = 800 kg. 20% of the fertilizer is applied to the upper 10 mm. The
remaining 80 % is applied to the rest of the upper (= Ap) horizon.

4 15-oct Harvest and Kill | Default harvest index (90% of aboveground dry biomass) and default efficiency (=100%,
no losses at harvest). CN is set back to the initial value representing conditions where
maize residue is present and slope is smaller than 5% (=default CN or previous CN + 2).

Table 2: Adopted management practices and scheduling for WPAS

# Timing Practice Nature
1 1-jan Start of growing | CN = default CN provided by SWAT throughout the year
season
2 15-apr Start of Using 28-10-10 fertiliser (code=10) as soon as the nitrogen stress factor drops below 0.95.

Autofertilisation | Maximum allowed fertilization dose per intervention is 200 kg. Maximum allowed total
fertilization amount = 800 kg. 20% of the fertilizer is applied to the upper 10 mm. The
remaining 80 % is applied to the rest of the upper (= Ap) horizon.

3 10-may Harvest; 1% cut Default harvest index (90% of aboveground dry biomass) and default efficiency (=100%,
no losses at harvest).
4 25-june Harvest; 2" cut | Default harvest index (90% of aboveground dry biomass) and default efficiency (=100%,
no losses at harvest).
5 10-august | Harvest; 3d cut Default harvest index (90% of aboveground dry biomass) and default efficiency (=100%,
no losses at harvest).
6 10- Harvest, 4™ cut Default harvest index (90% of aboveground dry biomass) and default efficiency (=100%,
october no losses at harvest).
7 31-dec Kill SWAT requires a crop to be killed before the same or another crop can be ‘planted’ again.

With this kill-operation, biomass produced between 10-oct and 31-dec is added to the
upper 10 mm of soil as crop residue. Due to dormancy, growth stops mid November
already and no additional biomass is produced between that date and 31-dec.

Calibration and validation

River discharge

The model was calibrated using meteorological data of 1986-1989 and validated for 1991 and
1992-1995. This period was chosen because of data availability and because it represents a
combination of dry, average, and wet years (annual precipitation ranged from 646.5 to 988.7
mm according to the detailed records).

Values for the 10 most sensitive parameters, as identified by Rouhani et al. (in press) were
adjusted according to Table 3. The value for RDHRG_DP is the only one different from
Rouhani et al. (in press).

Table 3: Default and calibrated values for adjusted parameters

Flow component Parameter Default value Adjusted value
Quick flow CN2 (dimensionless) Based on permeability, land use,
management practices and All CN increased by 2
antecedent soil moisture
conditions
SOL_AWC (mm water/mm soil) Based on soil characteristics All AWC decreased by 0.01
UNESCO-IHE 26
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CH_N1 (dimensionless) 0.014 0.5
SURLAG (days) 4 3
Slow flow GW_REVAP (dimensionless) 0.02 0.14
REVAPMN (mm) 1 11
GWQMN (mm) 0 0.35
ALFA_BF (days) 0.048 0.15
GW_DELAY (days) 31 55
RDHRG_DP (dimensionless) 0.05 0.25

The observed and simulated average daily discharge values (m®/s) of the calibration and
validation runs are given in Table 4. Also the RMSE for daily flow (m*/s) are given.

Table 4: Observed versus simulated average daily discharge and RMSE

Observed Simulated RMSE (m%/s)
discharge (m®/s) Discharge (m°%s)
Calibration (1986-1988) 4.70 4.53 1.29
Validation (1990, 1992-1995) 3.74 3.45 1.41

SOC

SWAT does not output the terms of the SOC-balance for HRU. Yearly values for SOC-
content by HRU were assessed by first computing the SON-balance for the humus pool of the
top soil compartment of 100 cm and next deriving the SOC-balance from it, using the default
carbon-to-nitrogen- (C/N) ratio of 14 (Neitsch et al., 2002 — p.178). Below 100 cm, the
amounts of SON and SOC present are considered to be irrelevant.

The SON-balance equation used for the humus pool was:

SON; = SON;.; + N_APP + N_GRZ + 0.2*F_MN - A_MN - ORGN [eq.1]

in which SON; is the soil organic nitrogen content (T/ha) in year i, SON;.; is the soil organic
nitrogen content (T/ha) in year i-1, N_APP is the amount of organic N added by fertilization,
N_GRZ is the amount of organic N added by grazing animals (no grazing animals present in
our simulations; N_GRZ = 0), F_MN is the amount of nitrogen coming from the fresh
organic nitrogen pool (of which 80% is assumed to be mineralized and 20% humified),
A_MN is the amount of nitrogen mineralized and ORGN is the amount of organic nitrogen
removed by surface run off.

To convert SON to SOC, equation [2] is used:

SOCi=SONi*14 [eq.2]

in which SOCi the soil organic carbon content of the humus pool (T/ha) in year i, SONi is the
soil organic nitrogen content (T/ha) for the same year obtained using [eq.1] and 14 is the
default C/N-ratio.

In Table 5, average annual SOC-changes obtained using SWAT are compared with changes
assessed for 1990-2000 from independent reference data (Lettens et al., 2005).

Table 5: Simulated annual C-changes versus reference data

SOC Changes 1995-1985 (T C/halyr), SOC Changes 2000-1990 (T C/halyr),
100 cm, Grote Nete, simulated 100 cm, Flanders

Arable land — CSIL -0.36 -0.73

Grassland — WPAS -0.33 -0.82

The SOC-routine was not further calibrated since the nature of the reference data was too
general and additional data for validation lacking.

Scenarios studied regarding farming practices
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In order to study the outcome effect of changes in farming practices, the scenarios listed in
Table 6 were established. Every scenario is run for 11 consecutive years (1985-1995). 1985
is considered a model warm up year. Its output is not considered where it regards river
discharge. The output for 1990 and 1992 is not considered because of shortcomings in the
meteorological input data.

Table 6: Scenarios studied regarding farming practices

Acronym

Description

HRU

Scl_CSILaRYEG

Alternation of 2 seasonal crops, CSIL and the
temporary grassland composed of Italian Ryegrass.

on all HRU initially under
CSIL

Scl_CSILaCLVR

Alternation of 2 seasonal crops, CSIL and the legume
Red Clover

on all HRU initially under
CSIL

Scl_CSILaFLAX

Alternation of 2 seasonal crops, CSIL and the oil-rich
Flax

on all HRU initially under
CSIL

Sc2_CSlLcover

Continuous CSIL with Italian Ryegrass as cover crop
which is planted after harvest and killed next spring
before the next CSIL-campaign

on all HRU initially under
CSIL

Sc3_CSILnoTill

Continuous CSIL without any till operation
(Compare to table C)

on all HRU initially under
CSIL

Sc4_CSlLorgfert

Continuous CSIL with autofertilisation using mineral
28-10-10 fertiliser replaced by animal manure

on all HRU initially under
CSIL

Sc5_CSIL2cWPAS

Continuous conventional WPAS from the 2" year of
simulation

on all HRU initially under
CSIL

Sc5_WPAS2cCSIL

Continuous conventional CSIL from the 2™ year of
simulation

on all HRU initially under
WPAS

Sc6_CSIL2cPINE

Continuous PINE from the 2™ year of simulation

on all HRU initially under
CSIL

Sc7_CSIL2cSEAL

Continuous sealing for commercial estates from the
2" year of simulation

on all HRU initially under
CSIL

Sc8_CSlLrandom

One of the 10 above sets of FP (baseline + 9
scenarios applicable to CSIL) is attributed at random
to each HRU initially under CSIL

On all HRU initially under
CSIL

Scenario 8 is studied since it provides a way of evaluating the impact of FP-related agri-

environmental commitments as proposed in regional rural development plans. In a region or
watershed, different farmers may adopt different agri-environmental measures. By spatially
randomising these, possibly making use of a priori-knowledge or estimates of probability of

(non-)take up, is a possible approach.

Results

Environmental performance of baseline and alternative FP scenarios

All scenarios listed in Table 6 were parameterized and run. Table 7 gives a concise overview

of the simulation results.
Table 7: Simulation results for the 11 scenarios

# Acronym Average daily discharge Contribution of surface runoff | HRU under CSIL SOC
1986-1988, 1990, 1992-1995 to total discharge at outlet Changes 1995-1985 (T
(m®s) at outlet (1986-1988, 1990, 1992-1995, C/halyr), 100 cm, Grote

m%s) Nete, simulated

0 Baseline 3.86 0.69 -0.36

1 Scl_CSILaRYEG 3.74 0.48 -0.34

2 Scl_CSILaCLVR 3.79 0.49 -0.35

3 Scl_CSlLaFLAX 3.86 0.64 -0.36

4 Sc2_CSlLcover 3.80 0.49 -0.30

5 Sc3_CSILnoTill 3.85 0.69 -0.36

6 Sc4_CSlLorgfert 3.86 0.69 +0.38

7 Sc5_CSIL2cWPAS 3.69 0.49 -0.34

8 Sc5_WPAS2cCSIL 3.98 0.84 -0.36

9 Sc6_CSIL2cPINE 3.77 0.35 -0.40

10 Sc7_CSIL2cSEAL 3.99 1.37 -0.38

11 Sc8_CSlLrandom 3.79 0.54 -0.25

Discussion

Environmental effects of simulated farming practices
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The simulations confirm a number of scientific and empiric expectations, at least in relative
terms:

— There is an inverse relationship between increased length and density of soil cover (as
reflected in CN-values) and the average surface runoff. Lower values for average surface
runoff are mainly due to reduced peak discharges (not shown). When the absolute value
of surface runoff is decreasing, also the total discharge at the outlet of the basin is
decreasing and vice versa. This means probably that part of the extra infiltrated water is
lost by extra evapo-transpiration or evacuated out of the basin via the deep aquifer;

— Sealing increases surface runoff considerably. Total discharge is affected to a lesser
extent;

— Amendment of organic fertilizer in addition to input of crop residue turns the HRU under
CSIL from a source of carbon into a sink;

— The more biomass is produced and the more residue is returned to the soil (e.g. by
growing cover crops or shifting to pasture of pine plantation), the lower the SOC-losses.
On an annual basis, differences are small though;

— When FP are attributed at random to HRU, an “average’ behaviour is found. SOC-stock
changes are less negative because of the input of organic fertilizer to a fraction of the
HRU. Discharge is slightly lower than the reference as more HRU are covered for longer
periods within the year.

Expectations which are not confirmed are that:

— The no-till operation has a negligible effect on either discharge or SOC-stock although
the detailed daily output discharge values reveal that peaks in spring are very slightly
attenuated. Slightly less organic N (the equivalent of 0.5 kg/ha/yr of SOC) is lost through
runoff so that the SOC-pool increases slightly.

Parameterisation of FP

Based on the experiences gained in parameterizing the FP, running the model for the various
scenarios and examining the output, following observations can be made regarding the plant
growth and management modules of AVSWAT2000:

Regarding biomass development and crop residue production:

N and C in crop residues entering the fresh crop residue pool are important inputs to the
SON- and SOC-balances. Crop-residues equal the total biomass produced by the crop minus
the biomass removed in the yield operation. The latter consists of the amount of product
harvested minus the unintended losses which become part of the residue. However, we found
that the development of biomass of silage maize and winter pasture is weakly simulated (in
absolute terms) by SWAT, at least for the conditions of this watershed:

— When land management and FP are scheduled by means of the heat unit system, very
many inconsistencies regarding biomass development were encountered. Biomass
produced is by far too low, growing season is too short, some years biomass is not
simulated, some years the harvest/kill operation is not executed. Most of this erratic
model behaviour can be removed by scheduling using fixed dates, by reducing the
temperature stress factor and by reducing nitrogen stress by auto-fertilisation. For WPAS
and PINE, a Kill operation is necessary at the end of each year although it are permanent
crops. This affects severely the crop residue inputs to the soil.

— Biomass produced by WPAS and removed by grass cutting is confusingly reported in the
yearly output files. Apparently, the biomass reported by SWAT is the sum of the biomass
present at the days of cutting and at the day before the start of the dormancy period
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(around mid November) without accounting for the fact that at harvest not all biomass is
removed. As such a considerable percentage of the reported biomass is double counted !

Regarding crop rotations, cover crops and shift to permanent crops:

It was impossible to make a seasonal crop follow by a permanent crop and vice versa. As
such the scenarios in which CSIL is followed by WPAS, WPAS followed by CSIL and CSIL
followed by PINE from the 2" year onwards, could not be run properly. WPAS, CSIL and
PINE had to be simulated from the 1* year onwards.

Cover crops, sown after harvest of the main crop and removed or plowed before establishing
the main crop of the next year cannot be maintained from one year to the next. It must be
killed on 31-december and resown on 1-january. Again this affects the inputs of residue to the
soil.

Regarding tillage:

For the long term water average discharge, the absence of change with respect to the
reference simulation is in agreement with Chaplot et al. (2004). The slight attenuation of the
discharge peaks in spring can be perfectly explained by the fact that by tilling, during the few
weeks between plowing and sowing of CSIL, the CN-value of the HRU is increased to reflect
runoff and erosion sensitivity. With no-till, this high CN-period is eliminated. Since SWAT
defines tillage merely as “the mixing of the upper soil layers upto a specified depth resulting
in the redistribution of the residue/nutrients/chemicals/etc. within this depth with a specified
efficiency”, from the modeling point of view it is not surprising that the water balance of
HRU is not affected. The fact that SOC-contents and —stocks are almost not affected by no-
till can also be explained by this modeling concept. In our case, this means that residue is
mixed up to a depth of 350 mm so that the residue pool in the upper 10 mm is reduced. It is
the latter pool which provides organic and mineral N which is available for runoff. Slightly
less organic N (the equivalent of 0.5 kg/ha/yr of SOC) is lost through runoff so that the SOC-
losses are also slightly less. It can be recommended to redefine the tillage operation as to
include the effect of tillage on soil hydraulic and humus mineralization properties.

Regarding SOC-balance computation:

SOC is a very important issue in current agri-environmental policy. A dedicated SOC-
balance module is required for SWAT, dealing properly with first order kinetics and two or
more SOC-pools (e.g. Andren and Katterer, 1997). The developed spreadsheet based
approach to compute annual SOC-balances from the terms of the SON-balance should be
considered as a temporary work around.

Conclusions

The capability to ex-ante assess the expected environmental impacts of FP for larger
territories is a necessity for effective and efficient agri-environmental policy design and
implementation. A similar capacity for ex-post assessment is useful for explanatory studies of
obseved impacts. Given its (semi-)distributed character, its physical basis and its plant growth
and management module, AVSWAT?2000 has the potential to provide this capability. We
identified the simulation and reporting of biomass development, the computation of a true
carbon balance, the handling of multi-annual crop rotations and the definition of the till-
operation to be among the major points of attention for improving SWAT’s capabilities in
dealing with FP and their environmental effects.
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Abstract

Tools are needed to assess loading from agricultural sources to water bodies as well as the
effect of alternative management options in varying environmental conditions. For this,
mathematical models like SWAT offer an attractive option. In addition to loading estimates,
SWAT also offers a possibility to include various agricultural management practices like
fertilization, tillage practices, choice of cultivated plants, buffer strips, sedimentation ponds
and constructed wetlands (CWSs) in the modeling set-up. In this study, the parameterization of
SWAT has been developed particularly in terms of discharge dynamics and sediment fluxes
and a sensitivity analysis was made. Moreover, modeling strategies with dominant land uses
and soil types vs. land uses and soil types exceeding certain thresholds within subcatchments
were compared. In the thresholds-exploiting SWAT project agricultural land was divided into
5 classes whereas the "competing™ project only had 2 classes. These SWAT modeling
exercises were performed for a 2nd order catchment (Y laneenjoki, 233 km?) of the Eurajoki
river basin in southwestern Finland. The Ylaneenjoki catchment has been intensively
monitored during more than 10 years. Hence, there is abundant background information
available for both parameter setup and calibration. Moreover, information on local
agricultural practices and the implemented an planned protective measures are readily
available thanks to aware farmers and active authorities. In future, our aim is to exploit this
knowledge by modeling different management scenarios and assessing their effects on
loading with SWAT.

KEYWORDS: SWAT, agriculture, hydrology, sediment loading, management actions.

Introduction

Due to the obligations set by the EU Water Framework Directive (WFD), the
environmental authorities are in need of information on the effects of different management
options aimed at improved water quality. In addition to the knowledge obtained from the
Finnish field-scale experiments on the effects of agricultural practices and protection
measures on loading (e.g. Turtola and Kemppainen 1998, Koskiaho et al. 2003, Puustinen et
al. 2005, Uusi-Kamppa 2005), mathematical modelling tools are needed to generalise the
effects in varying environmental conditions on catchment scale. Models like SOIL/SOILN
(Johnsson et al. 1987), GLEAMS (Knisel 1993) and ICECREAM (Tattari et al. 2001) have
been used to assess phosphorus (P) and nitrogen (N) losses from agricultural land in Finland
(Granlund et al. 2000, Knisel and Turtola 2000, Tattari et al. 2001). These models have,
however, limitations in terms of catchment-scale evaluations of loading and the effects of
management actions. For these purposes, the SWAT model (Soil and Water Assessment Tool
(Arnold et al. 1998, Neitsch et al. 2001)) offers an attractive alternative. In Finland, the
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SWAT model has been previously applied to the rivers basins of Vantaanjoki (Grizzetti et al.
2003) and Ylaneenjoki (Bérlund et al. 2007).

One aim of the ongoing CATCH_LAKE project is to test and evaluate the
applicability of the SWAT model (version 2005) for the previously stated needs. Moreover,
SWAT output will be used as input for a lake model (LakeState (Malve and Qian 2006)).
Based on the load reduction objectives set by the LakeState model, SWAT will be employed
to assess the possibilities to reach this goal with the implemented and intended management
actions in the Ylaneenjoki area. The modelling set-up and approach, as well as calibration
made this far in the CATCH_LAKE project, are described in this study.

Material and methods

The SWAT model

The SWAT model is a continuous time model that operates on a daily time step at
catchment scale. It can be used to simulate water and nutrient cycles in agriculturally
dominated landscapes. The catchment is generally partitioned into a number of subbasins
where the smallest unit of discretization is a unique combination of soil and land use overlay
referred to as a hydrologic response unit (HRU). SWAT is a process based model, including
also empirical relationships. The model has been widely used but also further developed in
Europe (e.g. Eckhardt et al. 2002, Krysanova et al. 1999, van Griensven et al. 2002). SWAT
was chosen for the CATCH_LAKE project for three main reasons: its ability to simulate
suspended sediment —as well as P and N— loading on catchment scale, its European wide use
and its potential to include agricultural management actions. SWAT has already been found
to have potential with respect to the future requirements set by WFD in Scotland (Dilks et al.
2003) and in Finland (Barlund et al. 2007).

The experimental catchment

The Ylaneenjoki catchment, 233 km? in area, is located on the coastal plains of
south-western Finland, thus the landscape ranges in altitude from 50 to 100 m a.s.l. The soils
in the river valley are mainly clay and silt, whereas tills and organic soils dominate elsewhere
in the catchment. Long-term (1961-1990) average annual precipitation is 630 mm of which
approximately 11% falls as snow (Hyvarinen et al. 1995). The average monthly temperature
for the period November to March ranges between —0.5 and —6.5 °C. The warmest month is
generally July when average temperature is 16.2 °C (1980-2000). Average discharge
measured in the Ylaneenjoki main channel is 2.1 m®™ (Mattila et al. 2001), which equates to
an annual water yield of 242 mm (1980-1990). The highest discharges occur in the spring
and late autumn months.

Agriculture in the Ylaneenjoki catchment consists of mainly cereal production and
poultry husbandry. According to surveys performed in 2000-2002 75% of the agricultural
area is planted for spring cereals and 5-10% for winter cereals (Pyykkonen et al. 2004).
Agriculture in the Yl&neenjoki catchment is intensive for Finland. The Ylaneenjoki
catchment is responsible for over 60 % of the external nutrient loading into the Lake
Pyhajarvi (Ekholm et al. 1997).

The regular monitoring of water quality of the river Ylaneenjoki started as early as in
the 1970s. The nutrient load into the Lake Pyhajarvi via the river has been calculated from
the (generally) bi-weekly water sampling results and daily water flow records at one point
(Vanhakartano, see Fig. 1). Furthermore, water quality was monitored on a monthly basis in
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three additional points in the main channel in the 1990s and in 13 open ditches running into
the river Ylaneenjoki since the 1990s.

Background data

For the SWAT simulations the available data on elevation, land use and soil types
had to be aggregated. The resolution of the digital elevation model (DEM) proved to be rather
poor (5 m) for successful set-up of the Ylaneenjoki catchment. Hence, we used a modified
DEM where the main channels of the catchment were somewhat deepened to emphasize the
actual routes of water.

The standard GIS data available (CORINE 2000) recognizes three types of
agricultural land; (i) actively cultivated fields, (ii) grasslands and pasture and (iii) fragmented
agricultural land. Here, in the case of Yl&neenjoki basin, one of the two SWAT projects was
based on 6 land use classes (urban areas, wetlands (bogs), actively cultivated fields,
grasslands and pasture, actively growing forest and old forest). In this project, the actively
cultivated fields were parameterized to be spring barley since, as previously described, spring
cereals are the most common crop type in the catchment. In this project, the forested areas
were grouped into two classes according to their stage of growth. The distribution of the
different land uses in the Ylé&neenjoki catchment is presented in Table 1.

The other project had otherwise identical land use, but (i) the agricultural areas were
divided into 5 classes (autumn cereals, spring cereals, root crops, grasses and gardens, Fig. 1)
and (ii) there was only one class of forested areas. Both projects had 4 soil types (clay,
moraine, silt and peat), of which the distribution is presented in Table 1.

Table 1. Distribution of soil type and land use in the Ylaneenjoki area.

Land use Percentage of the catchment area Soil type Percentage of the catchment area

Grasslands 05 Silt 2

Wetlands 4 Peat 14

Urban areas 4 Clay 42

Old forest 15 Moraine 42

Agricultural areas 28

Actively growing forest 49
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Vanhakartano

Autumn cereals
Spring cereals

- Root crops
B Grasses

Gardens

0 3 6 Kilometers

Fig. 1 Division of the Ylaneenjoki subcatchments and agricultural land use data (situation in
the year 2004) used in the project "threshold". The white areas mostly represent forest.

The modeling approach

The wider-scope modelling strategy in the Pyhé&jarvi area is based on linking the
Ylaneenjoki catchment — from which most of the loading comes into the lake — with Lake
Pyhé&jarvi (Barlund et al. 2007). The LakeState model (Malve and Qian 2006) will be utilised
to set the load reduction target which is required to achieve improvements in water quality of
Lake Pyhdjarvi. The task of the SWAT model is to assess the possibility to reach this target
using a variety of management options such as buffer strips, artificial wetlands, as well as
changes in fertilization or tillage practices.

Two different SWAT projects for the same Ylaneenjoki catchment were set up. The
differences were in the number of HRUs and in agricultural land use (Table 2). The projects
titled "dominant” and "threshold" resulted in 27 and 28 subcatchments, respectively. In the
project "dominant”, the land use and soil types (Table 2) with the highest percentages in a
subcatchment were applied for the whole subcatchment. For example, for the westernmost
subcatchment, the model assumed that the area was entirely forest on moraine soil. In the
other project, threshold values (Table 1) were used to distinguish different land use and soil
types within each subcatchment. For example, if more than 1% of a subcatchment was under
grass and these areas were divided on clay and silt soils both soil types representing more
than 10% of the subcatchment area, this would make the HRUs "grass-clay™ and "grass-silt"
for this subcatchment. This approach resulted in 257 HRUs in the project "threshold™. Due to
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the use of the available data with finer resolution, the use of threshold values should lead to
more accurate results than the use of dominant land use and soil types.

Table 2. Characteristics of the two different SWAT projects.

Project N of subcatchments Threshold value for the HRU determination N of HRUs N of agricultural land use types
“dominant" 27 none ¥ 27 29
"threshold" 28 soil: 10%, land use: 1% 257 59

D dominant land use and soil was used
2 row crops with autumnal tillage and grass
% autumn cereals, spring cereals, root crops, grass and garden

Results and discussion

Sensitivity analysis

Sensitivity analysis can be seen as an instrument to analyse the impact of model
input on model output as well as for model calibration, validation and reduction of
uncertainty. The sensitivity analysis method implemented in SWAT is called Latin
Hypercube One-factor-At-a-Time (LH-OAT) (Morris 1991). Sensitivity is expressed by a
dimensionless index I, which is calculated as the ratio between the relative change in model
output and the relative change of a parameter.

In this study, the sensitivity analysis was performed for the project “threshold" only.
Thirty-three parameters were selected for the analysis. The range for each parameter was first
estimated based on earlier SWAT sensitivity studies and expert knowledge. We ended up
decreasing the default ranges in order make them more realistic for the conditions in the
Ylaneenjoki basin and to quicken the sensitivity analysis runs.

Table 3 shows the results of the sensitivity analyses. Every model run covered six
years (1994-1999). The first year was used as "warm-up" period. In this study, the sensitivity
analysis was performed on the daily average flow and on the daily average sediment
concentration. The analysis was first performed without observed data and then using
observed data. The general watershed parameters SURLAG and TIMP seemed to be the most
sensitive parameters in the case without observed data. However, with observed data the
importance of groundwater (GWQMN), management (CN2) and soil parameters
(SOL_AWC, SOL_Z and SOL_K) was increased.

Table 3. Sensitivity of the average daily flow and sediment concentration to input parameters with and without observed data for
the project ""threshold".

FLOW, no observed data FLOW, with observed data SED.CONC., no observed data SED.CONC., with obs. data

Rank  Mean Parname Rank  Mean Parname Rank  Mean Parname Rank  Mean Parname

1 0,41 SURLAG 1 0,71 GWQMN

2 0,30 TIMP 2 0,38 SOL_Z

3 0,16 SMFMX 3 0,37 TIMP

4 0,13 SMFMN 4 0,36 ESCO

5 0,10 SOL_AWC 5 0,33 SOL_AWC 5 GWQMN

6 0,09 GWQMN 6 0,30 CN2 6 0,98 CH_N 6 TIMP

7 0,08 CH_K2 7 0,20 SOL_K 7 0,70 SPEXP 7 0,53 CH_K2

8 0,07 SMTMP 8 0,19 REVAPMN 8 0,64 GWQMN 8 0,49 CH_N

9 0,06 ESCO 9 0,09 RCHRG_DP 9 0,63 ESCO 9 0,45 CN2

10 0,05 CN2 10 0,08 SMTMP 10 0,57 SOL_K 10 0,34 ESCO

11 0,04 SOL_K 11 0,06 SFTMP 11 0,52 SMFMN 11 0,24 SOL_AWC

12 0,04 SOL_Z 12 0,06 SMFMX 12 0,49 TIMP 12 0,17 REVAPMN

13 0,02 SFTMP 13 0,06 SMFMN 13 0,48 SOL_AWC 13 0,15 SPEXP

14 0,01 CH_N 14 0,06 SURLAG 14 0,43 SMFMX 14 0,14 SOL_Z

15 0,01 RCHRG_DP 15 0,01 SLOPE 15 0,42 SMTMP 15 0,13 SMTMP

16 0,01 ALPHA BF 16 0,01 GW_REVAP 16 0,37 CH_K2 16 0,12 SMFMX

17 0,01 REVAPMN 17 0,01 GW_DELAY 17 0,30 SOL_Z 17 0,11 RCHRG_DP

18 0,00 SLSUBBSN 18 0,01 CH_K2 18 0,29 REVAPMN 18 0,08 SOL_K

19 0,00 SOL_ALB 19 0,01 CANMX 19 0,20 RCHRG_DP 19 0,07 SMFMN

20 0,00 SLOPE 20 0,01 SOL_ALB 20 0,17 ALPHA_BF 20 0,06 SLOPE

21 0,00 GW_REVAP 21 0,00 CH_N 21 0,12 GW_DELAY 21 0,05 SFTMP

22 0,00 GW_DELAY 22 0,00 ALPHA BF 22 0,12 SLOPE 22 0,05 ALPHA_BF

23 0,00 CANMX 23 0,00 SLSUBBSN 23 0,06 SFTMP 23 0,05 GW_DELAY
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24 0,00 EPCO 24 0,00 EPCO 24 0,05 USLE C 24 0,04 USLE C
25 0,00 USLE C 25 0,04  SLSUBBSN 25 0,02  SLSUBBSN
26 0,02 GW_REVAP 26 0,02  CANMX
I Very high sensitivity 27 0,02  CANMX 27 0,00 GW_REVAP
High sensitivity 28 001 SOL_ALB 28 0,00 SOL_ALB
Medium sensitivity 29 0,00 USLE_P 29 0,00 USLE_P
Low sensitivity 30 0,00 EPCO 30 0,00 EPCO

31 0,00 BIOMIX

In terms of sediment concentration, the parameter set was in general alike for both
projects. As can be seen from Table 3, more parameters were in the sensitivity class of "very
high™ and "high" than in the case of flow. The most sensitive parameters were general
watershed parameters SPCON and SURLAG and main channel characteristics (CH_COV
and CH_EROD).

Calibration

The years 1995-1999 were chosen as the calibration period. In terms of hydrology,
the years differed quite much from each other (Fig. 2). The year 1999, for example,
represents a typical runoff pattern with dry summer and distinct spring and autumn peaks.
Meanwhile in 1998 runoff peaks occurred throughout the year.

— 1947 1998 —1995

Discharge mi/s
T

T T T
[} -— ™
— — —
= = =

Fig. 2. Discharge from the Yl&neenjoki catchment at the VVanhakartano measurement station
during 1995-1999.

We utilized the autocalibration tool available in the 2005 version of SWAT (Neitsch
et al. 2005). The autocalibration procedure was rather slow; in our cases, a laptop PC was
typically left to work over a weekend to complete a SWAT autocalibration procedure.

As suggested by the sensitivity analysis, the parameters GWQMN, TIMP, ESCO,
SOL_AWC, CN2 (agric. land), SMTMP, SFTMP and SURLAG were chosen for
autocalibration runs made for daily discharge with observed data. The first autocalibration
run was made with a simulation using the "initial” set of parameters obtained from previous
modeling efforts in the Ylaneenjoki area. After every run, the values from the output file
bestpar.out were input to the model and a new simulation was run. In all, 6 simulation-
autocalibration runs were made. The observed data was from the Vanhakartano measurement
station, and hence the results for the outlet of subbasin 26 were examined (see Fig.1).
Autocalibration results are presented in Table 4.

Figure 3 shows the improvement obtained by the calibration process in the fit
between simulated and observed daily flow. Particularly in spring and autumn the
amendment was clear: not only the simulated peaks were much closer to the observed, but
also the autumnal low flow period appeared much more realistic. In mid-winter and summer
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Parameter Initial, best guess Best parameter Good range

SMTMP 0,1 1,28 0,92-1,63 the results
SMFMX 2,6 4,56 3,66 .

SMFMN 13 0,096 0-0,46 remained, even
TIMP 0.9 0,983 0,8-1 after calibration,
ESCO 0,95 0,891 0,79-1

EPCO 1 0889 0791 rather weak. As
SURLAG 4 0,424 0,25-0,52 for annual
GWQMN 0,4 158 0-206

SOL_AWC 0,22 0,94 0,78-1 average flow, the
CN2 82 81 77-90 simulated values

were generally lower than the measured.

In spite of the visual improvements in flow dynamics achieved by the autocalibration
process, the fit between the simulated and observed daily flow remained poor when it was
assessed by Nash-Sutcliffe (NS) coefficients. Hence, we calculated the NS coefficients for
monthly average flows. Then, the best NS value for the project "threshold” was 0.7. When the
same set of parameters was used with the project "dominant”, the corresponding coefficient
was only 0.14. On the one hand, this may be due to less accurate use of land use and soil data.
On the other hand, it is possible that the parameter set calibrated for the project "threshold"

was not optimal for the project "dominant”.

Table 4. Autocalibration results of 6 simulations made for a selected set of parameters with

SWAT project "threshold".
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1.2.1999
1.3.1999
1.4.1999
1.5.1999
1.6.1999
1.7.1999
1.8.1999
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1.11.1999
1.12.1999
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Fig. 3. Measured and modeled discharge at the Vanhakartano measurement station in 1999.
The left graph with initial parameters and the right graph with autocalibrated parameters.

In terms of surface runoff and sediment loading from differently cultivated fields, the SWAT
output (Fig. 4) was in line with the results reported in Finnish studies (e.g. Puustinen et al.
2005). Also the lower runoff and sediment loss, as well as the higher evapotranspiration,
from forest than from agricultural land were results "in the right ballpark™. The high spatial
variation of sediment loss in the class "Spring cereals™ indicates the high erosion risk from
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highly sloped fields with bare agricultural soil outside of the growing season. Moreover, the
use of data from two precipitation gauges and differences in soil type may have increased the
variation.

Surface runoff Groundwater flow
250 300
mm mm
200 4 250 - """~ —"~"——~~— -~~~ -~ —-————-—————————
20 +-—————————-——-—-—-~} - - -~ =F+ &
1504+ fF---2----—————- @
150 1
100
100 1
50 50
0 i 0 -
Spring Root Grasses Gardens Forest Autumn Spring Root Grasses  Gardens Forest Autumn
cereals crops cereals cereals crops cereals
Evapotranspiration Sediment loss
350 4
mm £ tha?
300 1 3,5 -
= 3]
250 4
2,51
200+ —-——4 |--- - B -
2 e
150 +
100 +
504 -4 |-—- - B - 1L
0 - o
Spring Root Grasses  Gardens Forest Autumn Spring Root Grasses  Gardens Forest Autumn
cereals crops cereals cereals crops cereals

Fig. 4. Surface runoff, groundwater flow, evapotranspiration and sediment loss (5-yr means)
in the Ylaneenjoki basin according to the SWAT project "threshold". The error bars denote
spatial variation in HRUs of the project.

Conclusions and the future work with SWAT

The sensitivity analysis proved to be useful by pointing out the most important
parameters for calibration. Condensing the range of parameters probably improved the
outcome. However, the condensations perhaps should have been made systematically for all
parameters.

Autocalibration tool proved useful by not only producing reasonable parameters but
also by saving the modeler's time and systematizing the calibration process. In our case, it
seems that it would have been better to keep a uniform set of parameters throughout the
process.

The parameterization of the model to achieve satisfactory calibration results in terms
of flow and sediment dynamics proved to be a laborious task. Achieving satisfactory fit on
daily basis is quite challenging for a long calibration period with varying flow patterns (see
Fig. 2). As expected, using the available land use and soil data with finer resolution, as well
as utilizing more accurate information on agricultural land use, led to improved calibration
result.

Invaluable information about the agricultural management practices used and
protective measures implemented in the Yl&neenjoki catchment so far, as well as about the
measures planned for the future to protect the Lake Pyhé&jérvi, is available by cooperative
local farmers and authorities. For example, there are 7 CWs already established and many
more in planning phase in the catchment. The more detailed agricultural land use data will
further improve the spatial accuracy and realism when simulating different cultivation
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practices. By exploiting the good background information and local knowledge, efforts will
be made to make realistic scenarios of the effects of agricultural management actions by
using the SWAT model.
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Abstract

The purpose of this paper is to implement the “Soil and Water Assessment Tool” model
in order to examine the effects that land use change scenarios have on river sediment yields
of the Arachtos catchment in Western Greece. Prior to the scenarios, the particular
hydrological and erosion regime of the catchment, representative of the Mediterranean
climate, was fully demonstrated. The main anthropogenic intervention in the Arachtos river is
a dam construction a few kilometres above the watershed outlet that traps sediment material
causing the rapid decrease of the reservoir dead storage capacity and the dramatic reduction
of sedimentation rates at the estuary.

SWAT successfully predicted soil losses from different HRUs that caused significant
river sediment yields. Facing the problem of reservoir inadequacy in the near future, the study
attempted to assess the impact of pre-specified land use change scenarios, in terms of
quantifying the results from the application of crop rotations and special cultivation
techniques on parts of the agricultural land that was the most susceptible landcover type to
erosion. All scenarios resulted in a decrease in soil losses and sediment yields comparing to
the current state, with winter wheat cultivation under strip-cropping system causing the
highest annual reduction of sedimentation rates in the reservoir.

The model predicted explicitly the consequences of non-structural mitigation measures
against erosion sustaining that the understanding of land use changes in relation to its driving
factors provides essential information for land use planning and sustainable management of
soil resources, under the special Mediterranean conditions of Greece.

KEYWORDS: SWAT, agricultural land, erosion, soil losses, sedimentation rates, sediment
yields, land use change scenarios, reservoir.

Introduction

Findings arising by catchment experiments provide clear evidence of the strong relation
of erosion rates, land use and human activities (Walling, 1999). Interventions along rivers,
such as dams, clearly affect the balance of materials exchanged between the land and the sea
that are considered to be a dynamic equilibrium. Changes of the flow and sediment
discharges can become influential in the evolution history of the coast (Bonora et al, 2000) as
well as the trap of sediments in the reservoirs can rapidly decrease their dead storage
capacity. This currently happens in the Arachtos river basin in Western Greece, where the
sedimentation patterns of the downstream part of the catchment have been significantly
changed, mainly due to dam construction along the river, approximately 20 km upstream of
the watershed outlet. Since 1981, when the Pournari | dam became operational, the reduction
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in sediment supply caused erosion in the coastal areas, mainly adjacent to river mouths, while
in the following years the erosion phenomena became more widespread and involved
progressively larger coastal segments with the lowest part of the river mouth being
significantly retreated (Kapsimalis et al., 2002). In addition, seasonal extreme meteorological
phenomena occurring under the Mediterranean climate caused significant soil losses and
sediments transport with river flow to the reservoir, while their deposition increased the
danger of constituting it operationally inadequate in the near future.

Facing the aforementioned problems, considerable efforts are needed in order to
achieve the required improvements in the ecological status of surface waters, primarily
focusing on those areas likely to present the greatest risk. Agricultural land that is usually
very susceptible in soil losses is considered to be the most favorable landcover type where
low-cost mitigation measures against erosion can be applied. Land use changes which are
biophysically, or more commonly in the last years, artificially based (Skole and Tucker,
1993), often have significant effects on the surrounding environment and consequently on the
hydrological cycle. Although the empirical knowledge of the consequences of a land use
change is generally common (i.e. crops cultivation under rotations, strip-cropping, contours
or terrace systems can decrease soil loss and sediments discharge), it is often very difficult to
make an explicit quantification of these consequences.

Towards this end, this study presents a method for quantifying the impacts from
specific landuse changes, on soil losses of basins, by examining the case study of the
Arachtos river basin in Epirus, Greece. Based on our knowledge in using the AVSWAT2000
version of Soil and Water Assessment Tool model (Arnold et al., 1998) for different purposes
(Mimikou, 2000 et al., Varanou et al., 2002, Panagopoulos et al., 2007), we modeled the
catchment trying to come to reliable conclusions regarding the implementation of erosion
restriction measures on catchment scale. The importance of land uses in the SWAT
simulation of erosion and sediments transport lies mainly in the computation of surface
runoff with the help of the SCS curve and of soil losses with USLE C and USLE_P
parameters of the MUSLE equation that refer to the landcover type and its support practice
respectively (Neitsch et al., 2001).

Methodology
Study area

The Arachtos river basin (figure 1) is located in the western part of Greece. The river
drains into the Amvrakikos gulf, a semi-closed marine area of 405 km? connected to the
lonian Sea to the West through a narrow natural channel. The climate is of Mediterranean
type with temperate winters, high rainfall and sun exposure with the mean annual temperature
and rainfall depth being 15°C and 1500 mm respectively. The watershed has an area of 2000
km? and is predominantly agricultural land (arable and pasture). The elevation range is 0 to
2400 m with the mean elevation being 785 m. The length of the main stream is 110 km. High
rainfall events in combination with the impermeable soil formations cause significant runoff
and subsequently high soil losses and river sediment yields. Parts of the watercourse are
influenced by man-made interventions, such as the Pournari I dam, which was constructed in
the early 80’s, located in the homonymous region 3 km upstream of the Arta city (fig. 1). The
production of hydropower in the peaks of electric energy demand, the storage of water for
irrigation use in the Arta plain and the flood protection constitute the multi-scope of this
construction that has a total storage capacity of 865*10° m® and became operational in 1981.
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Figure 1. Main locations in the Arachtos river basin.

Model parameterization

Based on the DEM of 50 x 50 m resolution (fig. 2a), the model delineated the
watershed and subdivided it in several smaller subbasins. For modeling purposes, ten
subbasin outlets were finally selected to be active (fig. 2d), based on the spatial
differentiation of meteorological information and on the location of monitoring stations with
available flow and sediment measurements. The landcover map (fig. 2b) was obtained from
the European CORINE project, mainly representing forest (FRST) occupying the 30% of the
total area and agricultural land (60%) that was distinct into pastureland (WPAS) and arable
land. The latter consisted of vine (VINE), rice fields (RICE), orchard trees (ORCH) and
predominantly of agricultural land of row crops (AGRR), that mainly included corn
cultivation. Geological formations (fig. 2c) consisted of flysch deposits that mainly covered
the northern part of the catchment, karstic systems of limestones that were encountered in the
central part, sandstones, which were impermeable geological formations and alluvial that
have been transported and deposited in the Arta plain. Meteorological data of daily rainfall,
air temperature, net solar radiation, wind speed and humidity, collected from various stations
around the catchment (fig. 2d) were also inserted, covering the period from 1964 to 2003. For
the estimation of potential evapotranspiration, we used the Penman-Monteith method.

SoilClass

I aduvial

B fysch
limestone rareln s

[ sandstone & Rengiges

{c} % d id)

Figure 2. Representation of (a) topography, (b) landcover types, (c) geological formations and (d)
watershed delineation and meteorological stations in the catchment.
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Model calibration for flows and sediment yields

The available measurements of flows and sediments were used for comparison
with the predicted results in order to test the SWAT simulation efficiency.
Hydrological calibration was carried out by adjusting groundwater and soil properties.
Sediments calibration was achieved by mainly adjusting the concentration of
sediments in subsurface flow and the Kys e factor of the MUSLE equation (Neitsch et
al, 2001). Calibration took place in annual and monthly basis at three sites named
Tsimovo, Plaka and Arta (fig.1), where measures of flow (1965-2003) and sediments
(1965-1975) existed. Figure 3 represents the graphical comparison between predicted
and observed flows and sediment yields in Arta.
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Figure 3. Comparison between observed and predicted flows and sediment yields in Arta.

River sediment yields were estimated primarily by quantifying soil losses from
HRU’s with the Modified Universal Soil Loss Equation (MUSLE) (Neitsch et al, 2001). The
values of MUSLE factors for the main landcover and soil types of the Arachtos catchment
that were finally determined after calibration are presented in table 1.

Table 1. Calibration values of MUSLE factors determining soil losses.

MUSLE coef / Forest Arable land Pasture Orchard
Landcover type (FRST) (AGRR) (WPAST) (ORCH)
Custe 0.001 0.2 0.003 0.001
PusLe 1.00 1.00 1.00 1.00
{\)//IFL)éSLE coef / Soil Alluvial Sandstones Flysch Limestones
KusLe 0.10 0.20 0.12 0.15
CFRG 10% 10% 10% 10%

Kuste is the USLE soil erodibility factor, Cys e is the USLE cover and management
factor, Pysie is the USLE support practice factor and CFRG is the coarse fragment factor
(Neitsch et al, 2001). The Cys.e coefficient is the initial value assigned by SWAT to each
landcover type and is updated daily during the simulation according to the growth cycle of
the plant and its canopy development. Pys.g, is defined as the ratio of soil loss with a specific
support practice to the corresponding loss with up-and-down slope culture (Neitsch et al,
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2001). Because no support practices existed in the Arachtos catchment, Pys e coefficient took
its default and maximum value (1.00). Finally, due to the lack of sufficient soil studies in the
catchment, Kys.e was adjusted during calibration, while for CFRG factor the default
percentage of soil content 10% was used for all geological formations.

Model results at the current state

The mean annual precipitated water of the simulation period (1964-2003) approached
1500mm in the Arachtos catchment, and was converted into 450 mm of actual
evapotranspiration, 150 mm of percolated water to the deep aquifer and 900 mm of annual
runoff. During the period 1964-1980 of no structural interventions along the river, when flow
and sedimentation rates occurred physically in Arta, the average annual water flow and
sediment yield was estimated 61 m® s and 3,80 x 10° tn y™* respectively with the highest
peaks occurring mainly in December. These estimations could also be considered
representative for the Pournari dam location, 3 km upstream of Arta (fig. 1). Although
seasonal flow patterns in Arta after the reservoir operation starting (period 1981-2003) were
not significantly changed (Panagopoulos and Mimikou, 2006) due to the regulated water
amounts released from the dam for hydropower production, the mean annual sedimentation
rate was dramatically reduced to 0.064 x 10° tonnes, a reduction of 98.5% (Panagopoulos and
Mimikou, 2006), This percentage also represented the dam trap efficiency. These conclusions
were strengthened by findings from Syvitski et al. (2002). We applied their methodology
making an estimation of 3,73 Mtn y™* of long-term flux of sediments in Arta and of 93% dam
trap efficiency, very close to the predicted by SWAT respective results. As for SWAT mean
monthly predictions regarding physically routed flows and sediment yields in Arta (1964-
1980), these are presented in figure 4(a), in parallel with catchment precipitation. Runoff and
sedimentsation rates were maximized during winter months when the maximum precipitation
depth also occurred. Figure 4(b) summarises the non-uniform in time hydrological regime of
the Arachtos catchment, governed by the special characteristics of the Mediterranean climate.
During the wet period (October-March) 76% of the mean annual precipitation occured
causing 80% and 82% of the mean annual water and sediment yields in Arta.
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Figure 4. Representation of the (a) mean monthly precipitation, runoff and sediment yields in Arta and
(b) their relative occurrence during the wet and dry period.

As indicated in table 1, Cysie and Kys e of the MUSLE equation were the major
factors that governed the erosion susceptibility of the different landcover and soil types
respectively. Their annual contribution to soil losses to the river in respect to precipitation
received and runoff generated is presented in figure 5. Arable land of row crops (AGRR)
generated the highest soil losses in the catchment, 3100 tn m™, while forest (FRST), orchard
trees (ORCH) and pasture (WPAS) caused significant lower soil loss and subsequently
contributed much less to the river sediment transport as lower values of Cys g were assigned
to them (table 1) On the other hand, sandstone was the most susceptible geological formation
in soil loss processes. According to the results, the mean annual erosion rate of sandstones
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was 3400 tn km, while the respective losses originating from the rest three formations
ranged between 1000-1500 tn km™, something that was attributed to their Kus.e values
adjusted for calibration purposes (table 1).
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Figure 5. Mean annual soil losses originating from different land cover and geological types.
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Land use change scenarios

High sedimentation rates and dam trap efficiency demonstrated the need for the
application of mitigation measures against erosion in the catchment. Thus, we tried to assess
the impact that land use changes had on sediments discharge, in terms of quantifying the
results from pre-specified scenarios related to the application of special management
practices on parts of the highly susceptible in erosion agricultural land where such scenarios
were desirable and feasible because of their low cost and non-structural character.

The process of building an agricultural management scenario in SWAT is the
alteration of the management (mgt) files related to the HRU’s that have agricultural land as
landcover type. In figure 2(b) AGRR represented the part of the arable land (almost the 30%
of the agricultural land and 20% of the catchment area) that was subject of the scenario
applications. As this part of the catchment was covered by row crops, especially corn, it was
the most appropriate for the application of realistic scenarios, in contrast to the other arable
land types of permanent cultivations (e.g orchard trees, vines) where no realistic scenarios of
land use change could be easily applied. The re-creation of the mgt files was made according
to the theoretical base of SWAT (Neitsch et al, 2001). The model was executed for the period
1964-1980, by keeping the same set of all other model parameters of the original calibration,
giving river discharge outputs in Arta. These outputs were then compared to the respective
ones of the base run with the purpose of estimating the decrease of sediments transport to the
reservoir, thus estimating the percentages of discharge change for every scenario.

Land use changes referred to the application of crop rotations and special cultivated
techniques. Three rotations consisting of corn-wheat, corn-hay and wheat-hay were firstly
examined. More specifically, the two years rotation of corn-wheat cultivation started with
corn sowing on 10 April, harvest on 10 September, a tillage at 10 mm depth of the soil profile
in the middle September and was finalized by wheat sowing at the end of the same month
with harvest at the end of August of the second year. The second four-year rotation scenario
also consisted of corn cultivation with the difference that three years of hay cultivation
followed it. The third one was similar to the second but with winter wheat being the crop in
the four-year rotation. The next step was to examine the less susceptible pair in erosion under
the support practices of contours, strip-cropping on the contour and terraces.

Results and discussion
The land cover and management factor Cys.e as well as the support practice factor
Puste were the two components of the Mys.e equation that reflected the land use change
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information in the SWAT code in order to make the new calculations. Crop rotations and
different cultivation techniques resulted respectively in the modification of the
aforementioned indices that subsequently caused changes in soil losses generated by each
HRU. Cys.e factor was automatically modified according to the assigned respective value in
the landcover/plantgrowth database of SWAT, while Pys e was modified according to the
basis described in SWAT theoretical documentation for land slopes between 1% and 2%.
Table 2 summarises the values that the two aforementioned factors received in each scenario.

Table 2. Cys e and Pys; £ values of agricultural mat files under six scenarios and the base run.

Base run Scenariol Scenario 2 Scenario3  Scenario4  Scenario 5
Crop rotation AGRR - no rotation corn-wwht corn-hay wwht-hay wwht- hay wwht
vation -Technique none none none none contours terraces
CusLE 0.2 0.2-0.03 0.2-0.003 0.03-0.003 0.03-0.003 0.03-0.003
PusLe 1.00 1.00 1.00 1.00 0.60 0.50

Scenaﬂl
wwht - |
strip-crog
0.03-0.
0.30

Mean annual sediment yields and the percentage of annual change in the river yield caused
by each scenario are presented in figures 6(a) and 6(b) respectively.
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Figure 6. Mean annual sediment discharges in the reservoir under the existing situation and six different
land use change scenarios (a) and the percentage of change in annual yield caused by each scenario (b).

From the above figure it can be firstly concluded that the effects from the rotated
cultivation of corn and winter wheat (scen. 1) can be nearly neglected. Although winter wheat
reduced the Cys.e coefficient, the presence of corn, even in only one of the two years
rotation, was restrictive for sediments reduction. On the other hand, winter wheat and hay
(scen. 3) was the most effective rotation in decreasing soil losses from the arable land as the
annual sedimentation rate of 3.8 Mtn y™ of the baseline was reduced to 3.38 Mtn y*, a
reduction of 11%. This change can be firstly attributed to the reduced Cys e factors of winter
wheat and hay in relation to this of the agricultural land (AGRR) that existed during the
baseline and secondly to the reduced surface runoff generated by hay, as for that type of
landcover, lower CN values were also assigned by the model (Neitsch et al, 2001). Corn-hay
cultivation (scen. 2) also resulted in an intermediate reduction of almost 4%. Further
examination of the most efficient scenario (scen. 3) on sediments reduction, with the
incorporation of specific support practices significantly improved the results. The rotation of
winter wheat and hay on contour tillage and planting cultivation reduced annual
sedimentation rates by 16% due to the decreased Pys e factor that received the value of 0.6.
When winter wheat was cultivated under strip-cropping on the contour (scen. 6), meaning
that strips of winter wheat were alternated with equal-width contoured strips of sod, the Pys.e
factor was minimized, receiving the value of 0.30 that resulted in the greatest reduction
(20%) in annual river sediments yield (3.04 Mtn y™*). When winter wheat was cultivated in
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terraced fields (scen. 5), a significant reduction of 18.5% in sediment yields also occurred as
we reduced the Pyg_g factor to the value of 0.50.

CONCLUSION AND OUTLOOK

Soil losses from different geographical units of the Arachtos catchment were
sufficiently quantified resulting in a significant annual average sedimentation rate of 3.80
Mtn yr? at the Pournari | dam location. Land use change scenarios based on application of
crop-rotations and support practices on parts of the agricultural land seemed to be efficient
mitigation measures against erosion. Although financial and social consequences of these
changes were not taken into consideration in this study, the results strongly suggested the
incorporation of hay cultivation in the arable land of the catchment. Moreover, the cultivation
of hay and winter wheat under the strip-cropping support practice resulted in the highest
annual reduction in sediment yields in the reservoir, a percentage that in combination with
other mitigation options related to reservoir management can prolong the project life with
operational, economical and environmental benefits. The conclusion drawn from the paper
also stimulates public institutions to define and develop guidelines for the defence of land
degradation by preferably applying non-structural and low-cost measures instead of adopting
other very hard policy choices like the opening of dams. Further monitoring, study and
experimentation concerning erosion in the Mediterranean areas are of paramount importance.
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ABSTRACT

A semi-distributed, physics based watershed model, Soil and Water Assessment Tool
(SWAT) was used to model sediment yield in a larger and complex catchment where the
dominant erosion process is sheet erosion. Based on adequate data of subdaily and daily
sediment flow and streamflow at the study area an excellent suspended sediment-rating curve
has been established and verified. Since, the ongoing study intends to predict long-term
sedimentation rate and the remaining economic life of the reservoir downstream, the lumping
nature and assumptions of stationarity and linearity of the rating relationship are not desired.
Therefore, a more process based and distributed tool was required. The runoff component of
the SWAT model was calibrated from six years of streamflow data, whereas the sediment
component of the model was calibrated using daily sediment flow data from one hydrological
year. A long-term period over 37 years simulation results of the SWAT model was validated
to downstream Nyumba ya Mungu reservoir sediment accumulation information.

The SWAT model captured 56 percent of the variance of the observed daily sediment
loads during calibration period. In the latter period the model underestimated the observed
sediment load by 0.9 percent. Also, the model has identified erosion sources spatially and has
replicated some erosion processes as determined from indirect methods, fingerprinting
techniques and field observations. The predicted and measured long-term sediment yields are
comparable with a relative error of 2.6 percent. This result suggests that for catchments where
sheet erosion is dominant SWAT model is a better substitute of the sediment-rating curve and
long-term prediction of sedimentation rate can be done with reasonable accuracy. It should be
noted that the calibration was done during the normal wet year when most of
hydrometeorological data required for SWAT model is available.

KEYWORDS: Sediment Yield Modelling, Sediment rating curve, SWAT, Pangani River
Catchment, Tanzania.

INTRODUCTION

Sediment yield refers to the amount of sediment exported by a basin over a period of
time, which is also the amount, which will enter a reservoir located at the downstream limit
of the basin (Morris and Fan, 1998). The subject of sediment yield modelling has attracted
the attention of many scientists but lack of resources and compelling methods to predict
sediment yields are some of the deadlocks towards this direction (Ndomba, 2007). The
sediment flow data over a decade and periodic reservoir survey information are some
resources demanding methods for estimating sediment yield rates at a catchment level.
Besides, other workers such as Wasson (2002) have noted the transferability problem of plot
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or micro scale studies results to larger catchment. Others have also cautioned that long term
sediment monitoring of suspended sediment loads does not necessarily give better results
(Summer et al., 1992). A number of workers have suggested that an excellent sediment-rating
curve could be constructed from detailed sediment flow data of single flood events (Summer
et al., 1992). However, Ferguson (1986) indicated that most of the sediment-rating curves
underestimate the actual loads. Once load bias correction factor is applied the rating
relationship has been reported to estimate the actual load reasonably (Ferguson, 1986). In the
ongoing research in Pangani river basin, Ndomba(2007) has compared most of the available
types of rating relationships and correction factors and he found that rating developed from
all data points and corrected based on actual load is a better approach when mean daily
streamflow data is used. Many workers such as Bogen and Bgnsnes (2003) have cautioned
that such relationships should be used on catchment where no significant landforms, landuse
and sediment supply sources changes are expected. In this study the authors believe that the
lumping nature, stationarity and linearity problems of the rating curve could be avoided by
replacing it by distributed and process based sediment yield models. Physically based,
spatially distributed modelling systems have particular advantages for the study of basin
change impacts and applications to basins with limited records (Bathurst, 2002). Their
parameters have a physical meaning and can be measured in the field and therefore model
validation can be concluded on the basis of a short field survey and a short time series of
meteorological and hydrological data (Bathurst, 2002). As noted by Ndomba(2007) that not
all rainfalls in the Pangani basin yield sediments and that sediment sources are only localized
areas in the catchment. This suggests that sediment yield varies temporally and spatially. It is
envisaged that once the model is calibrated various landuse changes scenarios can be
incorporated into the model and hence avoiding the stationarity assumption, for instance. It
should be noted here that a number of distributed and physically based sediment yield models
already developed by other workers are candidate tools for such studies.

The sediment yield model that is used in this study is Soil and Water Assessment Tool
(SWAT). The SWAT model was originally developed by United States Department of
Agriculture Research Service (USDA-ARS) to predict the impact of land management
practices on water, sediment, and agricultural chemical yields in large ungauged basins
(Arnold et al., 1995). SWAT model has a long time modelling experience since it
incorporates features of several (ARS) models (Neitsch et al., 2002). Erosion and sediment
yield are estimated for each Hydrologic Response Unit (HRU) with the Modified Universal
Soil Loss Equation (MUSLE) (Williams, 1975). The runoff component of the SWAT model
supplies estimates of runoff volume and peak runoff rate, which, with the subbasin area, are
used to calculate the runoff erosive energy variable. The crop management factor is
recalculated every day that runoff occurs. It is a function of above ground biomass, residue
on the soil surface, and the minimum C factor for the plant (Neitsch et al., 2002). Other
factors of the erosion equation are evaluated as described by (Neitsch et al., 2002). The
current version of SWAT model uses simplified stream power equation of Bagnold’s (1977)
to route sediment in the channel. The maximum amount of sediment that can be transported
from a reach segment is a function of the peak channel velocity. Sediment transport in the
channel network is a function of two processes, degradation and aggradations(i.e. deposition),
operating simultaneously in the reach (Neitsch et al., 2002).

Apart from the capability of the model as discussed above, some workers such as
Ndomba et al., (2005) have successfully applied SWAT model for sediment yield modeling
in ungauged catchments in Tanzania. This paper reports the application of SWAT model in a
well-studied catchment (i.e. with intensive data on sediment flow in fluvial system and
sediment accumulation information at the downstream reservoir, Nyumba ya Mungu, is
available). However, it should be noted that in the ongoing study the suitability of short-term
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sediment flow data for calibrating parameter intensive sediment yield models is being
investigated and its performance is validated with long-term (i.e. 37 years) reservoir sediment
accumulation information at the outlet of the catchment. This approach is adopted in this
study because other workers such as Morris and Fan (1998) have noted that reservoir survey
data generally represent a more reliable measure of the long-term basin sediment yield. Based
on the knowledge of the authors little has been done towards this direction. But the authors
believe that comparison with long-term reservoir sediment accumulation will measure the
robustness of the proposed approach. This study intends to reduce to some degree the
uncertainty of parameters estimation of the watershed sediment yield model by calibrating the
model in a normal hydrological wet year with most of hydro-climatic data required by the
model available. As noted by Yapo, et al., (1996) that wet years when used for model
calibration result into reliable and optimum parameters set.

DESCRIPTION OF THE STUDY AREA

The study area covers the upstream of Nyumba ya Mungu dam (NyM) in Pangani
River basin (Figure 1). The catchment of NyM occupies a total land and water area of about
9000 km?. It is located in the North Eastern part of Tanzania between Latitudes 3°00'00" and
4°3'50" South, and Longitudes 36°20'00" and 38°00'00" East.
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Figure 1. A location map of Pangani river basin, upstream of Nyumba ya Mungu
dam.

The Pangani River has two main tributaries (Figure 1), the Kikuletwa (1DD1) and the
Ruvu (1DC1), which join at Nyumba ya Mungu, a reservoir of some 140 km?. These are
perennial rivers with mean discharges of about 11m*/s (1DD1) and 3 m*/s (1DC1) during low
flows. The catchment comprises of complex geological formations such as North Pare
Mountains, Mount Kilimanjaro, and Mount Meru. The geology of region is mainly of
Neogene Volcanic and pre-Cambrian metamorphic rocks, which are extensively covered by
superficial Neogene deposits including calcareous tuffaceosus materials, derived from the
Kilimanjaro volcanic and the deposits around Lake Jipe. Based on the Soil Atlas of Tanzania,
the main soil type in the upper Pangani is clay with good drainage. Actively induced
vegetation, forest, bushland and thickets with some alpine desert chiefly characterizing the
land cover of the catchment. The altitude in the study area ranges between 700m and 5825m
a.m.s.l. The ice cap of Mount Kilimanjaro forms a highest ground in the catchment.

Rainfall is bimodal in these areas, peaking between March and May, with a smaller
peak between October and November. Rainfall in the former season may exceed 600 mm a
month, and 300 mm in the latter. The highland area is considered to be that land lying about
900 m, around the slopes of Mounts Meru and Kilimanjaro and Pare Mountains. High levels
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of precipitation can be found in the southern slopes of the mountain areas with annual
precipitation of 1000-2000mm/year. Recent findings by Rohr and Killingtveit (2003)
indicated that the maximum precipitation on the southern hillside of mount Kilimanjaro takes
place at about 2,200 m.a.s.l., which is 400-500m higher than assumed previously. Low land
areas towards Arusha Chini and Nyumba ya Mungu dam receive an average annual rainfall of
600-1200mm. Seasonal variation of temperature in the basin ranges from 14°C to 25°C.
Maximum and minimum temperatures occur between March and July respectively.

The majority of the population in the basin depends on irrigated agriculture directly or
indirectly. Agriculture is concentrated in the highlands, while the lowlands are better suited
for pastoralism. The basin is also important for hydropower generation, which is connected to
the national grid. Hydropower plants, which are downstream of Nyumba ya Mungu Reservoir
(NyM) are Nyumba ya Mungu (8MW), Hale (21MW), and New Pangani falls (66MW).

METHODOLOGY

It should be noted that the sediment sampling network as initiated by Ndomba(2007)
in the study area was limited in terms of spatial coverage. In order to estimate sediment yields
and identify sediment sources from individual subbasin multi-sampling sites would have to
be installed in each tributary river in the basin. Though the approach seems to be
scientifically attractive, practically it is impossible to implement. A compromise lies then to
complementing the sampling programme findings by applying distributed sediment yield or
erosion model to simulate the erosion processes and yields spatially.

A SWAT model was applied in a bigger subcatchment called 1DD1-Kikuletwa
(Figure 1). The subbasin is known to contribute 97.5 percent of total sediment inflow load
into the NyM reservoir and the 1DC1-Ruvu-subcatchment-sediment load is only 2.6 percent
of the Kikuletwa subcatchment one (Ndomba, 2007). The proportions of sediment delivery
between the two subcatchments were established based on one year intensive sampling
programme between March, 2005 and January, 2006. Since these River tributaries have the
same stream order, therefore, this study assumes that they hydrologically respond in a similar
manner seasonally and inter-annually.

It should be noted that Ruvu subcatchment is complex and the required data that are
hydrometeorological and physical data of upstream natural lakes such as Jipe for SWAT
model setup is missing. Therefore, long-term total sediment yield for Ruvu subcatchment was
estimated as 2.6 percent of the long-term total simulated sediment yield of 1DD1 catchment.
The runoff component of the SWAT model as calibrated by Ndomba (2007) was used for
sediment yield modelling in the basin. Sensitivity analysis tools (Van Griensven et al., 2002)
were used in order to identify important parameters that govern sediment yield and routing
phases. Their ranking guided the calibration exercise. For example, the estimation method of
the most sensitive parameters was critically reviewed. Both manual and Autocalibration
approaches were used to train the sensitive model parameters. Additionally, some parameters
that affect peak runoff rate and indirectly sediment yield and transport were calibrated. It
should be noted here that all the channel sediment routing parameters were calibrated. A
proposed equation for soil erodibility for tropical conditions by Mulengera (1999) was used
to estimate USLE_K. Some sensitive parameters such as practice factor, USLE_P and
cropping factor, USLE_C were not calibrated instead the default values were used. The
default parameters as estimated by the model seem realistic and are comparable to field
observations. For instance, the USLE_P value of 1 is comparable to the absence of soil
conservation programmes in the study area (Mtalo and Ndomba, 2002).

The model was calibrated for one hydrological year that is between 1 November 1977
and 31 October 1978. The period falls within a normal wet year because other workers such
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as Yapo, et al., (1996) have indicated that the variability of parameter estimates increases
with ‘dryness’ of the data. In this study wet year is defined as that year with total annual
rainfall near or above the long-term mean annual rainfall. It should be noted here that a
period between year 2005 and 2006, during sediment sampling programme, was not used for
model calibration because the catchment experienced a critical hydrological condition (i.e.
drought). Alternatively, an excellent sediment rating curve had to be developed, verified and
used to generate sediment loads to other periods as reported by Ndomba(2007) for calibration
and validation purposes. And the simulation of calibrated model was validated to long-term
period (i.e. between 1 January 1969 and 31 December 2005) sediment accumulation in the
downstream reservoir. This period corresponds to the age of the reservoir. Besides, the
modeling exercise entailed estimating erosion rates spatially. The spatial soil loss pattern was
validated with findings from others studies (Mtalo and Ndomba, 2002; Ndomba, 2007).

RESULTS AND DISCUSSIONS

Calibration results in daily and monthly time steps are presented in Figures 2 through
4 below. In Figure 2 one would note that the rising and falling of a big flood event are
reasonably simulated. A few sporadic sediment spikes are also evident. The streamflow and
sediment transport in the study area are characterized as highly variable within a day
(Ndomba, 2007). It should be noted that the mean streamflows used to compute observed
sediment loads are derived from two to three manual gauge heights measurements during day
time while the SWAT model computes mean stream flow for each day. Sediment loads in the
recession of the medium flood events such as that of December, are over-predicted.
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Figure 2. A comparison
between Observed and
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loads at 1DD1 sampling
station, in Pangani river
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river channels isn’t much. Therefore, model deficiency here may be a better explanation.
Besides, other workers have successfully used this model at monthly time steps
[Schmidt and Volk, 2005; Van Liew, et al., 2005]. The result from this study at monthly time
step is also sound as demonstrated in Figures 3 and 4 below. However, the deficiency of the
model to simulate the sediment load in the falling limb for the medium floods as noted above
is also reflected in monthly time step in the same periods (Figure 3). However, the
performance of the model in simulating monthly total sediment loads is excellent (R*=86%)
as Figure 4 illustrates. This result suggests that as time step of simulation increases the
SWAT model performance improves and therefore, its application for long-term (i.e. about
37 years) simulation using annual time step is also justified. It should be noted also that the
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size of the smallest subbasin or HRU used for this study is greater than 1000km? (Table 3).
As Schmidt and Volk (2005) indicated in their study in Western Germany that the SWAT
model efficiency increases with the size of the catchments with a break point at a basin area
size of approximately 300 to 500km?. This is compounded by the insufficient capability of
SWAT to simulate the process dynamics in small catchments. However, Schmidt and Volk
(2005) recommended the use of the highest scale-adequate input data resolution available for
predicting high-resolution dynamics and process quantification.

100000 +=100000

= -

o 80000 g

'% ; o o

3 [7p]

= 60000 2

z 3

E 40000 < 50000 -

o c

[<8) [}

220000 A £ o

s 1n | | ‘ 3 o

= 8

> 7, OZUCTZPZLCPYO g °

= Z 0 m Z 0 ©

E 8222%%%35%5«%%222 2 o K&° |

o e R R R N B N R =

= NNJINORFog® P PP ® @ 0 50000 100000

O Observed M Simulated by SWAT ‘ Observed sediment load [t]

Figure 3. A comparison between | Figure 4: Scatter diagram of total

Observed and simulated Monthly totals
sediment loads at 1DD1 sampling station
during calibration period (TMC=0.9%).

monthly sediment loads for calibration
period between November 1977 and
October 1978 (R?=86%).

UNESCO-IHE
Delft, The Netherlands

57




4th International SWAT Conference

Long-term simulation result in Figure 5 below generally indicates that estimated and
observed (i.e. based on suspended sediment rating) annual total sediment loads are
comparable. However, according to Total Mass balance controller (TMC) as objective
function the simulated loads overestimates the observed by 28.7%. Similarly, the authors
expected such a discrepancy because SWAT model simulates bed-material load (i.e. bed and
suspended load) while the rating curve computes only suspended sediment load. It should be
noted here that this rating curve was used by Ndomba (2007) to estimate the long-term
sedimentation rate in the Nyumba ya Mungu reservoir and gave reasonably result with
relative error of 20.3 percent. With the exception of a few cases Figure 5 below, indicates that
wet years seem to transport much of sediment loads. One would note also that problems of
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linearity as assumed in the rating curve concept are well demonstrated between 1979 and
1999 period, where sediment loads increase with rainfall and vice versa. On the other hand
SWAT model results suggest that not all rainfalls yield the same rates of sediment. The latter
observations are supported by Ndomba (2007) work’s findings from using indirect method
techniques of sediment sources and processes identification. The inter-annual variability of
sediment loads as depicted in Figure 5 suggest that sediment sources from upland catchments
are not exhausted. This is explained by the fact that fine-grained soils on the mountain slopes
as the case for Pangani basin are always available for transportation. However,
Ndomba(2007) found that sediments get exhausted seasonally because of high content of clay
in the soils of the sediment source areas.

Figure 5. Comparison between simulated (i.e. by SWAT) and observed (i.e based on
suspended sediment rating) total annual loads between 1969 and 2005 (TMC=28.7%).

The long term (i.e. 37 years) simulation by SWAT model was used to estimate total
sediment yield and long term sediment yield rate for 1DD1-Kikuletwa catchment. The long
term predicted total sediment yield and annual sediment yield rate for 1DD1-Kikuletwa by
SWAT model is 15.50 Mt and 0.419 Mt/yr (i.e. 419,000 t/yr) respectively. A 2.6% of 1DD1-
Kikuletwa catchment yield/rate as simulated by SWAT model derived sediment fluxes for
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1DC1-Ruvu catchment. Therefore, long term sediment yield and sediment yield rate for
1DC1-Ruvu are 0.40 Mt and 10,890 or 11,000 t/yr respectively. Total sediment yield for
NyM reservoir catchment (i.e. 15.90 Mt) was derived by summing up long term sediment
yield from 1DD1-Kikuletwa and 1DC1-Ruvu catchments. Therefore, the predicted long term
NyM reservoir catchment sediment yield rate (i.e. 15.90 Mt/37) is 0.430 Mt/yr or 430,000
t/yr.

It has been established in the sampling programme that 7,939 t/yr (about 8,000 t/yr) of
sediment load is released from the reservoir annually (Ndomba, 2007). Therefore,
sedimentation rate estimated based on modeling and sampling is 422,000 t/yr. (Table 1).
Actual sedimentation rate based on reservoir survey is 411,000 t/yr. The comparison is based
on relative error performance criterion (Table 1). A relative error in percent (i.e. 2.6%) is
computed as the ratio of absolute error (11,000 t/yr) to reservoir survey sedimentation rate
(411,000 t/yr) (Table 1).

Table 1 Comparison of reservoir sedimentation rates based on SWAT
model simulations and sampling programme and reservoir

survey.
Method Sedimentation rate [t/yr.]
SWAT model prediction and sampling programme 422,000
Reservoir survey 411,000
Absolute error 11,000
Relative error in percent = 2.6 %

Based on the relative error of estimate of 2.6 percent as presented in the last row of
Table 1 above, one would note that the SWAT model has predicted the actual sedimentation
rate with reasonable accuracy. However, according to TMC criterion, this approach
overestimates the actual sedimentation rate by 2.6 percent. The accuracy achieved by using
SWAT model was expected because one of the underlying hypotheses in this study stipulates
that correct estimation of surface runoff will lead to better prediction of sediment yield. Other
workers such Garde and Ranga Raju (2000) have similar opinion.

In the ongoing study not only the sediment fluxes but also erosion processes and
sediment sources areas are explored. In Table 2 below major five representative subbasins as
depicted in Figure 1 with their long-term simulated annual averages of sediment yields
(SYLD_MUSLE), and Surface runoff (SURQ) are presented. Two main observations can be
made on those catchments that experience high sediment yields. Firstly; the dominant landuse
is agriculture and secondly; the subbasins are located in the slopes of Mount Kilimanjaro
(Weruweru and Kikafu) and Meru. On the other hand low sediment supply subbasins (Upper
Kikuletwa and Sanya) are located in rangeland and/or low-lying terrain. It should be noted
from Table 2 that not all subbasins where agricultural activities is practiced such as Sanya
yield high sediment load to Pangani river system. Probably, this can be explained by the fact
that surface runoff generation from these subcatchments is low as supported by values in the
last column of Table 2.

Table 2. Long-term simulated average of spatial sediment yields (SYLD_MUSLE), and
Surface runoff (SURQ) as predicted by SWAT model.
Subbasin Area Sediment yield Landuse | Surface runoff
(HRU) (SYLD_MUSLE) (SURQ)
[Km?] [t/ha] [mm]
UNESCO-IHE 59
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Weruweru 1,361 1.21 Agriculture 83.6
Kikafu 1,082 0.95 Agriculture 74.5
Mt. Meru 1,079 0.83 Agriculture 444
Sanya 1,039 0.26 Agriculture 20.6
Upper Kikuletwa 2,674 0.08 Rangeland 12.2

One would also note from Table 2 above that high sediment yields are occurring in headwater
regions of Pangani river basin (i.e. Weruweru, Kikafu and Mt.Meru slopes). Based on
literature the latter result is well supported. For instance Wasson (2002) noted that the
headwater regions yield almost all of the sediment transported downstream, and channels and
slopes in downstream areas contribute very little.

Although the result of this study is encouraging, it should be noted that stationarity
assumption as the case for rating curve has not been well addressed. Only, a static landuse
map developed in late 1990’s has been used for the entire period of 37 years. Nevertheless, a
good result obtained from this study would probably, suggest that landuse from main
sediment sources areas have not significantly changed. Besides, the authors are aware from
literature of the number of disadvantages of physically based models. They include heavy
computer requirements, the need to evaluate many parameters (i.e. uncertainty) and a
complexity, which implies a lengthy training period for new users (Bathurst, 2002). As
reported by Ndomba(2007) parameters identifiability and evaluation exercise for the runoff
component of the SWAT model was limited to six years of daily streamflows data because of
a huge computational resource requirement. Eight wet years of calibration data as
recommended by Yapo, et al., (1996) resulted to longer computer simulation time. And some
of a few insensitive parameters have been assumed spatially uniform in order to achieve a
practical computation time. In this study the issue of parameter uncertainty has not been dealt
rigorously as attempted by others (Beven and Binley, 1992). Alternatively, in this study the
suspended sediment loads as computed from excellent rating curve and the long term
reservoir sediment accumulation information are used as lower and upper bounds of the
model outputs. Although, the SWAT model has overestimated the actual sedimentation rate
by 2.6%, it should be remembered that the sampling stations are located more than 5km
upstream. Probably, some sediment loads are deposited in the main tributaries river channels
upstream of the NyM reservoir. Therefore, a comprehensive sediment transport channel
network model is recommended to account for the discrepancy.

CONCLUSIONS

A semi-distributed, physics based watershed model (SWAT) has reasonably simulated
sediment yields, and has replicated the erosion processes and sources in the Pangani basin
using one year hydrological daily sediment loads. The SWAT model captured 56% of the
variance of the observed daily sediment loads during calibration. The application of the
model in longer period (i.e. 37 years) has predicted well the reservoir sediment accumulation
with a relative error of estimate of 2.6 percent. Such estimation accuracy can be attributed to
both sound sediment sampling programme design and well calibrated components of SWAT
model. This result also suggests that for catchments where sheet erosion is dominant SWAT
model is a better substitute of the sediment-rating curve and long-term prediction of
sedimentation rate can be done with reasonable accuracy. It should be noted that the
calibration was done during the normal wet year with most of hydrometeorological data
required for SWAT model is available.
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Rapid Geomorphic Assessment of Watershed Sediment Budgets for Water
Supply Reservoirs Using SWAT and Sub-Bottom Acoustical
Profiling
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Reservoirs in North Texas supply over 99 percent of the water to the Dallas Fort
Worth Metroplex or to over 5.8 million people. The rate of sedimentation to these reservoirs
has been estimated to be in the range of 2 cm a year. This is equivalent to an annual loss of
future water supply for up to 3000 people per reservoir (lost storage capacity). The costs of
new reservoirs as well as the cost of dredging makes options other than watershed
management (BMP’s) unrealistic. In order to best manage sedimentation into the reservoir,
the source of sediment into the reservoir must be quantified. This study represents the
approach used by the Tarrant Regional Water District to study reservoir sedimentation. It
consists of three integrated steps: (1) rapid geomorphic assessment by sub-watershed and
physiographic province to ascertain the magnitude of active processes; sheet/rill; gully;
stream erosion supplemented with historic air photographic inventory (2) profiling the
reservoir with differential GPS and a 5 transducer sub-bottom acoustical system which gives
sediment thickness within the reservoir which is verified with vibracore and Cesium 137
analysis, and (3) modeling the watershed with the SWAT model calibrated to the total
volume of sediment as detailed in the survey, watershed erosion processes, any gaged data,
climate and land use. Failure to follow each step is shown to produce large errors in the
model and potential effectiveness of BMP’s.

INTRODUCTION

A sediment budget is an accounting of the sources and disposition of sediment from
its point of origin to its eventual exit from a watershed. Although erosion from upland
sources is most often cited as a major source of sediment load; channel/streambank erosion
can also be a major source in some watersheds contributing from 17% to 93% of the total
sediment load (Trimble 1997 and Sekely et al. 2002). Watershed scale models such as
SWAT, HSPF and GWLF are widely used to assess sediment and nutrient budgets within the
watersheds. According to the EPA’s recent National Water Quality Inventory report (USEPA
2002), 31% of the river and stream miles are impaired due to sediment; sediment/siltation is
the second leading cause of water quality impairment, next only to pathogens. In this
research, watershed scale model SWAT is used to quantify the sediment budget of the Cedar
Creek reservoir watershed, located in North-Central Texas.

More specifically, the objectives of this study are:

1) To test SWAT channel sediment routing routine against field geomorphic data, and
2)  Toillustrate the use of rapid geomorphic assessment of watersheds for use in SWAT

SWAT sediment and water routing routines
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In SWAT a simplified stream power approach developed by Bagnold (1977) and
adopted by Williams (1980) is used for estimating channel degradation or deposition. The
maximum amount of sediment that can be transported in a reach segment is calculated as:

CONCyeq,my = SPCON X Vg P (1)

where concseq mx IS the maximum concentration of sediment that can be transported by
the water (ton/m®), spcon is a coefficient defined by the user, ve, is the peak channel velocity
(m/s), and spexp is an exponent defined by the user.

If the maximum concentration of sediment calculated with Eq.1 is lesser than the
concentration of the sediment entering the reach then deposition is the dominant process in
the reach segment. Conversely, if the maximum concentration of the sediment calculated
with Eq.1 is higher than the concentration of the sediment entering the reach then channel
degradation is the dominant process in the reach segment. Sediment degradation is calculated
as:

sedgeg = (CONCseq mx — CONCseq ch )Ven KenCoen 2

where sedgeq Is the amount of sediment degraded/reentrained from the reach segment
(Metric tons), concseq.ch is the initial sediment concentration in the reach (ton/m®), Ve, is the
volume of water in the reach sediment (m®), K¢, is the channel erodibility factor and Cg is the
channel cover factor.

As can be seen from the above equations, flow velocity (vcn) in Eq.1 is an important
variable in determining the streambank erosion or deposition from a reach segment. In
SWAT water can be routed from upstream to downstream using either the variable storage or
Muskingum routing methods. In both these methods a bucket type approach is used for
calculating the amount of water entering the reach, i.e. the water is moved from one reach to
another by volume basis. In the bucket type approach the flow rate in each segment is also a
function of stream length (Narasimhan et al. 2007). Hence, the flow velocity predicted is
artificially higher at a smaller reach downstream of two big reaches (due to the nature of
watershed delineation). Hence, an iterative approach developed by (Narasimhan et al. 2007)
was used (Figure 1).

VC
Do While (it < Qcn)
Deh = Dep + 0.01
Ach = (Whtm + Zch * Den) * Den
Peh = Whim + 2. * Dep * Sqrt(1. +Zch2)
Reh = Ach / Pen

1 2/301/2
Ven =FRch Sth

Qeh

Qit = Veh * Ach
end do
Figure 1. Modification to water routing algorithm

where g is the flow rate of water entering the channel (m®/s) and V¢ is the volume
of water entering the channel during the day (m*/day).

The flow velocity calculated by this modified approach is no longer a function of
length and hence the flow velocity will vary gradually independent of length as the water
moves downstream. In this research, the modifications discussed above were made to the
variable storage routing method for hydrology simulation in the Cedar Creek watershed.
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Study Area

Water quality is a growing concern in the Cedar Creek reservoir (Figure 2). In
addition to nutrient enrichment and reservoir siltation from upland and streambank erosion
affects the quality of drinking water and the life of this reservoir. On an average 1032 ac-ft
of reservoir volume (679,200 ac-ft) is lost every year due to siltation. Cedar Creek is one
among the five major reservoirs managed by Tarrant Regional Water District (TRWD) in the
Trinity River Basin. Currently TRWD supplies water to about 1.6 million people across 11
counties from its network of five reservoirs and are expected to serve 2.66 million by 2050.
Due to this projected population increase in North Central Texas over the next 50 years,
TRWD is collaborating with the Texas Water Resources Institute and Texas A&M University
to assess the watershed condition and develop watershed protection plans for these five major
reservoir catchment. Cedar creek reservoir has a contributing drainage area of about 2611 sqg.
km. The average annual rainfall is about 991 mm. The western half of the watershed is
underlain by shale and residual clay soils; the eastern half of the watershed is underlain by
interbbedded sands and shales and mostly loam to sandy soils. The land cover is
predominantly pasture (62%), followed by forest (16%), Urban (7%), cropland (6%) and rest
occupied by water (6%) and wetlands (3%) types.
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Figure 2. Land cover classes, sub-basin and stream network of Cedar Creek watershed.
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WATERSHED AND LAKE SURVEY

In order to assess the accuracy of SWAT model output, various Rapid Geomorphic
Methods can be utilized. The methods found to be useful in the Cedar Creek Watershed are
shown in Table 1.

Rapid Method Time Frame Comments
I | Point Monitoring with Individual storm- | Costly for large watersheds; gage sites
erosion pins/scour years very costly to install and maintain;
gages; sediment cheaper duratrac (Figure 10.) can give
monitoring quantitative cumulative data
Il | Volumetric Monitoring | Repeat Volumetric not real good for
of Downstream bathymetric sedimentation amounts; acoustic methods
reservoirs surveys are superior and sediment flux possible
(decades) or with Cesium-137 (for reservoirs older
Sub-bottom than 1964)
acoustical
Il | Photo Interpretation decadal Problems for small streams which make

up to 70% of watersheds owing to riparian
vegetative cover.

IV | Literature Rates and Not applicable. Due to wide scatter of data, empirical
Equations equations require a lot skill to interpret
results; land use impacts hard to
discriminate; typically short term data.

V | Visual site geomorphic | Individual storm | Gives qualitative estimate of recent trends
Assessment or trend and rates

Table 1. Rapid Geomorphic Assessment Methods

The first problems to assess are the basic elements of the sediment budget within the
watershed. A more detailed list is given by Reid and Dunne (1996). For the Cedar Creek
watershed, the major contributors found in the field were sheet, rill and ephemeral gully
erosion, and concentrated flow erosion (gully erosion and channel erosion). In order to verify
the output of the SWAT model, various methods were utilized to assess the magnitude of
each contributing sources. It was found easiest to work backward from the most inclusive
source of data or the reservoir sediment survey. The sediment survey was done to estimate
the density and volume of the post-impoundment reservoir sediment. A Vibracoring
technique was used for obtaining undisturbed cores of unconsolidated sediment at saturated
or nearly saturated conditions. Five cores were collected within the reservoir. The core
locations were determined with the aid of acoustic sub-bottom profiling, Figure 3.
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Figure 3. Core Locations Cedar Creek Reservoir

The cores were used to determine the thickness, density and dry weight of post-
impoundment sediment in the reservoir, Figure 4. Acoustic sub-bottom profiling of the lake
showed that the sediment is uniformly distributed along the length of the lake with an average
thickness of 37.4 cm. The average dry density of the sediment was estimated to be 344.5
kg/m>. A reservoir volumetric survey conducted by Texas Water Development Board
(TWDB) in 2005 showed that the lake has lost a total of 41,276 acre-ft during the 40 year
period since its construction in 1965. (Cesium 137 could not be used in this reservoir). The
volume loss is attributed to the deposition of sediment from the supplying watershed.
Multiplying this sediment volume and the average dry weight density determined in the
current study and by assuming a reservoir sediment trap efficiency of 98%, indicates that the
total dry weight of the post-impoundment sediment in the lake is 17,862,337 Metric Tons
over the 40 year period or an average sedimentation rate of 446,558 Metric Tons/year. In
order to quantify the individual contribution of sheet and rill versus concentrated flow
erosion, supplemental methods were employed.
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Figure 4. Cores for assessing sediment thickness and density
For sheet and rill erosion, regional estimates based on regression equations for the
same physiographic provinces from sediment gage data, past USLE and sediment delivery
calculations and visual assessment of soil loss by NRCS personnel were utilized. For channel
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and gully erosion, a comprehensive field survey was done at 56 sites across the watershed to
identify eroding stream segments in the watershed. At each site a survey form was used to
categorize the level of channel incision as well as degree of erosion in addition to several
other parameters, Figure 5.

Streambank erosion from the watershed is estimated to be 152,572 Metric Tons per
year. This is based on five different methods of channel erosion assessment: (1) erosion
assessment made for the basin based on NRCS field evidence (Griener, 1982), (2) field
assessment of channel erosion and SWAT generated channel lengths and dimensions using
theRapid Assessment Point Method (RAP-M) used by NRCS (Windhorn, 2001), (3) using
power functions utilized in SEDNET (Wilkinson, et. al. 2004), (4) comparison of erosion
rates to gage data by Ecoregion after Simon, et. al. (2004) and (5) literature review of channel
erosion rates. Based on these methods, channel erosion could be assigned an average annual
loss rate. Volumetric loss was calculated by the product of channel length times the erosion
rate and the soil density and eroded channel height. In addition to the field survey, historical
aerial photographs were also analyzed to identify historical trends in erosion across the
watershed. Based on land use, stream condition at surveyed locations, and using historical air
photographs, the streambank erosion categories were extended between field locations to the
entire watershed area (Figure 6). The streambank erosion estimate along with the streambank
erosion category mapped from site visits and field photographs were used for both assessing
original SWAT model output, and then in calibrating the SWAT Streambank erosion
parameters erodibility factor (Kcn) and channel cover factor (Ccp).

Based on this reservoir sedimentation rate (446,558 Metric Tons/year) and the
Streambank erosion rate (152,572 Metric Tons/year) from the field survey, the overland
erosion rate was inferred as 293,986 Metric Tons/year. These erosion rates were used as
target numbers for calibrating the SWAT model parameters.

Results

Flow calibration and validation

SWAT was calibrated for flow by adjusting appropriate inputs that affect surface
runoff and base flow. Adjustments were made to runoff curve number, soil evaporation
compensation factor, shallow aquifer storage, shallow aquifer re-evaporation, and channel
transmission loss until the simulated total flow and fraction of base flow were approximately
equal to the measured total flow and base flow, respectively. Flow calibration was performed
from 1963 through 1987. For this period predicted flow matched measured flow very well at
the two USGS stream gages in the watershed. With the same calibration inputs, flow was
validated from 1980 through 2002 using the measured mass balance of Cedar Creek
Reservoir for comparison to predicted inflow values (Figure 7). The predicted inflow match
measured inflow very well (r> = 0.76 and Nash-Sutcliffe COE of 0.80).
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Survey Form Stream

Assessment
Date: /[ /2006
. GPS
Location:
Channel Slope  Drainage
UsGs 75 Area Acres Phatos
1 Channel, Gully,
Cther If Gully Note: headcut height?___
2 Riparian
Wegetation: Note on bank
3 Texture: gravel, sand, silt, clay silty clay, loam
4 Reach Length Visible ft
|
Height Erosion
Depth/Active
T ‘ % Channel
L— —
Erosion Class Erosion Class
5 Slight Slight
= Moderate 6 Bed Material Moderate
Severe Size {est) Severe
7 Bank Bank
Processes Processes
Slumps_ Slumps__
Wvedge Wedge
Infinite Infinite
Slope__ Slope__
8  CEM Model Phase
| Stable
Il Degrading
Il Degrading and Widening
1Y Aggrading
PMA

Figure 5. Field Survey Form
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Figure 6. Erosion Ratings and Sites

Average Monthly Inflow to Cedar Creek Reservoir
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Figure 7. SWAT monthly streamflow validation with measured reservoir inflows.
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Sediment Calibration

Annual overland and Streambank erosion rates determined from watershed survey and
lake survey were used as target rates for adjusting model parameters. Streambank erosion,
power function parameters, spcon (0.01) and spexp (1.5) in Eq.1 were adjusted based on
limited storm flow total suspended solids (TSS) data available at various stream segments.
The coefficients were chosen in such a way that the average simulated suspended sediment
concentration is two to three times higher than the measured TSS. This was done so because
SWAT does not simulate bed load transport and all the sediments are assumed to be in
suspension. If these (spcon and spexp) coefficients were tightly calibrated with measured
TSS without accounting for bed load transport, the model will considerably underestimate the
sediment transport power of the water.

Channel physical properties such as channel vegetation cover factor (C¢p) (0.1 to 1.0)
and channel erodibility factor (K¢p) (0.3 to 0.8) were adjusted for individual stream segments
based on field assessment and geological data. The higher these values are, greater is the
vulnerability of the channel for streambank erosion and vice versa (Eq.2).

Annual sediment contribution simulated from various sources is shown in Figure 8. Channel
degradation is the second major contributor of sediment (33%) next to cropland (44%). It is
important to note that SWAT predicted overland erosion was very close to the field
estimation; hence no adjustments were made to the SWAT overland erosion parameters. The
spatial distribution of Streambank erosion rates is shown in Figure 9. Overall there is a good
agreement between the field assessment (Figure 6) and the model estimates (Figure 9).
However, when comparing these maps it should be kept in mind that the field assessment
technique is only a qualitative measure of erosion based on visual analysis.

Cedar Creek (Sediment) About 96.6% of the total sediment generatec

SWAT Predictions: in the watershed reaches the reservoir

Total Sediment load : 467,730 Metric Tons/yr
Channel Erosion 1 162,528 Metric Tons/yr
Overland Erosion : 305,046 Metric Tons/yr
Total sediment reaching the reservoir : 451,600 Metric Tons/yr
(Trapping by upstream dams/PL655 structures: 16,130 Metric

WWTP  Urban
0.03%  7.40%

Forest
0.75%

Channel
34.75%

Wetland
0.10%

Cropland
40.78%

Baylor Field Estimation:

Pasture Total Sediment Load: 446,558 Metric Tons/yr
15.78% Channel Erosion : 152,572 Metric Tons/yr
Overland Erosion : 293,986 Metric Tons/yr

Figure 8. Sediment contribution from channel and overland erosion.
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Figure 9. Streambank erosion rate predicted by SWAT in terms of Metric Tons per unit cross-

section area and per unit length of the channel.

In terms of streambank and gully erosion, a new method was created for longer term
assessment of erosion rates. In conjunction with erosion pins, a devise called the “duratrac” was
formulated (Figure 10). Basically, the device is a tachometer which records with a quartz clock
the water level at or above a selected height. In this way, the cumulative tractive force of a set of
erosion pins can be known and the SWAT model erosion coefficients adjusted accordingly. The
device costs about 35-50 US dollars and will run about six months or more under normal
conditions. The device could also be used to assess the length of time the water was over bankfull
stage. By placing these simple devices over the watershed, cheap accurate data can be collected
for any chosen time interval; the only cost after installation is associated with a trip to the field to
measure the erosion pins and visually download the cumulative time.

Figure 10. SWAT Duratrac recorder.

SUMMARY

SWAT Durotrac Recorder

PVC Cap ’7

—~
: PVC
9 Vot l
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A rapid geomorphic assessment in the field is useful to assess the SWAT model outputs

UNESCO-IHE
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given the paucity of real gage data. Methods employed can be accomplished at about 250 sq.
km.a day. This would include field assessments of streams at road crossings and visual inspection
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of surrounding terrain for evidence of landuse and erosion processes. A modification to the
velocity subroutine is proposed. Finally a simple device to be employed to assess cumulative
tractive force for stream or gully erosion assessment is introduced.
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Abstract

Soil degradation is a severe problem in Africa. The resulting decline of crop yields
threatens food security and forces poverty, migration and land use conflicts. In this study,
which is part of the German integrated water resource management project IMPETUS, the
SWAT2005 model was applied to the Upper Ouémé catchment, Benin (~14500 km?) in order
to quantify water and sediment yield. Future climate and land use change were considered.
Prior intervention areas for soil conservation measures should be identified.

The model was successfully calibrated and validated for the years 1998 to 2005 using daily
measurements of discharge and suspended sediment concentration at various outlets in the
catchment. Subsequently, the model was applied for different scenarios of climate and land
use change until 2025 and 2050. Therefore, spatially distributed results from the regional
climate model REMO (IPCC SRES scenarios A1B and B1) and the land use/land cover
change model CLUE-S, produced by other IMPETUS members, have been processed.
CLUE-S results were disaggregated from a 250 m to a 25 m grid for a better representation of
agricultural land. Daily REMO output in a 0.5° grid resolution was attributed to the rain
gauge sites considering the rainfall distributions of the rain gauges to obtain a correct
frequency distribution of site-specific events.

The results of the scenario analysis for the period 2000-2025 indicate opposed impacts of
land use change and climate change on water and sediment yield in the same order of
magnitude. Land use change led to a strong increase in sediment yields in several subbasins,
whereas climate change, in particular lower precipitation, reduced water and sediment yield
in most parts of the catchment. Regions with actual and future high erosion risk were
identified.

KEYWORDS: SWAT, soil erosion, climate change, land use change, Africa, Benin, tropics

Introduction

Soil degradation is a severe problem in Africa. Soil erosion, the most important
process leading to soil degradation, contributes one fourth to the productivity loss in Africa
(Oldeman, 1998). The resulting decline of crop yields threatens food security and forces
poverty, migration and land use conflicts. Despite the flat relief soil erosion is a considerable
problem in Benin caused by high precipitation intensities and unsustainable cultivation
methods. Although the amounts of soil loss in Northern and Central Benin are rather
moderate the effects of soil erosion cannot be neglected because soil depths are often low and
farmers can rarely afford fertilizer to compensate the decline of soil fertility due to topsoil
loss. In order to improve the effectiveness of soil management measures prior intervention
areas with current and future high risks of soil degradation need to be identified.
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This study is embedded in the IMPETUS framework, an integrated water resource
management project, funded mainly by the German Ministry of Research and Education
(Speth et al., 2005). The project design covers three 3-year periods with a focus on process
understanding (2000-2003), modelling and scenario analysis (2003-2006) and the
development of decision support systems (2006-2009). The research areas of the project are
the Ouémé catchment in Benin and the Wadi Draa in Morocco.

Research area

The Upper Ouémé catchment (~14500
km?) is situated in Central Benin (Figure 1). BURKINA
The research area is part of the sub-humid Fse
climate zone with one rainy season between
May and October. The annual means for
rainfall and total discharge are 1100 mm and
150 mm, respectively. The vegetation is
dominated by wet savannah types, which are
severely degraded in the North-Western part
of the catchment. The area can be
characterized as an undulating pediplain relief
overlying. a  pre-cambrian  crystalline
basement. Acrisols, Lixisols and Ferralsols are
the dominant soil types and show often
gravely or plinthic horizons. v
Farmers depend mostly on subsistence  Figure 1. The Upper Ouéme catchment in Benin

farming based on crops like yam, cassava and maize. Cotton and cashew are cultivated as
cash crops. The agricultural area is rapidly expanding due to population growth, migration
and an improved accessibility. Field studies in the first phase of the IMPETUS project
revealed that the amount of soil erosion depends significantly on the land use system and the
rainfall intensity. Soil loss rates on agricultural land were 10 times higher than on savannah
land, with a maximum on cotton and yam fields (Junge, 2004).

Methodology

The quantification of soil erosion at the regional scale until 2050 required a modelling
approach. The free available, time continuous, semi-distributed model SWAT (soil water
assessment tool, version AVSWAT
2005) was chosen due to its
capability to simulate large
catchments with a manageable
demand of input parameters. For
N African conditions a comparatively
I\ good database was available from
the work of IMPETUS and
counterparts in Benin. Own field
studies were required to obtain soil
properties for the French soil map
(Faure & Volkoff, 1998) and time-
continuous suspended sediment
concentrations at four river outlets.

o . [ Donga-Pont 586 sqgkm
0 1257 % g0 kKilometers [ Terou-lghomakoro 2323 sqkm 74
L 0O Upper Ouémé 14325 sgkm

Figati,2| Nddé\aibedichimisnts Donga-Pont and Terou-lgbomakoro
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Thresholds of 6000 ha for stream delineation and 10% for HRU delineation resulted in 121
subcatchments and 926 HRUs in the catchment. Hydrological model calibration and
validation were performed for the years 1998-2001 and 2002-2005 using daily discharge data
provided by IRD France and the Diréction Géneérale de I’Hydraulique (Benin). Sediment
calibration was carried out for the years 2004 and 2005. Calibration was conducted
simultaneously at two outlets: the Terou-lgbomakoro catchment (2323 km?) and the
intensively agriculturally used Donga-Pont catchment (586 km?) (see Figure 2). The
goodness of the model results was evaluated using the model efficiency (ME), the index of
agreement (10A) and the coefficient of determination (R?).

Subsequently, the model was applied to compute scenarios of climate and land use
change until 2025 and 2050 using spatially distributed results from other project members.
The input parameters for the climate scenarios were provided by the regional climate model
REMO (Paeth, 2004) driven by the IPCC SRES scenarios A1B and B1. Feedbacks of
expected deforestation rates and land degradation on the regional climate were included in
the model. Three ensemble runs were available for each climate scenario. For a correct
representation of the amounts and the frequency distribution of daily rainfall in the SWAT
model, daily REMO output in a 0.5° grid resolution was attributed to the rain gauge sites in
the catchment.

As input for the land use scenario land use maps were generated for each year
between 2000 and 2025 in a 250 m resolution by the land use/land cover change model
CLUE-S (Thamm et al., 2006). This model considered several driving forces like population
density, topography and distances from roads and rivers. In order to reduce the error in the
representation of farmland due to the coarse resolution of the land use map a simple
disaggregation algorithm was applied: The 250 m-grid cells were disaggregated into 25 m
cells according to the mean fractions of land use types represented in a 250 m — grid cell of
the original, not aggregated land use map derived from a satellite image of the year 2000.

Results

As a prerequisite for the scenario analysis the model was extensively validated after
calibrating the model for the hydrology and sediment budget.

Model calibration and validation

The calibrated parameters included the SCS curve numbers, the surface runoff lag
coefficient (SURLAG), the soil evaporation compensation factor (ESCO), several
groundwater  parameters (ALPHA BF, GWQMN, GW_REVAP, REVAP_MN,
RCHRG_DP) and the USLE C-factors. Furthermore, the available water capacity was
increased by 30% for all soils because the estimated values according to the pedo-transfer
function of Rawls and Brakensiek (1985) were too low. Finally, model calibration was
successfully performed for the period 1998 to 2001. Weekly model efficiencies of 0.87 and
0.78 were obtained for the Terou-lgbomakoro and the Donga-Pont outlets, respectively.
During the validation period (2002-2005) model efficiencies were similarly good (ME 0.85
and 0.88). In general, the discharge dynamics were well reproduced in both subcatchments
(see Figure 3). However, some difficulties in capturing extreme events were observed. The
fractions of slow and fast discharge components were as well correctly simulated (see Table
1). A spatial validation at several other outlets in the catchment led also to satisfactory
results.
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Table 1. Comparison of mean simulated and measured discharge components for the calibration period at the

Terou-lghomakoro and Donga-Pont outlets

Simulated Measured
Qtot qurf Qbase Qtot qurf Qbase Qtot_Sim/ qurf_Sim/ Qbase_Sim/
[mm] [mm] [mm] [mm] [mm] [mm] Qlot_meas [%] qurf_meaS [%] Qbase_meas [%]
Donga-Pont 318 185 133 311 176 135 102 105 99
Terou-lghomakoro 242 106 136 229 103 126 106 103 108
Terou Igbomakoro - discharge 1998-2005 Donga Pont - discharge 1998-2005
—_ ' L 100— | — ' - 100 E
E 60 T ! 100" g ; E
= == Precipitation | € | E i -
o —g_simulatet:j E L 200 = o E L 200 §
— Q_measured | | 2o 1 i T
qé, 40 ' = |2 60 ; %
@ ' L 3002 || ® i 300 .2
I : 3003 2 0l : 3
.l : 8|2 : £
a i L400x | O 50 | : - 400
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week week
ME RE IoA | ME R? loA ME R* 10A|ME R? IoA
0.87 0.87 0.72]08 085 0.72 078 0.81 075|088 085 0.69

Figure 3. Measured (blue) and simulated (red) discharge curves for the calibration period (1998-2001) and the
validation period (2002-2005) for the Terou-lgbomakoro and the Donga-Pont subcatchments

In the two years of sediment calibration the simulated and the measured sediment amounts in
the Donga-Pont catchment and the Terou-Igbomakoro agreed quite well. Only in the Terou-
Igbomakoro catchment the sediment yield was significantly underestimated for the year 2005
because discharge peaks were considerably underestimated. However the temporal
characteristics of the simulated sediment curve are well reproduced in both subcatchments
(see Figure 4). The measurements of goodness for the weeks with valid measurements were
satisfactory for the Terou-Ighomakoro catchment (ME 0.68, R? 0.76, oA 0.58) as well as for
the Donga-Pont catchment (ME 0.61, R? 0.64, 10A 0.71).

Terou Igbhomakoro - daily sediment yield 2004/2005
0.015 v <= — 0
+2
= 001 —SY_simulated | 4 —
>
= —— SY_measured ©
2 i e}
g —— Qtot_simulated T6 g
=, —— Qtot_measured E,
> il 4
&, 0.005 8 O
+ 10
0 At T T T T T 12
23.4.04 1.8.04 9.11.04 17.2.05 28.5.05 5.9.05 14.12.05

Figure 4. Comparison of measured and simulated daily discharge and sediment yield (SY) for 2004 and 2005 at
the Terou-lghomakoro outlet
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Modelling results 1998-2005

As expected, absolute and relative surface runoff amounts were considerably higher in
the Donga-Pont catchment than in the Terou-lgbomakoro catchment, due to higher land use
intensity, higher rainfall amounts and rainfall intensities. In the whole Upper Ouémé
catchment surface and groundwater flow account each on average 10% of annual rainfall.
Mean annual sediment yields for all subcatchments ranged from 0.04 to 5.11 tons per hectare
for the 121 subcatchments. Highest values were obtained around the cities (Parakou and
Djougou) and along the roads. The mean annual sediment yield of 0.35 t/ha/yr in the Donga-
Pont catchment was two times higher than for the Terou-lgbomakoro catchment. Cropland
hat contributed with about 76% to the total sediment load, followed by brush savannah with
about 18%. The average sediment yield on cropland was 4.5 t/halyr.

Climate scenarios

After post-processing the climate data from the regional climate model REMO, the
mean simulated monthly rainfall amounts, the distribution of daily rainfall and the potential
evapotranspiration for the period 1960 to
2000 were well reproduced by the model
50% (see Figure 5). However, monthly rainfall
o] B omsied mean(REMOSIS) | values were slightly higher at the

beginning und lower in the middle of the
30% 1 rainy season. For the Parakou station low
intensity rainfalls (1-20 mm) were slightly

20% A - . - . A
overestimated and high intensity rainfalls
(20-200 mm) slightly underestimated. The
_I'm FI - mean simulated rainfall for the globally
<lmm  LSmm 5-10mm 10-20 mm20-50 mm 50-100 >100 mm economy-orientated scenario A1B for the
m period 2000-2025 and 2026-2050 was
slightly higher than for the global
F_igure 5: quakou station —compz_irison of measured and sustainability-orientated  scenario B1.

simulated rainfall data for the period 1960 to 2000 . .

Table 2 provides an overview of the results
of the climate scenarios for the whole catchment and the two subcatchments to point out the
regional variation. The results of each scenario are averaged from three runs with the SWAT
model referring to the three ensemble runs from the climate model REMO. The reduction of
mean rainfall amounts by 2% to 14% in the Upper Ouémé and the Donga-Pont catchment led
to a decrease of mean water and sediment yield in the periods 2001-2025 and 2026-2050 in
both catchments for at least five of six runs. One ensemble run of the A1B scenario even
leads to a mean reduction of water and sediment yield in the period 2026-2050 of -46% and
-53%, respectively. However, standard deviations of the mean values for the ensemble runs
are considerably high for the period 2026-2050 reaching up to 22%. For the Terou
subcatchment the effects of climate change are not so clear showing reductions and increases
of water and sediment yields. For the B1 scenario an increase in the mean annual rainfall and
significantly increased mean annual sediment and water yields was simulated in all three
runs. Looking at the spatial maps, which are not presented here, it becomes obvious that the
spatial pattern of sediment yield remained quite similar. However, a few subbasins
experienced a pronounced decrease (Donga region) or increase (North-Eastern edge of the
catchment, only for B1 scenario) of sediment yield.

Station Parakou - rainfall distribution 1960-2000

10% 4

Fraction of total rainfal

0% -

Rainfall amount per day
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Table 2. Mean simulated annual values of rainfall (PCP), sediment yield (SY) and water yield (WY of the three
ensemble runs for the climate scenarios A1B and B1, change in % from the baseline scenario (1998-2005)

1998-2005 2001-2025A1B  2026-2050 A1B  2001-2025B1  2026-2050 B1
PCP WY SY PCP WY SY PCP WY SY PCP WY SY PCP WY SY
[mm] [mm] [vha] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
Upper Ouémé 1184 222 024 -4 -12 -10 -8 -23 -21 -3 -6 -1 -5 -12 -6
Donga 1294 302 035 -10 -23 -28 -14 -33 -37 -9 -17 -21 -12 -25 -30
Terou 1157 216 018 2 1 10 -2 -11 0 4 10 27 1 3 15

Land use scenarios

Although spatial land use maps are available for each year in the period 2000-2025 and for
different scenarios the implementation of all maps is not feasible because the SWAT model
requires for each map a

A new HRU delineation
and the readjustment of
all calibration

parameters for each
map. In a first approach
the model has been run
Increase of SY for the period 1998-
Year 2000 to 2025 2005 with the land use
e t0% map for 2025. The
] 0% o425 results were compared
T 25% to 450% to the baseline scenario

with the disaggregated
land use map for 2000.
Figure 6 illustrates the

[ ] +50% to +100%
P +100% to +200%
B +200% to +400%

B +00% to +680% calculated FE!ative

i change of sediment

' 1|5 3‘0 | GIO Kilometers ® Cltlles yleld o b et
Main roads the h|ghest relative

Figure 6: Land use scenario “Business as usual” - Relative increase of . .
sediment yield (SY) per subcatchment; comparison of model runs (1998-2005) increase took place in
with land use maps for the years 2000 and 2025 the South-Western and

Eastern part of the

catchment where land resources are still abundant. In the most degraded region of the
catchment around Djougou sediment yield increases were moderate. As an assumption of the
scenario the protected forest in the centre of the catchment remained stable. Highest absolute
changes in sediment yield occurred in the South-Eastern part of the catchment around
Parakou and North from Djougou. Overall, for the whole Upper Ouémé catchment the
increase of 40% of cropland area led to a mean increase of 10% in surface runoff and
sediment yield in the whole catchment reaching in individual subbasins up to 60% and 680%
of increases in surface runoff and sediment yield. In some subbasins water and sediment yield
were even slightly reduced due to changes in the HRU distribution.

Conclusions and outlook

This study has shown that the SWAT model is applicable to a sub-humid catchment
and delivers reasonable results for current and future time periods. Current hotspots of soil
erosion were identified in the North-Western and South-Eastern part of the catchment. Land
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use change caused higher surface runoff and sediment yield, especially around Parakou and
North from Djougou. Climate scenarios led to a reduction of sediment and water yield in
most parts of the catchment. Reductions were significantly higher in the period 2026-2050
than in the period 2001-2025. Currently, further land use scenarios and combined climate and
land use change scenarios are calculated. Previous results from Busche (2005) and Sintondji
(2005) indicated a stronger impact of land use change on the sediment yield than climate
change. In future, the modelling results will be assessed by an uncertainty analysis.
Furthermore, results from the models SWAT and EPIC will be integrated in a spatial decision
support system for various stakeholders in Benin.
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Abstract

The SWAT model has been used to investigate the impact of climatic change on runoff of
Nzoia river catchment in Kenya. River Nzoia is one of the several streams that drain into
Lake Victoria. It has a catchment area of 12,709 km? and a length of about 334 km. The
required model parameters were obtained from various sources while some were estimated
from existing data. The model was calibrated against measured discharge data for the period
1980-1985. The model results showed relatively good fits between measured and modelled
discharge with the Nash Sutcliffe efficiency and R? >0.7. Percentage changes in rainfall and
temperature obtained from GCMs were imposed on the calibrated model. The results showed
significant changes in the simulated hydrologic catchment response at the 0.05 significance
level. The A2 2020 scenario GCM predicts increases in rainfall of 42% and a temperature
change of about 0.8°C yielding an increase in surface runoff of 190%. The B2 2020 predicts
rainfall increase of 12% and a temperature change similar to that of A2 2020 but increasing
surface runoff by 108%. In the 2050s, A2 yields changes in rainfall, temperature and surface
runoff of about 12%, 1.7°C and 72% respectively while B2 yields 11%, 1.4°C and 77%.
Results show that the 2020s are likely to experience more flooding events as a result of
increased rainfall than in the 2050s. For the same amount of increase in rainfall (12%), a
temperature difference of about 0.32°C did not show any significant change in the amount of
water yields while that of about 0.84°C did show significant change.

Introduction

The assessment of impacts of climate change on the water resource management systems is
complicated by the course spatial resolution of climate change predictions. In Africa,
relatively little work has been carried out with regard to potential impacts of climate change
on water resource management systems. Even in the absence of climate change, water
resources in Africa are predicted to come under extreme pressure during the next half
century. Changes in water availability are due to global warming add further pressure on the
adaptability of the water systems. The challenge for water managers is how water resource
management systems will cope with increased variability and decreased availability over
time, including the impacts of climate change.

Kenya is considered a water scarce country with about 647m?>/cap/year. This would stand at
150m?/cap/year in 2050 without climate change, and between 210-250 m*/cap/year under a
range of climate change scenarios, (Watson et al., 1996). The World Bank bench mark for
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water scarcity is 1000m*/cap/year and this indicates the extent of the future crisis in water
availability in Kenya. According to one HADCMZ2 scenario that follows IPCC scenario 1S95a
which assumes little direct policy intervention globally to restrict greenhouse gas emissions
and mid-range settings for all model parameters, simulations of climate change in Africa
indicate that Kenya will be about 1.4°C warmer by the year 2050 (about 0.2°C/decade) (Lasse
et. al., 1996). It also shows annual rainfall increases of 20% by 2050 throughout the country
especially in the highlands. The north and west of the country however may experience
smaller increases of about 5%. Potential evapotranspiration (PET) is expected to increase
throughout the region by 10% due to the increase in temperature, and about 15% with the
inclusion of other climatic changes and changes in the plant physiological characteristics in a
CO; enriched environment. This scenario of climate change implies favourable changes in
the water resources for Kenya. Largely because of the increases in rainfall, runoff would
increase across the entire country, with much of it 50% above current levels. The extreme
west of the country and around Lake Victoria increases may be quite small.

There are many effects and impacts of climate change on water resources some of which
include:

i) Changes in variability, spatial patterns and seasonality of precipitation and changes in
temperature will have the effect of changing the soil moisture, river runoff and groundwater
recharge, peak runoff, basin hydrology and these will consequently cause changes in
projected yield of reservoir systems, water quality, water supply infrastructure, requirement
of storage in water supply systems; ii) Changes in sea level rise will cause loss of land due to
saline intrusion into coastal aquifers and movement of salt-front estuaries affecting
freshwater abstraction points. This implies reduced water quality and ground water
abstractions; iii) Due to CO, enrichment, there would be increased photosynthesis and
reduced transpiration leading to increased water use efficiency; iv) An increase in
temperature could result in faster plant growth and increased transpiration. This would cause
increased evaporation from lakes and reservoirs, reduced runoff and reduced groundwater
recharge, higher demand for water for irrigation, bathing and cooling due to increased
temperatures, leading to changes in water yields, with high stress on water delivery systems;
v) Changes in drought and flood hazards will cause changes in seasonal water replenishment,
risk in flood plains and the area affected. These will alter risks for water resources and
reservoir operations.

In western Kenya the most catastrophic impact of floods is loss of human lives. People in the
lower catchment are taken unaware when the floods occur because the upper catchments
receive heavy rainfall while the plains lower down receive relatively minor amounts. There is
also destruction of property and loss of livestock. The situation is aggravated by a number of
other problems such as over-cropping of marginally productive land and other unsustainable
farming practices, and deforestation in the watershed.

The study of climate change is becoming a major issue in hydrological studies since it
impacts on the water yield of catchments, especially under the impacts of significant human-
induced land use changes. In this study region, it has been hypothesised that i) land use
change in the upper reaches of the Nzoia basin has led to frequent flooding in the lower
Nzoia, ii) climate change has contributed to drying up of rivers in the catchment, iii) climate
variability is increasing fast and future weather is likely to be more extreme more frequently,
and iv) population dynamics and culture have played a role in the vulnerability of the local
communities to floods. This paper addresses the changes in climate, if any, that have taken
place, their impacts on the water resources of the region and the future potential impacts. This
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will be a very useful study to all those involved in the planning, use and management of
water resources e.g. domestic, agriculture, industries, water managers etc.

Hydrologic models have been used to investigate the relationship between climate and water
resources. Many studies have been carried out that deal with the application of hydrologic
models to assess potential impacts of climate change on water resource issues (e.g. Dvorak et
al., 1997, Pao-Shan Yu et al., 2002, Miller et al., 2003 among many others). General
Circulation Models (GCMs) are important tools in the study of climate variability and
change. At planetary scales, GCMs are able to simulate reliably mean features of the global
climate, e.g. the intertropical convergence zones (ITCZ), the three-dimensional atmospheric
circulation cells, the jet streams, etc. (Zorita and von Storch 1998). However, they are unable
to simulate local subgrid-scale features and dynamics (Wigley et al., 1990), a requirement for
most hydrologic models. To deal with these problems of scale, downscaling approaches have
been used to relate large scale atmospheric predictor variables to local or station scale
meteorological series. There are two broad classes of downscaling: dynamic methods that
solve the process-based physical dynamics of the system and statistical methods that use
system relationships derived from observed data, (Chong-yu and Xu 1999, Wigley et al.,
1990).

In this study, the Soil and Water Assessment Tool - a river basin scale model developed by
USDA Agricultural Research Service (Arnold et al., 1998) was used to determine the effects
of climate change on the water yield of the basin. The GCM CGCM2 climate change
predictions were downscaled using statistical downscaling tool, LARS WG (Semenov &
Barrow, 2002). This tool uses statistical methods that use relationships derived from observed
data. It simulates time-series of a suite of climate variables at a single site, and can be used to
generate long weather time-series suitable for the assessment of agricultural and hydrological
risk and to produce high resolution climate change scenarios incorporating changes in climate
variability. The simulated weather consists of daily values for minimum temperature,
maximum temperature, precipitation and radiation and can be produced for any length of
time. The generator utilises semi-empirical distributions for the lengths of wet and dry day
series daily precipitation and solar radiation. The distribution is a histogram with a number of
intervals that are chosen based on the expected properties of the weather variable. Each
interval has a certain number of events from the observed data. The simulation of
precipitation is modelled as alternate wet and dry day series. Daily minimum and maximum
temperatures are considered as stochastic processes with daily means and daily standard
deviations conditioned on the wet and dry status of the day.

Study Area

The study area (Figure 1) is Nzoia River catchment in western Kenya in the Lake Victoria
basin and lies between latitudes 1° 30°’N and 0° 05’S and longitudes 34° and 35° 45’E. River
Nzoia has a catchment area of 12,709 km? with a length of 334 km up to its outfall into Lake
Victoria. The mean annual rainfall varies from a minimum of 1076 mm to a maximum of
2235 mm with a catchment average of 1424 mm.
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Figure 1: Nzoia Catchment (1.5°N -0.5°S and 34°E-35.75°E)

Methodology

SWAT Model description

SWAT is a continuous time model that operates on a daily/sub-daily time step. It is
physically based and can operate on large basins for long periods of time. The sub-basin
watershed components can be categorised into the following components — hydrology,
weather, erosion and sedimentation, soil temperature, plant growth, nutrients, pesticides and
land management. In the land phase of the hydrologic cycle, surface runoff is predicted
separately for each hydrologic response unit (HRU) and routed to obtain the total runoff for
the watershed. Once the loadings of water, sediment, nutrients and pesticides to the main
channel are determined, they are routed through the stream network of the watershed.

SWAT model inputs

The Arcview-SWAT interface was used to generate input files for the watershed. The data
used are given in Table 1 below.

Table 1: Data type and source

DATA TYPE SOURCE

Rainfall, maximum and minimum | Kenya Meteorological Department

temperatures, radiation, wind speed, relative

humidity

River discharge Ministry of Water and Irrigation

Land cover data Food and Agricultural Organization, FAO-Africover
project. (produced from LANDSAT images)

Soil data International Soil Resource and Information Centre
(ISRIC) in conjunction with Kenya Soil Survey

Digital Elevation Model (DEM) Shuttle Radar Topography Mission (SRTM), USA.

Model calibration, validation and evaluation

A sensitivity analysis of the influence of the parameters on the model outputs was carried out.
The model was then calibrated for the period 1980-1985 at the gauging stations 1DD01A and
1EEO1 (see Figure 1) that drain catchment areas of 10100 and 11760 km? respectively. As an
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initial step, the base flow was separated from the surface flow using Water Engineering Time
Series PROcessing Tool, WETSPRO, (Willems, 2000). This is a generalization of the
Chapman filter which was based on the linear reservoir modelling concept. The
generalization consists of time variability in the fraction of the cumulative values in the total
time series that is related to the filtered component. The model was evaluated on the long
term from 1968-1995 (1DDO01A) and 1970-1990 (1EEO01). The evaluation both on calibration
and long term results was done based on the mean, standard deviation, coefficient of
determination (R?) and Nash-Sutcliffe Efficiency NSE (Nash and Sutcliffe, 1970).

Climate change scenarios

The GCM model CGCM2 from the Canadian Center for Climate Modelling and Analysis
(CCCma) was used with only two scenarios considered, A2 and B2. The A2 scenario
describes a very heterogeneous world with emphasis on self-reliance and preservation of
local identities. Fertility patterns across regions converge very slowly, which results in
continuously increasing global population. Economic development is primarily regionally
oriented and per capita economic growth and technological changes are more fragmented and
slower than in other storylines. The B2 scenario describes a world in which the emphasis is
on local solutions to economic, social, and environmental sustainability. It is a world with
continuously increasing global population at a rate lower than A2. It is oriented toward
environmental protection and social equity, and focuses on local and regional levels (IPCC,
2001).

The daily data was obtained and used together with observed data in LARS-WG to generate
monthly changes in rainfall and temperature. Three stations, Kakamega, Kitale and Eldoret
(see Table 2) were chosen for generating climate change scenarios. This is because they are
the only stations which had both temperature and rainfall data and are also well distributed in
the catchment. After calibration, the simulations were carried out over a period of thirty years
each and the mean value calculated. The changes obtained were then averaged over the
catchment and these were used in SWAT. Table 2 shows the calibration and validation
periods for the three stations. The output from Station 1EEO1 was used in the impact
assessment of climate change as it is the most downstream station and it is of great
significance because flooding always occurs downstream of this station.

Table 2: Stations used in the generation of climate change scenarios

Station Calibration | Validation
period period
Kakamega | 1981-1995 | 1996-1999
Kitale 1981-1995 | 1996-1999
Eldoret 1977-1990 | 1991-1999

Results and discussion

Sensitivity analysis

Results from the sensitivity analysis of the SWAT parameters indicated that the following
parameters were most sensitive CN2 (Initial SCS CN Il value), RCHRG_DP (Deep Aquifer
percolation coefficient), GWQMN (Threshold water in the shallow aquifer for flow),
GW_REVAP (Groundwater revap coefficient), CANMX (Maximum canopy storage) and
SOL_AWC (Available water capacity). This helped to guide the process of calibration to
ensure the differences between the observed and simulated values were minimised.
Calibration and validation
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The results of the calibration are presented in Figures 2 (a) and (b). The results show that the
model was adequately calibrated, as is evident from the evaluation statistics in Table 3.
Observed and simulated daily and monthly flows matched well. Means and standard
deviations of the observed and simulated flows for the calibration period at both stations
(1EEO01 and 1DDO01A) were within less than 13% of each other except for the standard
deviation for the monthly flows at 1EEO01 which was about 17%. Further agreement between
the daily observed and simulated flows are shown by values of R>>0.74 and NSE>0.71. The
estimated fractions of base flow from the observed flow at 1DDO1A and 1EEOQ1 were 72.4%
and 80.8% while those simulated were 71.9% and 79.9%. These results show that that the
hydrologic processes were modelled realistically and that this model could be used for impact
assessment.

(a)
Comparison between Daily observed Comparison between Monthly observed
and simulated discharges - 1DD01A and simulated discharges - 1DD01A
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Figure 2: Results for the calibration period; a) daily and monthly discharge at 1DD01A b)
daily and monthly discharge at 1IEEQ1
Table 3: Evaluation statistics for the calibration period
Observed Simulated
Mean Standard | Mean Standard | NSE | R®
(cumecs) | Deviation | (cumecs) | Deviation
Daily 1DDO01A 61 57 63 53 0.77 |0.74
1EEO1 76 59 84 66 0.71 |0.78
Monthly | 1DD01A 60 52 63 50 0.86 | 0.85
1EEO1 76 53 83 63 0.76 | 0.84

The model also performed well on the long term and the evaluation statistics for comparison
of daily discharges between the observed and simulated are given in Table 4. Figure 3 shows
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the annual discharges which were well simulated, except for the year 1971 (at both stations)
and 1977/78 (at 1DDO01A). The evaluation statistics for the annual discharges are NSE=0.78,
R?=0.78 and NSE=0.69, R?*=0.71 for 1DD01A and 1EEOQ1 respectively.

Annual Flow (cumecs)

Thousands

Observed and simulated Annual flows
at 1DDO0O1A and 1EEO1
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Figure 3: Long term simulation of flows at 1DD01A and 1EEO1 (NB: The first and second
half of the graph represents 1DD01A and 1EEOQ1 respectively)

Table 4: Evaluation statistics for the long term period

Observed Simulated
Mean Standard | Mean Standard | NSE | R®
(cumecs) | Deviation | (cumecs) | Deviation
1DDO01A 62 57 63 51 0.65 |0.66
1EEO1 90 60 97 66 0.55 | 0.65

Climate change scenarios
The three stations that were used to generate climate change scenarios are shown in the

figures below.
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Kakamega Rainfall: Calibration 1981-1995
and Validation 1996-1999
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Kitale Rainfall: Calibration 1981-1995 and
Validation 1996-1999
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Eldoret Rainfall: Calibration 1977-1990 and
Validation 1991-1999
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Eldoret Mean temperature: Calibration 1977-
1990 and Validation 1991-1999
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Figure 4: Rainfall and mean temperature for a) Kakamega , b) Kitale and ¢) Eldoret (NB: The
first and second half of the graph represent the calibration and validation periods
respectively)

Table 5: Values of Coefficient of determination R? for
mean monthly rainfall and mean monthly temperature.

Rainfall Temperature

Calibration | Validation | Calibration | Validation
Kakamega | 0.94 0.82 0.97 0.92
Kitale 0.88 0.74 0.97 0.83
Eldoret 0.89 0.83 0.95 0.91

Both calibration and validation statistics were quite high for temperature in all the stations
(R?>0.8). Although the R? values for rainfall were less than those for temperature, the model
was able to adequately simulate the monthly rainfall. Figure 4 (a-c) shows the calibration and
validation results for rainfall and temperature. Table 5 gives the corresponding R? values.

The CGCM2 data was processed in the same way as the observed data but for the period
1961-1990 as the baseline and the time slices 2010-2039 and 2040-2069 representing the
2020s and 2050s respectively. The monthly changes (% change for rainfall and absolute
change for temperature) for each time slice were then imposed on the calibrated model and
simulations of 30 years each generated. Monthly mean averages were then calculated for
these times slices and superimposed in SWAT to represent changes in climate (*.sub files-
these contain variables related to climate change among others). The changes for rainfall and
temperature are given in Table 6. Rainfall changes are highly variable from one month to
another with the highest changes in December which shows increases in both scenarios in the
2020s and 2050s. Increases in rainfall in May could translate to high surface runoff and this
could aggravate the already existing problem of flooding in lower Nzoia.
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Temperatures increases in both scenarios in the 2020s are about 0.85°C while in the 2050s, it
is 1.69°C for the A2 scenario and 1.37°C for the B2 scenario. The highest temperature
increases are observed in the months June and July which are normally the cold season.
These changes in rainfall and temperature could imply a number of things ranging from
changes in planting seasons, types of crops grown, emergence of diseases where none existed
before, change in land management systems among others.

Table 6: (a) Average monthly changes in catchment rainfall (%) b) Average monthly
changes in temperature (°C).

a) (b)
Scenario A2 | Scenario B2 Scenario A2 | Scenario B2
2020s | 2050s | 2020s | 2050s 2020s | 2050s | 2020s | 2050s
Jan 69.6| -9.0| -6.0 2.2 Jan 0.8 1.7 0.8 1.4
Feb 14.1| -12.2| -19.6 | -10.8 Feb 0.8 1.6 0.7 1.2
Mar | 26.9 0.5 3.6 8.9 Mar 0.8 1.8 0.9 1.3
Apr -04| -48] -16 7.7 Apr 0.9 1.7 0.9 1.4
May | 256 | 274 | 39.6| 28.8 May 0.9 1.7 0.8 1.3
Jun 195| 169 | 188]| 33.0 Jun 1.1 1.9 1.0 1.6
Jul 16.7 96| -38| 111 Jul 1.2 2.0 1.1 1.7
Aug | 124 | -7.1 53| -155 Aug 0.9 1.7 0.8 1.4
Sep 420| 314| 213| -2.2 Sep 0.8 1.7 0.9 15
Oct 218 | 29.2| 157 | 177 Oct 0.6 1.4 0.7 1.2
Nov | 36.9| -06| 174 | -59 Nov 0.7 1.6 0.9 1.3
Dec | 226.7| 66.9| 57.5| 59.3 Dec 0.8 1.7 0.8 1.3

Changes in model output

From the model output, the imposed climate change A2 scenario has increased the surface
runoff by an average 187% and base flow by 94% in 2020s. In the 2050s the percentages
stand at 67% and 26% respectively. For the B2 scenario, these percentages are 100% and
41% in 2020s and 69% and 27% in 2050s (Table 6). In general the A2 scenario is seen to
yield more than the B2 scenario for the 2020s whereas in the 2050s the percentage changes
are similar for both scenarios. The A2 scenario in 2020s is only slightly warmer (0.002°C)
than the B2 scenario but the changes in rainfall are quite large leading to high water yields. In
2050s, the A2 scenario is much warmer than B2 (by 0.32°C) but the changes in rainfall are
similar and this leads to similar changes in runoff. This shows that the difference in
temperature in this case does not yield significant changes in the catchment yields. Table 7
shows the number of times bankfull discharge (about 270m®/s) is exceeded in each scenario.
More floods are likely to be experienced in the 2020s than in the 2050s according to the two
scenarios, where fewer events are observed in scenario B2 than in A2. This will create a need
to put in place flood protection structures well designed to withstand discharges of up to
about 900m?®/s.

Time series analysis of rainfall and temperature in this catchment has shown that over the last
40 years, rainfall amounts have increased by about 2.3mm/year especially in the upper part of
the catchment and mean temperature by about 0.21°C to 0.79°C since 1990. A problem that is
likely to worsen with increased rainfall is the reduced flood carrying capacity of the rivers
due to excessive siltation of their bed. The river overflows its banks and causes flooding in
the lower Nzoia. Severe degradation of the catchment caused by uncontrolled and
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unregulated human activity, especially large-scale deforestation could further aggravate the
problem by increasing flood discharges.

Comparison of changes in Surface Runoff
(SR) and Base Flow (BF) for Scenarios A2

500 and B2 at 1EEOQ1
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Figure 5: Surface runoff (SR), base flow (BF) and total water yields (WYLD) for Baseline,
Scenario A2 and B2 at 1IEEQ1

Table 7: Percentage changes in the Nzoia Catchment yields
1EEQO1

SR | BF | WYLD

A2 2020|190 | 94 113

A2 2050 | 72| 27 36

B2 2020 | 108 | 40 o4

B2 2050 | 77| 27 37
Probability of exceedance - 1IEE01
g AOOK&

0 10 20 30 40 50 60 70 80 90 100
Percentage of time that Discharge is equalled or exceeded

‘—Observed 2020-A2 2020-B2 ——2050-A2 —— 2050-B2 ‘

Figure 6: Probability of exceedance

Table 7: Number of times bank full discharge is exceeded at 1IEEQ1

% time bank full

discharge is exceeded | No. of days/year
Observed 1.1 4.8
2020-A2 18.4 77.8
2020-B2 11.0 46.7
2050-A2 6.8 28.6
2050-B2 6.6 27.9

Conclusion

The impacts of climate change on the runoff of the Nzoia catchment were investigated using
CGCM2, in combination with SWAT. For the baseline scenario, daily and monthly flows
were simulated well, with NSE and R? above 0.7. The A2 2020 scenario GCM predicts
increases in rainfall of 42% and a temperature change of about 0.8°C yielding an increase in
surface runoff of 190%. The B2 2020 predicts rainfall increase of 12% and a temperature
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change similar to that of A2 2020 but increasing surface runoff by 108%. In the 2050s, A2
yields changes in rainfall, temperature and surface runoff of about 12%, 1.7°C and 72%
respectively while B2 yields 11%, 1.4°C and 77%. The A2 scenario is warmer with more
increase in rainfall than B2. The results show that the risk of flooding is likely to increase in
the future with more flood events in the 2020s than in the 2050s and more so with the A2
than B2 scenario. Only one GCM model (CGCM2) was used and for two scenarios A2 and
B2 as these were available from the IPCC data website. However more models and scenarios
can be used in order to have a wider range of possible outcomes that can aid in decision
making.
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Abstract

This paper presents the hydrologic modeling for the development of management
scenario and the simulation of the effect of management practices on water and sediment
yielding in Gharasu watershed (5793 km?) using the Soil and Water Assessment Tool
(SWAT2000) model. The SWAT2000 interfaced with Arc View GIS data layers including
Digital Elevation Model (DEM), land cover and soil map by AVSWAT?2000 software. The
model was calibrated from 1991 to 1996 and validated from 1997 to 2000. Then the model
was calibrated again using SUFI-2. The results showed there is no considerable difference
between the value of parameters that were obtained by SWAT and SUFI-2, but the duration
of calibration was reduced from four months to one week. The calibrated model for
hydrological conditions was used to assess suspended sediment load. Eventually, the model
was used to predict the effect of changing land use and conservation practices on sediment
yield within the basin.

KEYWORDS: Karkheh River Basin, sediment yield, simulation, SWAT, SUFI-2

Introduction

Because of geographical and climatic characteristics of Karkheh River Basin, the soil
erosion is one of the main severe problems of this basin. The severity of this problem is more
pronounced in arid and semi-arid land, where high rain fall intensities of short duration on
grazing lands and rain-fed farms and human mismanagement of land has accelerated soil
losses by erosion. 19% of the upper watershed’s rangelands and 70% of its forests have been
significantly degraded [5]. Unless erosion is controlled, sedimentation will significantly
reduce the storage capacity of the Karkheh dam reservoir. The Karkheh River Basin has an
average yearly sediment yield of 920 tones per km? each which is one of the country’s
highest [5]. In this paper, one of the sub-basins of Karkheh River Basin, Gharasu River
Basin, was chosen to determine soil erosion and sedimentation transport loading pattern. The
main problem of Gharasu basin is conversion of rangelands to rain fed crop in hilly lands
without any conservation practices.

SWAT2000 Description

SWAT2000 has been chosen for this study because it can be used in large agricultural
river basin scales and it is easy to use for simulating crop growth and agricultural management.
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SWAT" incorporates features of several ARS? models and is a direct outgrowth of the
SWRRB? model. SWAT can be used to simulate a single watershed or system of multiple
hydrologically connected watersheds. Each watershed is first divided into sub-basins and then
into hydrologic response units (HRUSs) based on the land use and soil distribution. By using a
DEM and stream network, the study area is divided into 66 sub-basins. Each sub-basin is
further divided into 437 HRUs, which are determined by unique intersections of the land use-
soils within each sub-basin. Each HRU within a given sub-basin can be characterized with a
unique set of management practices such as crop growth and irrigation.

The water storage components are soil profile, shallow aquifer, deep aquifer and snow
cover. A daily water budget is established for each HRU based on precipitation, surface
runoff, evapotranspiration, base flow (groundwater and lateral flow), percolation and soil
moisture change. A detailed theoretical description of SWAT and its major components can
be found in Neitsch et al. (2002) [9].

SWAT is widely used in the United States and in other regions of the world;
exploring the potential impact of reforestation on the hydrology of the upper Tana river
catchments and the Masinga dam in Kenya (9753 km?) [7], hydrologic modeling of the
Iroquois River watershed, simulation of hydrologic and sediment loading in connonsville
River Basin (1200 km?) [3], water quality modeling for the Raccoon River watershed (9397
km?) in west central lowa [8], sediment, nitrogen and phosphorus loading simulation of
Bosque River TMDL in Earth county, Texas [11]. In this study, simulation of hydrologic and
sediment loading by SWAT has been performed in approximately large basin (5793 km?). The
model calibration by SWAT is time consuming, so in this study SUFI-2 (Sequential
Uncertainly Fitting Ver. 2) [1] was used to evaluate SWAT by performing calibration and
uncertainly analysis. SUFI-2 is a semi-automated inverse modeling procedure for combined
calibration-uncertainly analysis [2].

Characterization of study area

Gharasu River Basin is located in the north west of Karkheh River Basin in the far
western corner of Iran. The area of the basin is approximately 5793 km?. The elevation
changes from 1237 to 3350 m and the mean elevation is 1555 m. The average land-surface
slope from DEM is 14%. Annual mean temperature of the study area is 14.6 °C, varying from
1.1 °Cin February to 27.3 °C in August. annual average precipitation is about 447 mm,
ranging from 215 mm to 785 mm. The predominate land use is agriculture which covers
about 67% of the basin (Landsat 1993). Wheat and barley are the major crops grown in the
basin. Some 5370 km? of the total area of basin is drained into the outlet, where the main
gauge station, Gharabaghestan, is located. Soil is predominately a heterogeneous mix of silt
or clay with some local deposits of sand in lowlands. Soil texture in lowland is clay to heavy
clay and poor drainage.

Daily weather data for precipitation, maximum and minimum temperature were
obtained from the records of the climate stations and rain gauge stations for the period of
1988 — 2000. Twenty years (1980-2000) of monthly rainfall, maximum and minimum
temperature, relative humidity, wind speed and solar radiation data of the basin were obtained
from two climate stations. Daily stream flow was obtained from three stations and Total
Suspended Solids (TSS) were obtained from two stations for the period from 1991 to 2000
within the basin and the main station located at the outlet of the basin.

! Soil and Water Assessment Tool
2 Agricultural Research Service (USDA)
% Simulator for Water Resources in Rural Basins
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In total, 1172 discharge and sediment samples were collected for generating monthly
TSS. The monthly TSS was used for model calibration and validation. Figure 1 shows the
location of the stream flow, TSS, rain gauges and climate stations used in the model
calibration. Data layers include DEM (50%50 m), land use (Landsat 1993), soil map and
streams shape file. The soil map includes 8 types of soils. Soil texture, percent of silt, clay
and sand and organic carbon content information was available for different layers of soil.
Six main classes of land use were: agriculture (rain-fed irrigated), range (poor-fair-good) and
mixed-forest. Winter wheat is chosen as a main growing the crop basin. After a tillage
operation, winter wheat is planted on the 20" of October, it is harvested on the 15" to 20"
and the soil is tilled again. About 400 mm of water is used every 15 days for irrigation during
6 months. Table 1 summarizes the data used to develop, calibrate, and validate the model.

B Gauge

@ Weather
station

S River

‘DEM
11237 - 147
11472 - 1706

" ; r
Saudi Arabia sl ST

m 0 0 40 &) Elomsiers

Figure 1 Study area: (a) Location of Karkheh river basin in Iran (b) Location of flow, climate and TSS stations in Gharasu sub-basin.

Table 1. Summary of data used in model development, calibration and validation.

Data Location Period of  Organization Primary use
Stream flow rlghnge ﬂhﬂdk 1{1?\‘ 1074-nracant IWRM Calibration and
Monitoring  Dpan Mhrey ) Loo4 present validation

Gharahanhestan 1954-nresent
TSS Khers ahad (1) 1974-nresent IWRM Calibration and
P Nnah merek (2) 19684-nresent P
Monitoring Gharahanhestan 19R82-nresent validation
Climate Kermanshah (R) 1951-nresent IRIMO Model input

) Ravansar (R) 1988-nresent )

Rain gauge Mabhidasht (7) 197K-nresent IRIMO Model input
Jelnnireh (]) 197R-nresent

I and 11se Rasinwide 1002 RIAFP Model inniit

Stream Rasinwide l Inknown SCWMRC Maodel inniit

Snils Rasinwide l Inknown SWRI Model inniit

Diaqital Rasinwide Unknown SCWMRC Model input

Note: IWRM=Iran Water Resources Management; IRIMO=I. R. of Iran Meteorological
Organization; RIAEP=Research Institute for Agricultural Economics and Planning;

Initial setting of parameters

After preparing required data files and information layers, the model was run. Then
independent of numerical calibration, a number of model inputs and parameters adjusted to
better represent known conditions in the basin. These parameters are presented in table 2. All
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data—driven input parameters in table 2 are constant in the calibration and validation periods.
More details about the determination of these parameters can be found in [10].

Table 2. Summary of initial setting of the SWAT model parameters.

SWAT [tel‘;a
Parameter variable  Range valu Final value
name o
Snowfall temnerature (°C) SFTMP +5 +1 +2
Surface runoff laa coefficient SURLAG 1-40 4 1
Mannina's "n" value for overland OV-N 0.01- 0.15 Enaman. 1983 [6]
Mannina's "n" value for the main CH-N2 0.01- 0.01 Chow. 1959 [41
Lateral flow travel time (davs) LAT- 0-180 0 Calculated and Varied
Temperature lapse rate (°C/km) TLAPS 0-50 6 5
Elevation at the center of the ELEVB 0- 0 Determined from
Fraction of sub-basin area within ELEVB- 0-1 0 AV/QWAT alavatinn
USLE eauation support practice USLE-P 0.1-1 0 1
Soil erodibility (K) factor (units: USLE-K  0-0.65 0 Mountain (0.3)
0.013 (metric ton Hill (0.4)
r2 N I1mn D mmndrin Faim A Other areas (0.27)
Minimum value of USLE C factor USLE-C  0.001- Agricultur 0.03
for water 0.5 al land
erosionapplicable to the land Ran %%?F(B%%%%’
e .

cover/plant & Poor (0.004)

Forest(0.0 0.001
Rock fraament content (% I ROCK -1 Vari il

Model calibration and validation

Continuous discharge data and a large number of TSS samples over 10 years from
multiple locations within the basin were used for model calibration and validation. The model
was calibrated over 6 years, from January 1991 to December 1996. Four years (1987 to 1990)
were chosen as a warm-up period in which the model was allowed to initialize and then
approach reasonable starting values for model state variables. Model predictions are not
evaluated in accordance with the 4-year warm-up period until another 4 full years have been
simulated. Some parameters used to simulate TSS were driven from available data or known
conditions in the watershed.

In this study, the calibration process begun by 25 parameters in the SUFI-2 algorithm,
but in the last iteration only 16 were found to be sensitive to discharge and sediment, because
high correlated parameters with the smallest sensitivities were not changed any longer in the
iteration process. In each iteration, 500 model calls were performed, for a total of 3000
simulations. The calibration parameters are presented in table 3. As shown in table 3, there is
not considerable difference between the value of parameters that were calculated by SWAT
and SUFI-2, but the duration of calibration was reduced 113 days and more numbers of
parameter were determined, such as groundwater delay time (GW_DELAY), Manning's "n"
value for overland flow (OV_N) and channel erosion parameters. In previous study [10] the
channel erosion was ignored but by using SUFI-2 we could determine the stream channel
erosion parameters. The parameters are ranked according to their sensitivities in table 3. Five
parameters were found to be sensitive to sediment only. These included channel re-entrained
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exponent parameter (SPEXP), channel re-entrained linear parameter (SPCON), peak rate
adjustment factor for sediment routing in the main channel (PRF), channel erodability factor
(CH_EROD) and channel cover factor (CH_COQOV). Other parameters were found to be
sensitive to both discharge and sediment; but the influence of two parameters (ALPHA _BF
and GW_REVAP) on sediment load was negligible.

The results of the monthly discharge and TSS simulation are shown in figure 2. These
simulations are based on a calibration that used monthly discharge and TSS in the objective
function. The objective function used in this study is the sum of square errors. The shade
region (95PPU), brackets a large amount of the measured data, which contains all
uncertainties such as rainfall, soil properties and water consuming. SUFI-2 is a stochastic
procedure, so statistics such as percent error, R? and Nash-Sutcliff, which compare two
signals, are not applicable. Instead, the 95% prediction uncertainty (95PPU) was calculated
for all the variables in the objective function [2]. This is calculated by the 2.5™ (X,) and
97.5™ (Xy) percentiles of the cumulative distribution of every simulated point [2]. The
parameter ranges leading to the 95PPU are presented in the table 3. The d-factor is the ratio
of the average distance between the above percentiles and the standard deviation of the
corresponding measured variable [2]. In discharge calibration, 83% of the measured data
were bracketed by the 95PPU while the d-factor was 1.47.

The model was validated over 4 years, from January 1997 to December 2000. The
longest—running flow gauge for the basin drains approximately 93% of the basin (station 4 in
fig. 1). In addition, the three gauges that drain the smaller sub-basins were used during the
calibration procedure (Station 1, 2 and 3 in fig. 1). The result of calibration and validation for
TSS simulation at the main outlet of the basin is shown in figure 3.

Table 3. Initial and final values of SWAT calibration parameters for stream flow.

Parameter SWAT variable name Final value
SUFI-2 SWAT
FQrn Qnil eavvannratinn rnmnencatinn fartnr n 48@ n r10) n An
SMEMN Melt factor for snow on Decemher 21 2 77@ 25
SMFMX Melt factor for snow on Jiine 21 (mm 2 87@ 26
GW RF\V  Groundwater "revan" coefficient 0 06@® nnal  004® 0 06® 0
SMTMP Snow melt hase temneratiire (°C)) +3 KR +4
Al PHA Rase flow alnha factor (davs) [0 N] 0231 0 118@
CH K? Fffective hvdraulic condictivity in the 45 71 40@ gn®)©)
GW DFI Groundwater delav time (davs) 42 1001 Varied hv HRL ]
GWOMN  Threshnld denth nf water in the shallow r-20 1711 40@-(0) on©)
OV N Mannina's n valiie for the aver land flow I-012 0241 029@ 30
SFTMP Snow fall temneratire (°C) 101 20
RFVVAPM  Threshold denth of water in the shallow -33 1181 20@:(0) 1(©)
PRF neak rate aditistment factor for sediment 0 38 NRK
SPEXP channel re-entrained exponent parameter 1.04 1.05
SPCON channel re-entrained linear parameter 0.0016 0.002
CH ERO channel erodabilitv factor 0.32 0.0
CH COV  channel cover factor N 49 00

(@  The area of basin that drained into Khers abad station (Station 1 on the map of Fig. 1) (1420 km?).
(b)  The area of basin that drained into Doab merek station (Station 2 on the map of Fig. 1) (1232 km?).
(c)  The area of basin that drained into Hojat abad and Gharabaghestan stations (Station 3 and 4 on the map of Fig. 1) (2718km?).

The simulated flow of January, February and March is more than the observed flow in
1992, and it is less than the observed flow in April and May. It seems simulated snowmelt
occurs sooner than actual time. Consistent with hydrology results, figure 3 demonstrates that
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at the main outlet of basin the model tends to increase TSS loading sooner in the winter of
1992 associated with snowmelt. The most severe errors in predicted TSS loads all occur in
months where there are large predictive errors in the monthly flow.

In the previous study, average annual sediment yield of Gharasu basin was predicted
3.4 ton/ha by SWAT model, but in this study it is predicted 3.2 ton/ha by SUFI-2. Comparison
of the values of hydrologic components that were calculated using SUFI-2 and SWAT showed
the lateral flow and base flow changed more than other hydrologic components. Therefore, the
change of sediment load was negligible, because it is not affected by lateral and base flows.

After sureness of model validity, the erosion map of sub-basins was provided. It is
schematized in figure 4 from 1997 to 2000. By using this map the critical basin were
specified (fig. 5). Comparison of erosion map and DEM showed that the critical sub-basins
are located in mountainous and hilly areas. Moreover, comparison of sediment yield of HRUs
indicates the most erosive areas are cultivated lands with steep slope. Land use type of hilly
area is very important because most of the rain-fed lands are located in this area and the type
of geology is low to medium resistance to erosion. So, vulnerability to soil erosion and
sediment yield in these areas are high.

250
- 60 1 measured data bracketed 95PPU 200 measured data bracketed 95PPU
T 997 by the 95PPU=83% @ | ——observation| | =07 py the 95ppu=go% ()| —— observation
3 291 ‘E 150 1 g-factor=0.55
£ 30 1 T
& 20 100 1
2 10 - 5 50
0 e — 8 5 A
N D EL VD DD PP P o
2”7 &7 oY gf DD D O o oF O° 9 P N o A A > > ) SN N
X N E&RYY LSS & &Y S ) ) ) ) ) Q Q
PTRE W FE RGeS & Y S
Date Date
v
Figure 2. Comparison between observed and simulated monthly stream flow at
T T T Gharabaghestan (station 4) for: (a) Model calibration (b) Model validation.
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Figure 3. Comparison between observed and simulated monthly TSS at Gharabaghestan (station 4) for: (a) Model calibration
(b) Model validation.
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Irrigated agricultures are concentrated in the alluvial area and along the valley due to gentle
slopes and its productive soils. Because of the gentle slope and heavy soil texture, little
erosion occurs in these regions.

With consideration of the above explanations, some management scenarios are
recommended for soil conservation:

1- Support practices such as contouring and terracing.

2- Land use change in hilly and mountainous areas of basin with due consideration of
land capability.

First scenario: With due attention to topographic conditions and possibility of
""contouring” or "contouring and terracing™ the critical sub-basin 16, 17, 19, 37 and 39 are
suitable for land management practices. Reduction of erosion in the agricultural HRUs
located in lower parts of these critical sub-basins is presented in table 4. As shown in table 4,
contouring and terracing is more effective than contouring.

Second scenario: Because land management practices in hilly and mountainous areas
are impracticable, land cover changing of these areas is recommended for soil conservation.
The hilly areas are suitable for afforestation. Therefore, rain-fed lands and other land uses
located in hilly areas are converted to forest. The land cover of hillsides is converted to
orchard. Finally, the mountainous areas are suitable for pasture and range.

The results of land use conversion are presented in table 5. The best effect of the land
use conversion on sediment yield reduction occurs in sub-basins that rain-fed lands on
hillsides are predominate land use (sub-basin 3, 8 and 19). Sediment yield reduction of
mountainous sub-basins is negligible (sub-basin 10, 16, 37 and 39). In these sub-basins the
main factor of erosion is steep slope, and land use conversion is not effective.

Table 4. Summary of support practices results on sediment yield.

Area In!tlal Predicted sediment yield (t.on/ha) Sediment yield
Sub- of sediment : Contouring and :
: : Contouring . reduction of sub
basin HRU yield (Reduction %) Terracing basins (%)
(%) (ton/ha) (Reduction %)
16 ) 25 N 10 & (99) 15 1 (AN 5
3 3 0 28 (53) 0 28 (53)
17 3 290 251 (13) 18 8 (3R) 1
19 4 138 9 R (79) 7 5 (4R) 2
37 3 421 34 3 (19) 16 & (ANO) 4
4 22 6 20 2 (10) 13 7 (30)
15 13 00 (100) 0 65 (50)
39 5 280 22 9 (18) 17 7 (3N 5
6 7.8 5.1 (35)
Table 5. Summary of land use conversion results on sediment yield.
. i i Predicted sediment Sediment yield
. Initial sediment yield . .
Sub-basin (ton/ha) yield after land cover reduction
changing (ton/ha) of sub-basins (%)
2 A Q% N 42 a4
19 417 025 94
] 4 A3 033 03
17 7 52 2 08 A0
1 512 213 58
18 4 A3 2 05 56
2 10 21 A 04 32
58 6 37 473 25
21 615 524 15
37 ] 75 ] 85 003
39 7 0% 7 83 003
10 671 6 52 001
16 342 351 001
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.Conclusions

In this study SUFI-2 was used for model calibration and validation. By using SUFI-2,
we could perform uncertainly analysis and calibrate the model for more number of
parameters. Also, the duration of model calibration was reduced from four months to one
week. Two different management scenarios for soil conservation were considered in order to
evaluate the effects on sediment yielding in Gharasu river basin. Contouring and terracing
will effectively reduce sediment loading of rain-fed lands in hillsides. Changing agricultural
practices such as increasing forest, conversion of rain-fed area in steep slope land to orchards
and woods will reduce erosion about 5 percent within hilly and mountainous sub-basins.
Finally, this study showed that the SWAT model is a capable tool for simulating hydrologic
components and erosion in Gharasu river basin.
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Abstract

We tried to apply the SWAT model to the Hii River basin from 1986 to 2005 by daily
time step. As a first step of application of the SWAT model to the basin, we paid attention to
discharge of the River. The Hii River basin is in the eastern part of Shimane Prefecture,
Japan. It covers an area of about 900 km? and the length of the river from the source to Ootsu
river discharge observation station, where is outlet of whole basin, is about 150 km. About
80% of the land use in the basin is forest and 10% is paddy fields. The parameters were
calibrated from 1993 to 1996 and validated from 1986 to 1992 and from 1997 to 2005. The
calibrated parameters automatically, which were CANMX, ALPHA BF, SOL_AWC,
SOL_Z, CH_K2, SMFMX, GWQMN, CN2, ESCO and SLOPE, were selected by ranking of
sensitivity analysis. The both results of calibration and validation were represented
fluctuations of discharge relatively well, though some peaks were overestimated. During the
calibration period, R® varied from 0.65 to 0.77 and NSI did from 0.64 to 0.76. During the
validation period from 1986 to 1992, R? varied from 0.58 to 0.74 and NSI did from 0.53 to
0.74. As well, from 1997 to 2005, R? varied from 0.51 to 0.71 and NSI did from 0.38 to 0.68.
Due to advance a next step, it will be necessary to improve density of climatic gages and
accuracy of soil and land use information.

KEYWORDS: Runoff analysis, watershed management, GIS

Introduction

Impact assessments of land use change, population growth / decrease and watershed
development to water quantity and quality are one of the most important topics in a basin. As
well, integrated managements of water environment from river basin to downstream such as
lake are also very important for conservation and sustainable use of its resources. In recent
years, water quality in lakes are tried to improve until under environmental standard by
emission control of pollutant loads to lake and rivers through putting an adequate sewage
system in place and development of laws, though water quality in lakes have not been
improved well as we expected. One of the reasons is considered to be pollutant loads
discharged from non-point sources such as agricultural land.

There are lakes called Lake Shinji and Lake Nakaumi where have not been improved
water quality well in Shimane prefecture, Japan. The Lake Shinji and Lake Nakaumi have
been designated as one of the Wetlands of International Importance by the Ramsar
Convention in November 2005.

Many researchers study about water quality targeted at Lake Shinji and Lake
Nakaumi from several perspectives (e.g. Seike et al., 2006; Sakuno et al., 2003). As well,
there are some studies targeted at Hii River (Takeda et al., 1996; Ishitobi et al., 1988).
However, few studies are done about runoff analysis and quantitative analysis of pollutant
loads by a model in the Hii River basin. When considering watershed management and
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improvement of water environment in lakes, both information of lakes and rivers will be
necessary. Thus, we tried to represent stream flow in the Hii River basin as a first step of

water environment management.
Figure 2. Location of Hii River Basin.
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Study Area

The Hii River basin is in the eastern part of Shimane Prefecture, Japan (Figure 1). It
covers an area of 914.4 km? and the length of the river from the source to the Ootsu river
discharge observation station, where is outlet of whole basin, is about 150 km. According to
the Chugoku Regional Development Bureau in the Ministry of Land, Infrastructure and
Transport Government of Japan (MLIT: http://www.cgr.mlit.go.jp/), Yearly averaged
discharge is about 40 m*/s and amount of total runoff is about 1270 Mm?. About 80 % of the
land use in the basin is forest and 10 % is paddy fields. As the Hii River dominates about 75
% of watershed area flowing into the Lake Shinji, it is considered that water quality and
quantity of the river will affect the Lake a lot.

Methodology

We tried to apply the SWAT model to this basin from 1986 to 2005 by daily time
step. As a first step of application of the SWAT model to the basin, we paid attention to
discharge of the river. The Hii River basin was divided by four sub basins according to
locations of stream gages in the basin (Ootsu, Shin-igaya, Shin-mitoya, and Kisuki). The
parameters were calibrated from 1993 to 1996 and validated from 1986 to 1992 and from
1997 to 2005. The ten parameters selected by ranking of the sensitivity analysis were
calibrated automatically for all sub basins using daily discharge data as shown in Table 1.
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Table 2. Range and optimal values of SWAT?2003 calibration parameters.

Lower Upper  Optimal

Parameter name bound bound value Imet
CANMX: Maximum canopy storage (mmH,0) 0.0 10.0 0.009 1
ALPHA_BF: Baseflow alpha factor (days) 0.0 1.0 0.75 1
SOL_AWC: Available water capacity of the soil -0.04 0.04 0.04 2

layer (mmH,O/mm soil)

SOL_Z: Depth from soil surface to bottom of layer
(mm)

CH_K?2: Effective hydraulic conductivity in main
channel alluvium (mm/hr)

SMFMX: Melt factor for snow on June 21

-50.0 600 588.2 2

0.0 150.0 150.0 1

(MMH,0/°C-day) 2.0 8.0 2.09 1
GWQMN: Threshold depth of water in the shallow 0.0 5000.0 035 1
aquifer required for return flow to occur (mmH,0)

CN_2: Initial _ _SCS runoff curve number for 8.0 8.0 6.6 9
moisture condition 11

ESCO: Soil evaporation compensation factor 0.001 1.0 0.89 1
SLOPE: Average slope steepness (m/m) 0.0 0.6 0.0002 1

Note: Imet means variation methods available in auto calibration (1: Replacement of initial
parameter by value, 2: adding value to initial parameter)

Brief descriptions of SWAT model

The Soil and Water Assessment Tool (SWAT) has been widely applied for modeling
watershed hydrology and simulating the movement of non-point source pollution. The SWAT
is a physically-based continuous time hydrologic model with an ArcView GIS interface
developed by the Blackland Research and Extension Center and the USDA-ARS (Arnold et
al., 1998) to predict the impact of land management practices on water, sediment, and
agricultural chemical yields in large complex basins with varying soil type, land use,
management conditions over long periods of time. The main driving force behind the SWAT
is the hydrological component. The hydrological processes are divided into two phases, the
land phase, which controls the amount of water, sediment, and nutrient loading in receiving
waters, and the water routing phase which simulates movement through the channel network.
The SWAT considers both natural sources (e.g. mineralization of organic matter and N-
fixation) and anthropogenic contributions (fertilizers, manures and point sources) as nutrient
inputs. The SWAT delineates watersheds into sub basins interconnected by a stream network
and each sub basin is divided further into hydrologic response units (HRUSs) based upon
unique soil / land class characteristics, without any specified location in the sub basin. Flow,
sediment, and nutrient loading from each HRU in a sub basin are summed and the resulting
loads are then routed through channels, ponds, and reservoirs to the watershed outlet (Arnold
et al, 2001). The model includes a number of storage databases (i.e. soils, land cover/ plant
growth, tillage, and fertilizer) which can be customized for an individual basin. A single
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growth model in SWAT is used for simulating all crops based on the simplification of the
EPIC crop model (Williams et al., 1984). Phenological development of the crop is based on
daily heat unit accumulation. The model can simulate up to 10 soil layers if sufficiently
detailed information is available. The SWAT is expected to provide useful information across
a range of timescales, i.e. hourly, daily, monthly, and yearly time-steps (Neitsch et al., 2002).

Input data descriptions

The SWAT requires meteorological data such as daily precipitation, maximum and
minimum air temperature, wind speed, relative humidity and solar radiation data. As well,
spatial data sets include a digital elevation map (DEM), land cover and soil maps are
required. Since some holes were present in the climate data, the weather generator included in
SWAT was used, based on statistical values (average monthly values of rain, maximum and
minimum temperature, standard deviation, skew coefficient, probability of wet day following
a dry day in the month, probability of wet day following a wet day, average number of rainy
days in the month), and computed on the basis of available daily values.

Meteorological data was obtained from the Japan Meteorological Agency (JMA:
http://www.jma.go.jp/jma/index.html). Measuring gages of precipitation, air temperature and
wind speed were located in /around the basin. We chose five gages for precipitation and three
gages for air temperature and wind speed. However there is no gage monitoring relative
humidity data in the basin. So, relative humidity data observed in Matsue city where is
located about 30 km away from the basin was used instead. As well, solar radiation data was
calculated with the Angstrom formula (FAO, 1998) by using the data measured by Shimane
University  (http://www.ipc.shimane-u.ac.jp/weather/i/home.html) and actual sunshine
duration in the basin obtained from the JMA because of no monitoring gage of solar radiation
in the basin. The average values of climatic data at each gage are shown in Table 2.

Table 3. Average annual precipitation and climatic variables from 1985 to 2005 at each gage.

Annual  Max. Air  Min. Air Wind Relative S_ola}r
Gage EL. Precip. temp. temp. speed humidity radiation
name (calculated)
(m) (mm)  (deg.C)  (deg.C) (m/s) (%) (MJ/m?)
Matsue 16.9 - - - - 75.6 (10.0) -
lzumo 20 1726 18.9(8.3) 10.3(8.1) 22(1.2 - 11.1 (7.5)

Daito 56 1778 - - - - -
Sada 100 2072 - - - - -
Kakeya 215 2046 18.0(9.0) 8.8(8.3) 1.3(0.7) - -
Yokota 369 1765 172(9.3) 75(8.8) 12(0.7) - -

Note: The values in the parenthesis indicate a standard deviation

Discharge data was prepared at four monitoring stations named Ootsu, Shin-igaya,
Shin-mitoya and Kisuki in the basin. The data was furnished from the Izumo River Office in
the MLIT.

DEM data was prepared with 50 m grid created from 1:25,000 topographic map of the
Geographical Survey Institute.

Land use data is digital national information categorized such as paddy field, upland
field, orchard, denuded land, forest, water and others. The data was obtained from the
National-Land Information Office in the MLIT (http://niftp.mlit.go.jp/). The land use in each
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sub basin is almost very similar and impartial. Forest area changes from 59 % to 87 % and
paddy fields area does from 9 % to 18 % spatially as shown in Table 3.

Table 4. Area and ratio of major land use in each sub basin.

. Sub basin
Subbasin  ranage T Upland Fields
Gage name No. area Area Forests  Rice fields and Orchard
(Km?) — (Km’) (%) (%) (%)
Ootsu Sub 1 914.4 183.9 74 16 3
Shin-igaya Sub 2 730.5 14.1 59 18 5
Shin-mitoya Sub 3 206.8 206.8 86 9 3
Kisuki Sub 4 509.6 509.6 87 10 2

Soil type data was clipped from a soil map GIS data in 1:500,000 Fundamental Land
Classification Survey prepared by the MLIT (http://tochi.mlit.go.jp/tockok/index.htm). Soil
type was categorized as ten groups of fourteen soils such as Dystric Rhegosols, Fluvic
Gleysols, Gleysols, Haplic Andosols, Helvic Acrisols, Humic Cambisols, Lithosols, Ochric
Cambisols, Rhodic Acrisols, and Vitric Andosols. Internal data of each soil such as the
number of layers, soil depth and phsico-chemical properties was prepared based on soil
profile in soil map and the data colleted up by Hirai (1995).
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I o

oy I e fieie
s

Qg
L% B 10 13 0 023 s 10 15 0

Figure 3. Land use and soil classification GIS data.

Model performance evaluation

The swat model was calibrated and validated using observed discharge data. The
coefficient of determination (R?) and Nash-Sutcliffe Index (NSI) were used to evaluate the
model performance. The R® value is an indicator of strength of relationship between the
observed and simulated values. The NSI value indicates how well the plot of the observed
versus the simulated values fits the 1:1 line. The ranges of NSI value is between - co and one.
If the R? and NSI values are less than or very close to zero, the model performance is
considered unacceptable or poor. If the values are equal to one, then the model prediction is
considered to be perfect.

UNESCO-IHE 105
Delft, The Netherlands



4th International SWAT Conference

Z (Qobs,i - Qcal,i )2
NSI =1.0—| = (Nash-Sutcliffe Index)

Z (Qobs,i - aobs )2

where n represents the number of registered discharge data, Qons,; IS the observed discharge at
time i, Qcalj Is the simulated discharge.

Result and Discussion

The model was applied to the Hii River basin, where has low densities of stream flow
and climatic gages. The simulated and observed statistics for calibration and validation were
shown in Table 4. The calibration procedures formulated consist of finding the most
appropriate parameters for hydrologic routing model component. In this stage, the best fit
was achieved with R% 0.65 at sub basin 1, 0.75 at sub basin 2, 0.77 at sub basin 3, and 0.69 at
sub basin 4. As well, the best fit was done with NSI: 0.64 at sub basinl, 0.74 at sub basin 2,
0.76 at sub basin 3, and 0.67 at sub basin 4 for daily discharge. During the validation period
(1986-1992), R? varied from 0.58 to 0.74 and NSI did from 0.53 to 0.74. As well, from 1997
to 2005, R* varied from 0.51 to 0.71 and NSI did from 0.38 to 0.68. During whole simulation
period, sub basin 3, where is an independent sub basin, performed relatively high
reproducibility among the sub basins. As well, sub basins 2 and 4 were also represented
satisfactory except latter validation period (1997-2005) of sub basin 4.

Simulated and observed discharge on daily time step is reported in Figure 3. The gray
line is observed flow and dotted black line is simulated flow. It was considered that the both
results of calibration and validation at each sub basin were represented fluctuations of
discharge relatively well, though some peaks were overestimated. Especially on 20th October
2004, the basin was struck by the big typhoon No.23 and observed precipitation was about
150 mm at Yokota rain gage (total about 200 mm for two days), 120 mm at Kakeya rain gage
(total 165 mm for two days), and 100 mm at Daito rain gage (total 150 mm for three days).
Therefore, it was considered that simulated discharge on/ around that day(s) at all sub basins
became big, particularly at sub basin 4. If simulated result on the day were ignored, NSI value
becomes 0.48 from 0.38.

Table 5. Simulated versus observed statistics for the Hii River calibration and validation.

Calibration period Validation period
1993-1996 1986-1992 1997-2005
R® NSI R NSI R® NSI
Sub 1 0.65 0.64 0.58 0.53 0.51 0.50
Sub 2 0.75 0.74 0.67 0.60 0.64 0.62
Sub 3 0.77 0.76 0.74 0.74 0.71 0.68
Sub 4 0.69 0.67 0.70 0.69 0.59 0.38

Yearly averages for the water balance components are reported together with overall
average for the simulated period (Table 5). The overall average of simulated river discharge
(1,321 mm) was about 90 % of observed average discharge (1,473mm). The average water
balance breaks down accordingly: precipitation 1,818 mm, percolation 921 mm, actual ET
428 mm, potential ET 985 mm, base flow 859 mm, lateral soil flow 400 mm, and surface
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flow 62 mm. It is considered that base flow accounts for about 65 % and lateral flow does for
about 30 % of water yield in the simulation.
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Figure 4. Simulated and observed discharge on a daily time step (calibration: 1993-1996, validation:

1992, and 1997-2005).
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Table 6. Yearly averages of simulated water balance.

Sur. Lat. Base Perco Soil Actu. Poten. Water
flow  flow flow " water ET ET yield

(mm) (mm)  (mm) (mm) (mm) (mm) (mm) (mm) (mm)

Year Precip.

1986 1649 59 366 760 808 7 412 1112 1185
1987 1819 64 385 828 868 68 511 1152 1277
1988 1768 34 406 858 934 69 392 862 1298
1989 2193 76 498 1096 1169 71 436 889 1670
1990 1916 54 419 890 975 75 467 1053 1363
1991 1843 37 406 899 950 73 443 874 1342
1992 1475 8 323 730 778 71 381 954 1061
1993 2258 148 505 1079 1169 79 426 835 1732
1994 1340 23 263 649 665 78 388 1122 935
1995 1877 58 430 890 979 72 376 932 1378
1996 1607 45 340 738 789 68 474 944 1123
1997 2189 113 490 1043 1112 73 467 1005 1646
1998 1862 80 391 886 911 73 479 908 1357
1999 1707 52 367 757 862 73 425 919 1176
2000 1545 68 320 725 749 69 413 1053 1113
2001 1996 54 449 912 1018 71 473 1004 1415
2002 1621 10 365 792 855 74 381 996 1167
2003 2017 57 457 961 1044 73 465 899 1475
2004 1998 130 434 891 929 72 480 1129 1455
2005 1674 81 390 797 862 72 285 1066 1268

Ave. 1818 62 400 859 921 72 428 985 1321

By using parameter values of the simulation, we tried to estimate a change in
maximum and minimum discharge at each sub basin in case that annual total precipitation
decreased or increased by 20% as shown in Table 6. The maximum and minimum flows were
selected in 20 years of simulation period, and other parameters were not changed at all. It was
calculated that the maximum discharge at sub basin 1 became 1,200 m?/s if total precipitation
amount increased 20 %. Oppositely, the maximum discharge became 558 m*s if the amount
decreased 20%. As well, the minimum discharge at sub basin 1 became 3.76 m®/s if the
amount increased 20% and 2.1 m*/s if the amount decreased 20%.

Table 7. Change in maximum and minimum discharge in case of decrease / increase of total precipitation
amount (-20 %, 0%, and +20 %b).

Maximum flow (m?/s) Minimum flow (m®/s)
-20% 0 +20% -20% 0 +20%
Sub 1 558 876 1200 2.1 2.87 3.76
Sub 2 546 832 1120 15 2.07 2.70
Sub 3 133 218 311 0.3 0.55 0.82
Sub 4 440 656 872 0.9 1.32 1.72
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Yearly averages in case of 20 % decrease / increase also are shown in Table 7. It is
calculated that base flow accounts for about 66 % and lateral flow does for about 31 % of
water yield in case of -20% of total precipitation amount. As well, base flow accounts for
about 64 % and lateral flow does for about 30 % of water yield in case of +20% of the
amount. Though it is natural, the ratio of surface flow increased to about 6.6 % compared
with current condition (about 4.7 %) in case of increase of total precipitation.

Table 8. Yearly averages of simulated water balance in case of decrease / increase of total precipitation
mount (-20 % and +20 %).

Preci Sur. Lat. Base Perco Soil Actu. Poten. Water
Year P- flow flow flow " water ET ET yield

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

-20 % 1454 29 304 654 704 72 413 988 987
+20% 2181 109 494 1059 1132 73 439 983 1662

In addition, the changes of maximum discharge in case of several return period of
probability precipitation were estimated at each sub basin (Figure 4). The probability
precipitation was calculated using software build by the Public Works Research Institute.
Rainfall duration was set with 24-hour when the rainfall intensity was calculated. Simulation
period was one year and daily average precipitation for 21 years from 1985 to 2005 was
prepared. According to a ratio of monthly rainfall to yearly rainfall, the highest rainfall ratio
was July. Thus, probability precipitation was set on the day recorded the highest amount of
rainfall in July. As a result, the maximum discharge was 1,490 m%/s at sub basin 1, 1,340 m®/s
at sub basin 2, 424 m®/s at sub basin 3, and 906 m®/s at sub basin 4 in case of 200-year return
period. Actually, rainfall will continue for several days. Thus, maximum discharge will
increase in that case.

1800
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1340 :
1260 W 200-year return period
1200 - 1140
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Figure 5. The change of maximum discharge at each sub basin in case of several return period of
probability precipitation (rainfall duration was set with 24-hour)
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Conclusion

The SWAT performed well in simulating the general trend of river discharges at all
sub basins over time for daily time intervals. Thus, this study showed that the SWAT model
can be used for Japanese mountainous river basin. However, for more accurate modeling of
hydrology and simulating water quality component, a large effort will be needed to improve
the quality of available information concerning soils, land use, agricultural activity, and
climate of the basin.
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WaterBase: free, open source GIS support for SWAT
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China
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Abstract WaterBase is a project of the United Nations University. Its aim is to advance the
practice of Integrated Water Resources Management (IWRM) in developing countries, by
providing (a) free, open source tools for modeling and decision support (b) a collection of
IWRM resources: web sites, tools, literature, training material, etc. and (c) a community of
partners who can provide advice, support, contribute to tools and resources. A first step in
the project is a too to provide GIS support and a setup interface for SWAT. This paper
describes the design of this tool, called MWSWAT.
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1 Introduction

The WaterBase project (http://www.waterbase.org) of the United Nations University is aimed
in particular (though not exclusively) at developing countries. Predictive modelling and
decision support for water management in developing countries are plagued with a number of
related problems: lack of money, lack of expertise, inadequate training capacity, dependence
on experts from other countries. At the same time water resources are under increasing
pressure, and aquatic ecosystems are being damaged by people who lack the resources to
explore the consequences of decisions before they are made. WaterBase aims to improve this
situation by providing (a) tools for decision support, (b) resources such as web sites,
documentation, training material, and case studies, and (c) a community of partners who can
advise and support other partners, and who can contribute to the tools and resources.

SWAT has a substantial reputation as a modelling tool, and has been used in many
developing countries as well as in its home country, the US. Like other modeling tools, it
requires a lot of data about terrain, landuse, soil, and climate. There are two essential
components needed to set up SWAT models: (a) a GIS system to support the storage and
display of the relevant maps, and to perform the terrain analysis needed to delineate
watersheds, to identify the stream reaches and the associated subbasins, etc., and (b) a
component that can generate all the files needed by SWAT, partly from the input maps and
analyses, and partly by manual editing.

There is a substantial price tag on the current commercial GIS system that is currently used
by SWAT. The WaterBase project decided to identify a suitable free, open source GIS
system, and then to produce the additional component that would support the generation of
SWAT input data. The use of open source is important: it gives users confidence that tools
will not suddenly disappear with their original writers, or one day become something you
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have to pay for, and also gives users the possibility of adapting or extending them. This
possibility ranges from the localization of the interface to the local language to the adding of
significant functionality. The use of open source tools also implies the use of the
corresponding open standards, such as those supported by the Open Geospatial Consortium
[OGC].

There are a number of open source GIS systems available [OS GIS]. WaterBase eventually
chose MapWindow (http://www.mapwindow.com) for three reasons. First (and critical when
choosing any open source project) it was under active development. Second, unlike most
open source projects, it is native to Microsoft Windows, which is the operating system we
expect most of our users to be currently using and accustomed to. Third, it had just been
chosen by the Environmental Protection Agency in the US as the basis for version 4 of
BASINS [EPA], which gave us confidence in its future support. There were also technical
issues to be considered, such as whether MapWindow, could support watershed delineation,
and how easy it was to write an extension for it, but technical problems can often be
overcome, while the basic issue of whether your chosen GIS system will still be available and
supported in 5 years time is the most important issue.

As it happens, MapWindow does have watershed delineation, using David Tarboton’s
Taudem software [Tarboton 2001]. In fact Taudem’s use of the Dinf approach to slope
directions (instead of the normal D8) promised better watershed delineation than found in the
current ArcSWAT interface. MapWindow is also intended to be extensible through the use
of a “plugin” architecture, so it was in fact technically suitable.

So an interface for setting up SWAT was created based on MapWindow, and called
MWSWAT.

The rest of this paper describes some of the details of MWSWAT, before considering what
else needs to be done to provide decision support for IWRM.

2 Design Philosophy

Setting up a SWAT run is complicated. Generating a thousand input files is not unusual, and
so there are a vast number of parameters to consider. The user can therefore easily get lost in
the process, and we need to keep a balance between simplicity of the interface and access to
everything which the user might need to see and perhaps change. The first priority is
therefore to try to create a simple model of the process which the users can have in their
minds. We based the interface around three basic steps:

1. Watershed delineation.
2. HRU definition
3. SWAT setup and run

This overall design is clear from the main MWSWAT form. Error! Reference source not
found. shows the form when the first two steps are completed and the third can be started
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Figure 6: Main MWSWAT Form

2.1 Watershed Delineation

Watershed delineation uses the same form as BASINS: see Figure 2.

First the digital
elevation map (DEM) is chosen, and options to burn in existing streams, and to use a

mask for the watershed, may be selected. Then the threshold (minimum area to be designated
as a stream) is chosen. Finally outlets and inlets are selected, either from an existing point

shapefile, or by creating one interactively.

Watershed delineation uses the Taudem code written by David Tarboton.

MWSWAT by

default uses the Dinf approach to slope directions, rather than the more common D8 method,

which is expected to produce more accurate delineation.

A delineated watershed is illustrated in Figure 8.
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Figure 8: Delineated Watershed

2.2 HRU Creation

SWAT uses Hydrological Response Units (HRUSs) as the basis for its modeling. HRUs may
be formed 1 per subbasin (where a subbasin is the area that drains into a reach of the stream
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network), or as a division of a subbasin based on a particular combination of landuse, soil,
and slope range. The Create HRUs form allows users to first select landuse and soil maps,
together with database tables which relate the categories used in these maps to SWAT
landuse and soil categories. Then users can select intermediate slope percentages so as to
form bands of slopes. At this point the maps are read. Then the user can choose singe HRUs
(i.e. one per subbasin) or multiple HRUs. In the second case the user removes small HRUSs,
either by a selecting a minimum area, or by selecting minimal percentages for landuse, soil
and slope. Users may optionally also select subbasins at whose exit points reservoirs are
situated, may choose to subdivide landuses into others, and may choose to exempt some
landuses from the thresholds. See Figure 9.

- Create HRUs

taps and Tables
Landuze Map |E: SWSWAT D ufinshduffsS owcehcrophdutfing_land. asc
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Figure 9: Create HRUs

2.3 SWAT Setup and Run

The final form allows the user to select weather sources (currently weather stations, plus
precipitation and temperature gauges), to choose the period of simulation, and make a
number of other choices: see Error! Reference source not found..

Users can choose to make detailed edits to the input files using the SWAT Editor, can run
SWAT itself, and can save the output from the latest SWAT run.
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Figure 10: SWAT Setup and Run

3 Data sources

There is a considerable amount of data available on the internet, and MWSWAT is designed
to take advantage of that. In particular it will be delivered along with global data:

DEM maps from the SRTM project [SRTM]

Landuse maps from the Global Land Cover Facility [Hansen 1998]
Soil maps from the FAO [FAO/UNESCO 2003]

Precipitation and temperature data [NCDC]

APwnh e

The increasing availability of such data opens a number of possibilities for its exploitation
beyond water resource management. Of course, users should not be restricted to such data,
because where local data exists it will generally be finer grained and more accurate. But at

the same time they should not be prevented from doing some simulations even when there is
no local data.

4 Future Work

In this section we consider future work in two categories: technical work concerning
MWSWAT, and future tasks for WaterBase.
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4.1 Technical Work

MWSWAT is almost complete at the time of writing, and will very soon be released. The
next immediate technical task is to provide some decision support capability, especially some
graphical support for viewing the SWAT outputs. This will certainly include capability for
drawing graphs or histograms, especially for comparing outputs from runs with different
input parameters, and also for showing, for example, watersheds coloured according to user-
chosen characteristics such as sediment output.

Another technical aim is to support other kinds of models, such as event-based models which
can analyse the effects of storm events.

4.2 WaterBase Objectives

MWSWAT is the first of, we hope, many tools to support IWRM. The next objective is to
form a community of partners who are interested an using and/or contributing tools and other
resources to the project. Partner organizations may be government departments, universities
and research institutes, or even private companies. In particular partners can provide
requirements for new tools and extensions or changes to existing ones. The existence of an
active collection of users and developers will also be a critical factor in finding donor
organizations to support the project financially.
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Abstract

Prediction, prevention, or minimization of point and diffuse pollution is an important topic
for scientific research. Environmental sciences are evolving from a simple, local-scale
approach toward complex multilayered, spatially explicit regional ones. The advances in
computer simulation and high performance computing in recent years have highly extended
the possibilities in this field, and have changed the ways in which land management systems
operate. The Basin Scale HYdrological Tool — BASHYT - is a Collaborative Working
Environment (CWE) on the web that relies on hydrological models and web-GIS
technologies to support decision makers, through a user-friendly Web interface, in the field of
sustainable water resources management. The portal, for the general user, exposes
hydrological applications based on the SWAT [Neitsch et al, 2005] and QUAL 2K [Brown, L.C.
and Barnwell, 1987] models to quantify the impact of point/non point pollution. Within the
experimental CWE environment, modules have been developed to run real-time applications
based on numerical solvers, run pre- and post-processing codes, query and map results
through the web browser.

Free software and in-house technologies are combined to transparently and automatically
deploy the applications on the portal. Our objective is to build a development platform, made
of a set of loosely coupled services, that promotes joint initiatives and encourages
cooperation among interdisciplinary teams operating in the environmental sciences. To
illustrate the potentiality of our decision support system (DSS), we present its application to a
Sardinian case history where a complex watershed is threatened by point pollution and
intensive agriculture.

1. Introduction

A sustainable environmental policy requires knowledge and easy access to up-to-date
environmental information for politicians, administrators and citizens.

Large-scale networking can contribute to moving from a local scale to a global one,
increasing exchanges and collaborations among scientific communities and end users sharing
the same goals. Recent advances in distributed heterogeneous knowledge networks and the
experience gained during many collaborative European projects led us to conclude that water
and environmental management disciplines, largely based on GIS applications and
hydrological numerical modeling, might draw a huge benefit from the use of web-based
collaborative technologies. In this framework, research can also improve the exchange of
good practices with regard to dissemination, training and transfer of knowledge, in agreement
with the Environment Action programs.

Public and private environmental agencies often communicate little, even when solutions
require an integrated interdisciplinary approach; this situation leads to higher costs and
inefficiency in the decision process. A web-based environment constitutes the ideal terrain
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for sharing knowledge (data, models, procedures, physical and computing resources) by
means of new tools. Client/server applications are the paradigm introduced in the Internet
cyberspace, using ever more web services to extract meaningful information and grant
services to the community.

This paper describes our efforts in building a web-based hydrological modeling system and
implementation challenges. This overview illustrates the relevant technical platforms for
state-of-the-art computing resources that can inform better management decisions. In this
paper, we will explore the use of computer simulation models and related information
technologies that aid in the assessment, analysis, and management of complex watersheds.

2. The BASHYT DSS

2.1 Description of the decision support system

The BASHYT DSS (http://era.hopto.org/bashyt/) is a software on the web, based on river
basin, or watershed, scale model, that relies on a GIS to support decision makers, through a
user-friendly Web interface, in the field of sustainable water resources management. The
system, for the general user, exposes hydrological applications based on complex “physically
based” models that make use of large volumes of distributed data. Free software and in-house
technologies are combined to transparently and automatically deploy the applications on the
web portal.

The DSS is based on the Driving forces-Pressures-State-lImpact-Responses (DPSIR)
paradigm, introduced by the European Environmental Agency (extension of the PSR model
developed by the OECD, 1993) and also adopted in the EU Water Framework Directive
(WFD). Such approach is useful to demonstrate the interconnectedness and estimate the
effectiveness of the actions aimed (responses) at solving the problem.

Driving forces stand for processes underlying to environmental degradation such as land
use or demographic development. Pressure indicators measure the level of environmental
impairment (e.g. total quantity of phosphorous in chemical or biological fertilizers applied
per hectare of agricultural land). State indicators are the condition of the environment (e.g.
average concentration of phosphorous in surface waters). Impacts represent the ultimate
effect of State indicators, or the damage caused (e.g. eutrophication of surface water or water
becoming unsuitable for drinking). Responses are the policies and measures to solve the
problems. They are represented by a set of alternative options to choose from (e.g. alternative
designs for a water treatment plant).

Figure 1. The DPSIR Model, adopted by the European Environmental Agency, is one of the frameworks based
on the concept of causality chains for data synthesis, which links environmental information using indicators of
different categories

In this context we reassess the current definitions of Indicators in the light of the WFD,
proposing the design of modular procedures and computational practices to determine the
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most significant State/Impact indicators. To this end the DSS integrates QUAL2K and
SWAT water quality models for the generation of quality data to assess differing DPSI
scenarios, with the final aim to produce an integrated approach. The system does not require
additional software or plugins, but works directly on a web browser. This improves the
potential for its utilization by water management administrations, being assessable directly on
the Internet/Intranet through a normal browser (Internet Explorer, Mozilla Firefox, Opera,
ecc.). GIS technologies, hydrological models and/or meta-models are provided, and in the
current version (BASHYT 1.0) of the software a full coupling dynamically links the
conceptual framework to the hydrologic models and analysis tool.

The system incorporates a variety of physical, chemical, and biological processes that
control the transport and transformation of pollutants and the state of water quality variables.
Water quality models are driven by hydrodynamics, point and non-point source loadings, and
key environmental forcing functions, such as temperature, precipitation, solar radiation, wind
speed, and light attenuation coefficients. SWAT is a river basin, or watershed, scale model
developed to predict the impact of land management practices on water, sediment, and
agricultural chemical yields in large, complex watersheds with varying soils, land use, and
management conditions over long periods of time. The model is computationally efficient
and uses readily available inputs, enabling users to study long-term impacts. QUAL 2K is a
river and stream water quality model which simulate the fate of pollutants and the state of
selected water quality variables in water bodies to study short-term impacts.

The user interfaces have been optimized to be used also by non technicians. The
environmental applications are exposed through a “user friendly” interface, which supports a
coherent management of Drivers, Pressure, State, and Impact indicators as distributed (in
space and time) catchment’s variables. This procedure encourages the user to increase the
awareness of the effects of subjective judgments or misjudgments on the final result. The
DSS enables to:

e store, manage, query the data collections;

e visualize data through the web GIS;

e interconnect directly to the AVSWAT [Di luzio et al., 2002] databases. BASHYT can
be used in tandem with other GIS interfaces (e.g. ARCGIS SWAT [Francisco et al,
2006], AV SWATX);

e run real time applications based on the SWAT and QUAL 2K models;

e create reports (graphs, maps, etc.) through automatic standardized procedures;

e design remediation strategies and evaluate their effectiveness using a standardized
framework (DPSIR model).

2.2 The methodology

The application of the BASHYT decision support tool requires two phases of analysis. In
the "Conceptual Phase", the user investigates and identifies causal links between current
human activities (D), the pressures they exert (P), and the state (S) that produces Inpact (I) on
the environment. This phase generates a formal description of activities and issues relevant to
catchment’s management under current climate and management conditions and makes
relationships between these phenomena explicit in the form of "DPSI chains”. It is in this first
phase that hydrological modeling and measured data can be used to explore the problem in
different ways.
The identification of alternative options for courses of action (Responses), such as specific
water management projects, follows in the "Scenarios Phase".

Lastly, in the "Scenarios Phase", the user elaborates a concise presentation of an
environmental context to analyze. In this section the problem at hand is assessed and
Responses are designed to solve the problems (e.g. new pressures on the environment).
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Models are used for the evaluation of the performance of the responses, on the basis of the
chosen indicators.

The Conceptual phase: users will browse and design the DPSI sections that are considered
responsible for the current state of the environment. Within this area of the DSS the following
default sections are found:

1. Driving forces and Pressures: this shows pollution sources, which are grouped in two
main categories: point and diffuse;

2. State of the environment: the water balance and water quality state is assessed. IN the
first user will browse average precipitation, water yield, groundwater recharge,
potential and real evapotranspiration values on different time scales in the water
balance section. In the latter, with regard to the European Water Directives, measured
and/or simulated water quality concentrations under current land use (point and
diffuse pollution) and climate conditions are shown. Results will be assessed spatially
on the GIS and temporally through graphs.

3. The impacts are obtained assessing the states of the environment through automatic
procedures.

The Scenarios phase: In the scenarios section the water manager can design management
strategies to solve the environmental problem (responses) and evaluate their effects through
the DPSI chains. Formally the scenarios section, formally designed as the Conceptual phase,
although simulations are run under synthetic conditions designed by the user to evaluate a
variety of environmental dynamics (e.g. effect of new climate conditions, new land
management practices, etc.).

2.3 The Architecture and the Interoperability layer

BASHYT is an Integrated system made of datasets, visualization tools, numerical
applications and analysis tools. It is made of different layers, where the web portal is its front
end. The interoperability layer is called to transparently share heterogeneous data sources
(distribuited database and filesystem) and computing resources, while the webservice layer
commands the data management tools and the numerical applications. The webservice layer
is expected to supply an abstraction layer between the archives/computing resources and the
actual computing tasks performed for running the models, the geo-processing and the data
dissemination mechanism. Computing resources can be used and jobs submitted from the
Web portal. A Linux environment is used to run the computing and the geo-processing
phases required: the SWAT and Qual 2K hydrologic models and the environmental
applications process the dataset, produce new derived information , GIS maps, graphs, and
reports. The data flow, the data storage, the way the applications work have been designed in
a non-conventional fashion to hide the user the complexity of the infrastructure. This system
is more then a mere sum of modules: it is a software to consume and expose Web services for
data mapping, querying and sharing, processing and distributing, with a high degree of
freedom (new contents, analysis and applications can be developed by each institution using
the CWE framework).
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Figure 2. Collection of procedures required for the BASHYT DSS.

For security and organizational purposes a stand alone web-based interface grant users
access to the contents (data, models, geo-tools). The portal provides institutions with
complete control on the selection of data they wish to process and want to expose in the
public sections. Contents are assessed on the basis of users and roles (e.g. “public”, “office”,
“developer”, “administrator”): the “public” user can access an open environment on the
internet where contents and services are freely given to the public (no authorization is
required, contents can be only viewed); the “office” user freely uses the DSS (write texts, run
the models, design remediation strategies, etc.) and decides which contents are to be fed in
the public sections; the development user can modify the analysis tools and add new
potentialities to the system; the administrator control the roles-users and in general is the
manager of the system. In this way the software can be easily customized to respond to the
necessity of different agencies. Security is guaranteed using the SSL protocols.

This stratification (interoperability layer, webservice layer, security layer) was necessary to
develop an effective, authoritative, interoperable, and scaleable model oriented system.

2.4 Visualization and geo-processing tools

On the server side the GIS rendering has been optimized using the MapServer technology.
The integration in the BASHYT framework has been accomplished, exploiting the scripting
languages capabilities to access the MapServer CGl and OGC (WMS, WFS) interfaces.
Mapserver works as a "map engine” for our integrated system, providing spatial context
where needed. On the client side a Javascript cross-browser interface (web 2.0) has been
developed and customized to allow user dynamically display and browse the geographical
information layers.

The GRASS (Geographic Resources Analysis Support System) technology has been
efficiently deployed within our system for the processing and analysis of the geo-databases.
The BASHYT inherits all the Geographic Information System (GIS) capabilities granted by
this technology. Through it, our client/server web system aspires to become desktop like for
the geospatial data management and analysis, image processing, graphics/maps, spatial
modeling, and visualization productions.
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BASHYT supports a multitude of raster and vector data formats (ESRI shapfiles, PostGIS,
Oracle Spatial, MySQL, Open Geospatial Consortium (OGC) web specifications WMS and
WES, etc.) using GDAL (Geospatial Data Abstraction Library) and OGR (Simple Feature
Library).

Thus, it is proposed that a single and comprehensive postGIS geodatabase be used as the
repository of the SWAT simulations.

The “user friendly” CWE environment, we developed, allows to design new applications
and easily assess, customize and exploit the web services directly on the web browser.
Through the web interface using secure connections, data objects and mapfiles are digested
by the CWE environment to expose web services for data mapping, querying and sharing,
processing and distributing. The CWE framework is an Open development environment for
constructing spatially enabled Internet-webgis applications.

3. The case study

To illustrate the potentiality of the BASHYT DSS, we present its application to the San
Sperate case history, where a complex watershed is threatened by point source discharges and
diffuse pollution due to intensive agriculture.

High levels of contamination (mostly P and CBOD), due to civil, industrial and agro-
zootechnical compartments are found in the two monitoring gages (PMP 20801 and PMP
20802) located on the river within the basin [Contu et al. 2005].

The study site is the 520 km? "Flumini Mannu of S. Sperate" basin (south part of Sardinia,
Italy), which is part of the larger "Flumini Mannu of Cagliari” basin. The Flumini Mannu of
S. Sperate basin is delimited by the Sarcidano plateau at north, the Sarrabus relief at east, the
last layer of Iglesiente massif at West. The watershed is characterized by a significant

variation in terms of altitude (from 13 to 972 m a.s.l.).

The San Sperate watershed

Figure 3. The S. Sperate basin viewed on the BASHYT interface.
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The main river (the S. Sperate) is a tributary
of Flumini Mannu of Cagliari river which
discharges its waters into the Santa Gilla
humid area near the gulf of Cagliari. The S.
Sperate is characteristically fast flowing,
with a relatively high water volume in
winter, reduced to a trickle in summer. S.
Gilla is a very important humid area in
Sardinia and is among the largest wetlands
in Europe. Such environments often provide
favorable circumstances to facilitate
physical and biogeochemical functions that
are critical to the maintenance of healthy
environmental conditions in waterways.
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3.1 Current state and Scenarios: the DPSI chains

Under current land use (point and nonpoint source loadings) and climate condition the
BASHYT DSS produces reports on the state of the environment (fig. 4,5,6,7).
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Figure 4. The water balance can be assessed on a yearly basis. Automatic procedures read the swat results
stored in the PostGIS DB and produce reports in the form of graphs.

Providing the water quality model with the correct inputs requires a pre-processing stage
which, starting with the Drivers, defines the resulting Pressures in terms of pollution load to
be fed in the model. Different alternatives can be used:

1. The SWAT model is run locally using the AVSWAT-ARCGIS interface and the
BASHYT is used for dissemination purposes and to create standardized reports on
the environment. In this case the BASHYT connects directly with the local
datasets.

2. The model is run directly from the web interface. In this case the input management

is processed directly from the web portal (for the S. Sperate case, the model is run
directly from the web).
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Figure 5. The water balance can be assessed on a monthly basis. Automatic procedures read the swat results
stored in the PostGIS DB and produce reports in the form of graphs.
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Figure 6. The water balance is mapped on the WEB GIS. Automatic procedures read the swat results and
produce reports in the form of maps.

Natural resources and their management are intrinsically complex due to the dynamic
balance and interactions among coexisting biotic agents and their abiotic environments within
the ecosystem. The BASHYT DSS provided the analysis tools to explore the S. Sperate
complex ecosystem, forming the basis for an integrated, system approach to management
planning and implementation guidance. The CWE software framework improves model(s)
usability to aid in making management decisions and improves watershed-scale (multi-scale)
modeling to address more realistically the fate of multiple pollutants in multiple
environmental media.
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Figure 7. Water concentrations are mapped on the WEB GIS. Automatic procedures read the swat results and
produce reports on the environment.

The DSS has been efficiently employed to identify the S. Sperate sub-watersheds, which
are the major contributors to nutrient losses and prioritization of the critical sub-watershed in
order to develop a multi-year management plan. This can be essential to reduce the nutrient
impact from point and nonpoint source pollution to downstream water bodies.

4. Conclusions and future works

The BASHYT provides a framework for analyzing management scenarios based on
valuable data and computing resources over the web. The system is based on a client/server
architecture and can be used within the Internet/Intranet cyberspace, offering to the
community services to extract meaningful information about the environment. The DPSIR
framework can be used as a base for environmental management allowing the linkage
between pressures and state-impact indicators, making it possible to integrate the
conservation functions with sustainable developments. The application of this causality
model, the use of GIS capabilities and of hydrological models have the advantage of allowing
the spatial visualization and complex analysis and better integration/exploitation of the
different indicators on which water and territorial management is based.

In general, the web interoperability is of paramount importance to control the redundancy
of replicated datasets, and it allows the user to retrieve updated certified information,
avoiding the latency due to administrative and technological barriers. As a matter of fact,
environmental analysis will be enabled to benefit from real-time data processing, making
territorial management and planning more efficient. The BASHYT integrated system can
deeply contribute to the development and the exchange of information relative to the
environment, offering the administration standardized procedures to manage water resources.
The development of a CWE framework offers an infrastructure for optimizing data-sharing
and solving application development problems in a multi-user environment.
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The current version of the DSS can be easily applied to many common situations in the
majority of real applications, i.e. watershed scale problems. The DSS was efficiently applied
to a study site of south Sardinia, Italy.
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Abstract

The assessment of cost and impact of nitrogen abatement measures is an essential
element of a river basin management plan. Yet, modeling and consequently comparison of
impact of measures is complex as measures can target different pollutant pathways, different
water quality processes, at different scales and in different economic sectors. A broad variety
of potential abatement techniques furthermore results in a wide range of costs. As a result, an
evaluation of the cost-effectiveness of abatement measures is lacking in many pollution
abatement plans.

In this paper, a generic framework is presented which allows to determine the
required emission reduction in order to reach a concentration target and consequently the
most cost-effective set of abatement measures to reach that target. The methodology is
applied on the Kleine Nete river basin in Belgium with a focus on the abatement of point and
non-point sources of nitrogen. The framework is based on the hydrological water quality
model SWAT and the Environmental Costing Model. SWAT is used to assess the impact of
emission reductions measures on the in-stream concentration of nitrate, organic nitrogen and
total nitrogen. The Environmental Costing Model provides costs and nitrogen removal
efficiencies of such measures. Despite the non-linear character of the modeled processes, a
linear relationship is found between the in-stream concentration and the emission reduction.
This paper aims to link the available scientific knowledge and tools to management needs
that are required for the implementation of the European Union Water Framework Directive.

KEYWORDS: river basin management, nitrogen abatement, impact assessment, cost-
effectiveness

Introduction

The main instrument of the European Union Water Framework Directive (WFD) to
reach its target good water status is the river basin management plan (RBMP). A RBMP
includes a description of the characteristics and status of the basin, the vision on river basin
management and the translation of this vision into a concrete set of actions, including
pollution abatement measures. According to the WFD, the selected measures should be the
most cost-effective combination that will achieve the chemical and ecological good water
quality (European Communities, 2003). The strict time frame as well as the ambitious
environmental goals hinder the use of classical methods such as “trial and error’ and ‘worst
polluter first’. The need therefore exists to assess cost and impact of pollution abatement
measures from the planning phase.
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Yet, values of cost-effectiveness of abatement measures are scarce. Scientific arguments are
that an altered state cannot be attributed clearly to a source especially in the case of diffuse
sources or ecological quality elements. Likewise, the comparison of the impact of measures is
complex as these can target different pollutant pathways, different water quality processes
and at different scales. Moreover, it is to be assessed whether the total required efforts can
achieve the environmental objectives timely without disproportionate cost. To support the
decision-making process in Flanders, the Environmental Costing Model is in development
(Vito and Resource Analysis, 2006). The Environmental Costing Model is an economic
optimization tool to select the most cost-efficient abatement measures to obtain a given
surface water quality target. Currently, a database of measures including cost and abatement
efficiency is available for the abatement of nitrogen, phosphorus and COD. However, the
model is load based and a detailed simulation of the in-stream processes is missing. Hence, to
assess the impact of abatement measures on in-stream water quality a linkage with surface
water quality models such as SWAT is required.

This paper aims to link the available scientific knowledge and tools to management
needs that are required for the WFD. Hence, a framework is presented that allows water
managers to gain insight in the relationships between the objectives pursued, the measures
that might be taken and the impacts and cost-effectiveness of such measures. A new decision
support system (DSS) will not be developed as many tools are already available but hardly
used. Reasons are the large amounts of required input data, a labour intensive development
phase, slow availability of results and limited accessibility for water managers.

The methodology in this paper is based on the water quality model SWAT, but does
not require water managers to model themselves. The impact of different scenarios is
captured in relations between measure and output variable that can be represented in charts
usable for management purposes. This paper focuses on point and non-point emission of
nitrogen. The proposed methodology is applied in the Kleine Nete river basin in Belgium.

Study Area

The Kleine Nete river basin (320 km?) is located in the northeast of Belgium. The
catchment is characterized by sandy soils, resulting in a high infiltration and a large baseflow
component of river discharge. The study area is characterized by strong emission flows of
both point and non-point sources. The major sources of pollution are (untreated) domestic
waste water, industrial discharges and animal manure: up to 300kgN/ha.yr of manure is
applied and 35% of the river basin population is not connected to waste water treatment. The
Kleine Nete is furthermore characterized by a high density of animals bred for dairy and meat
production (150 cows/kmz2, 300 pigs’km? and 4000 chickens/km?) (Mestbank, 2005).

Model calibration

Impact assessment of pollution abatement measures on in-stream water quality is
based on a calibrated SWAT2005 model (Neitsch et al., 2005). Flow and water quality
variables are modeled on a daily time step. Point source data is introduced into SWAT as
average daily nitrogen emissions (in kgN/day), manure applications as mass applied per ha
(kg manure/ha). The model is calibrated for the period 2000-2002, based on monthly
observations of organic nitrogen, nitrate, nitrite and ammonia and daily values for flow
obtained from the Flemish environmental agency (VMM). Two years (1998-1999) are taken
as warming up period. The SWAT model has been calibrated against flow, total nitrogen,
nitrate and ammonia. Model performance is evaluated with the Nash-Sutcliff efficiency
(NSE) and the coefficient of determination (R?) as presented in Table 1. Model performance
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for flow is good and acceptable for water quality, considering its low data availability.
Additionally, nitrogen emissions are partly estimated and therefore inherently uncertain.
Pollutant loadings from households e.g. are estimated based on averaged Inhabitant
Equivalents. Point sources entered into SWAT as average annual daily values can
furthermore not represent daily dynamics. Total nitrogen values furthermore is determined
for each nitrogen component separately. Measured measurement uncertainties of each
nitrogen component are thus accumulated.

Table 9. SWAT model performance

Objective Flow Nitrate (NO3) Total Nitrogen
function (TN)

NSE 0.84 -0.56 -1.69

R2 0.88 0.58 0.42

Methodology for cost and impact assessment

Overview

To quantify cost and impact of nitrogen abatement measures, the methodology
presented in Figure 1 is followed. Firstly, SWAT is used to model the impact of an emission
reduction on the in-stream concentration and to setup a chart in which the total required
emission reduction to reach a concentration target is visualized. Secondly, the Environmental
Costing Model provides a comparison of the cost-effectiveness of measures across sectors.
Hereby, cost-effectiveness (Euro/kgN removed) is defined as the ratio of cost over impact. A
final step, which is out of scope of this paper, is combining the results of SWAT and the
Environmental Costing Model, thereby selecting measures that can reach the required
emission reduction effort at least-cost.

Environmental
SWAT
Cost Model
Stepwise emission reduction Database of measures incl.
for nitrogen (point & diffuse) abatement efficiency and costs
| I
Impact of emission Potential emission reduction
on in-stream concentration for study area
Relationship between impact Cost-effective reductions of
and emission reduction emissions
Results:

+ Required emission reduction to reach concentration target
+ Comparison of cost-effectiveness of measures across sectors
+ Least-cost set of measures to reach concentration target

Figure 11. Methodology for cost and impact assessment of nitrogen abatement measures

Modeling the impact of emission reductions on in-stream water quality

The impact analysis is executed with the calibrated SWAT model. Impact is
quantified as the sensitivity of SWAT outputs for a reduction in nitrogen inputs. The
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considered SWAT output variables are the in-stream concentration (mgN/I) of nitrate, organic
nitrogen and total nitrogen at the watershed outlet as well as the export loads (kgN/ha) of the
same nitrogen components of the hydrological response units (HRU). The first allows to gain
insight in the overall impact of emission reductions from both point sources and diffuse
sources on the river basin whereas the second assesses the response of the land phase to
reduced manure application.

Nitrogen inputs for the watershed are reduced in steps of 10% from the current manure
application rate down to 10% of this amount. Three scenarios are performed: 1) stepwise
reduction of point source emissions only; 2) stepwise reduction of diffuse sources only; 3)
stepwise reduction of point sources and diffuse sources. The reduction of diffuse sources
consists of the simultaneous reduction of manure and fertilizer. To minimize interference in
the modeled export loads due to interannual soil buffers, all modeled years are reduced
simultaneously with an equal emission reduction percentage. Hereby, it is assumed that a new
equilibrium in groundwater flow instantly exists after the emission reduction.

For linkage of the SWAT results to the Environmental Costing Model, three linkage
parameters are used. The first two are derived from the relationship between the modeled in-
stream concentration at the river basin outlet and the associated emission reduction. From this
relationship, the required emission reduction effort to reach a concentration target is easily
derived as the first linkage parameter. The second parameter, the sensitivity of the in-stream
concentration to an emission reduction, is the slope of the above relationship. The third
parameter is the export load coefficient (%). It is calculated with equation 1 and derived for
the land use types corn and pasture. The export load coefficient represents the fraction of
applied manure that arrives into the stream. Thereby, it integrates all land phase processes
into one value.

Export load coefficient = export load (kgN/ha) / manure applied (kgN/ha) [1]

Environmental Costing Model

The core of the Environmental Costing Model is a generic database of potential
abatement measures, including their cost (Euro/year) and nitrogen removal efficiency (%).
The database includes Best Available Techniques (BAT) and Best Management Practices
(BMP). The cost and technical nitrogen removal efficiency of BATSs are available in the BAT
Reference documents (BREFs*). For BMPs, however, reference documents are not available.
Both for BATs and BMPs, the resulting database is cross-checked and extended in discussion
with sector-specific experts.

The removal efficiency and costs of agricultural BMPs are quantified with models
used by the Flemish government. SENTWA is a semi-empirical model that simulates nutrient
emissions from agriculture (mainly form manure application) to the surface water (Van Hoof,
2003). It quantifies the export load of total nitrogen and total phosphorus on an annual basis
per watershed. The cost of a reduction in manure application is modeled with the SELES
model. SELES models the response of a farmer to maximize his income e.g. under manure
application restrictions (Gavilan et al., 2006).

* BREFs are available through the Energy and Environmental Information system for Flanders (EMIS):
http://www.emis.vito.be/
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Removal efficiencies are then used to derive the potential emission reduction of a
measure for the study area. The potential emission reduction is based on the current emission
load, available in the SWAT input, and the current and maximal degree of implementation of
a specific measure on subcatchment level. By means of the export load coefficient, finally,
the potential emission reduction is converted to the effective impact in-stream. Cost estimates
are kept constant throughout the river basin.

Results and discussion

Relationship between in-stream concentration and emission reduction

Although the nitrogen pathways and the SWAT model are non-linear, model results
show that the response of the in-stream concentration of nitrogen to emission reduction is
linear. A linear relationship (R2=1), as shown in Fig. 2, is observed for all nitrogen
components both for the abatement of point sources and for manure and fertilizer. The
sensitivity of the in-stream concentration to an emission reduction is presented in Table 2.

Table 10. Sensitivity coefficients of in-stream concentrations of organic nitrogen (ORGN), nitrate (NO3)
and total nitrogen (TN) to a reduction in nitrogen input
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Figure 12: Relationship between in-stream concentration and nitrogen abatement for three groups of
three scenarios: From top to bottom are shown: three scenarios for total nitrogen (TN), three for nitrate
(NO3) and three for organic nitrogen (ORGN). For each nitrogen component, three scenarios are shown:
FERT = reduction of applied fertilizer only; POINT=reduction of point sources emission only; ALL=
reduction of both fertilizer and point source emissions.

The impact of point sources on the concentration of total nitrogen is three times larger
than the impact of fertilizer and manure, mainly as a consequence of the large contributions
of organic nitrogen and ammonia compared to the diffuse sources (Table 3). Alternatively,
abatement can focus on specific nitrogen components: 46% of total nitrogen are nitrates, 34%
IS organic nitrogen. To abate nitrates, the reduction of manure is, contrary to total nitrogen,
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30% more effective than the reduction of equal loads of point sources. The applied manure, a
liquid manure composed of urine and dung, is the biggest source of nitrate. It is mainly
composed out of ammonia and has only 5% of organic nitrogen. In SWAT, ammonia in
manure is nitrified completely before it reaches the stream. The low organic nitrogen content
of manure furthermore explains the insignificant response of the organic nitrogen
concentration to a reduction in manure application. Organic nitrogen can effectively be
abated through the reduction of point sources (mainly protein residues). The share of organic
nitrogen, coming from plant residues is more difficult to address. Yet, organic nitrogen from
natural sources contributes significantly to the in-stream concentration at the outlet. Figure 2
shows that a 90% reduction scenario still results in a concentration of 0.52mgN/I of organic
nitrogen originating from eroded crop residues, runoff and sediments. The best concentration
that can be achieved, under 90% reduction scenario, is 1.39 mgN/I for total nitrogen and 0.75
mgN/I for nitrate.

For the study area, the linear relationship is valid for impact assessment of nitrogen
abatement in the modeled range of concentrations. Linearization of the prevailing non-linear
processes is acceptable given the specific conditions of the study area. Firstly, in-stream
conversions of nitrogen components are insignificant as travel time is less than one day.
Secondly, the modeled times series (not visualized) show that baseflow is dominant and that
nitrogen loads are mainly dissolved in baseflow as nitrate. Less manure application
drastically reduces the nitrate loads in baseflow, especially in summer when the contribution
of baseflow to total flow is maximal. Peak loads, mainly composed of organic nitrogen,
decrease slightly. Thirdly, groundwater processes, especially travel time and denitrification,
are poorly modeled in SWAT. As a consequence of the semi-lumped approach of SWAT, the
position within the basin is lost and hence groundwater travel time is averaged and thus
linearized. Hattermann et al. (2006) developed a SWAT variant in which the simulation of
denitrification and travel time is improved for the lowland Nuthe basin (Germany). Finally,
nutrient uptake by plants remains more or less constant in the scenarios. This signifies that
nutrients are applied in excess. Nutrients originate not only form manure, but as well from
crop residues.

SWAT2000 results for the intensively manured lowlands of lowa (US) give comparable
results. Jha et al. (2007) report fairly linear results for the Raccoon watershed in response to
declining and increasing nitrogen application rates. Yet, as the Raccoon watershed is 10 times
as big as the Kleine Nete, in-stream processes might cause the slight non-linearity. Chaplot et
al. (2004) present a linear relationship for annual nitrate loadings for the 50 km? Walnut
Creek.

Export load coefficients

Figure 3 presents results of the annually averaged export load coefficients for corn
and pasture fields. Despite the linear response of the export load to emission reductions, the
export load coefficient increases semi-exponentially in function of the emission reduction.
The latter is caused by the fact that the fraction of organic nitrogen (not linked to manure
application) remains constant when manure application is reduced extremely. A large
variation is furthermore observed between the different response units of the same land use
type (Figure 3 and Table 4). For corn, the export load coefficients are between 4.2% and
20%. Due to the grass cover, the response of pasture is much smaller, between 0.3% and
1.8%. The area-weighted average for the watershed is 10.8%. In the Environmental Costing
Model, by using the SENTWA model, a comparable value of 9% is found for the whole study
area.
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Figure 13: Export load coefficients in function of the degree of emission reduction. Left (a) shows the
export load coefficients for CORN, right (b) for pasture (PAST). The numbers signify the different
HRUs modeled in SWAT.

Cost-effectiveness of nitrogen abatement measures

Following the above methodology, a selection of potential abatement measures
including their total annual cost (Euro/year), the nitrogen removal efficiency and the cost-
effectiveness CE (Euro/kgN removed) are presented in Table 3. The CE values allow to
compare pollution abatement measures across sectors. Besides companies that closed
down from the reference year 2002, the construction of riparian buffer zones and green
manure application are most cost-effective. For household waste water treatment, mostly
the connection to a waste water treatment plant (WWTP) is more cost-effective than
individual treatment of waste water. Individual treatment is preferred when houses are
too isolated and the cost of sewering becomes too expensive. As the industrial companies
included in the model already installed some form of N-treatment, only a more advanced
and less cost-effective treatment technique of membrane filtration is included. Data stated
in the table below are average estimates for the study area. Estimates will differ for other
study areas.

Table 11. Selection of nitrogen abatement measures with total cost, nitrogen removal efficiency and
cost-effectiveness.

measure target group total cost N removal CE

efficiency (Euro/kgN
removed)

factory closure industry 0 100% 0

membrane industry 50-56*10° 65% 177-297

filtration (up to Eur/installation.yr

500m?3/day)

connect to household 156-410 56-75% 65-172

WWTP wastewater Eur/IE.yr

individual household 172-326 10-55% 162-472

treatment wastewater Eur/IE.yr

riparian buffer diffuse 1469 Eur/ha.yr 7% 9.6

zones 5m processes

riparian buffer diffuse 1469 Eur/ha.yr 10% 10.3

zones 10m processes

green manure diffuse 100 Eur/ha.yr 8% 12.8

application after processes

harvest

reduce manure agriculture 653 Eur/ha.yr 27% 101.7

application to 170

kgN/ha
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Conclusions

A linear relationship between the in-stream concentration and emission reductions
can be validated for impact assessment of nitrogen for the specific conditions of the study
area. This signifies that linearity can be accepted in the modeled range of concentrations
for small, sandy lowland watersheds dominated by baseflow. Groundwater processes in
SWAT, however, need to be improved for groundwater travel time and denitrification.

The cost-effectiveness of emission reduction measures is successfully assessed
through linking SWAT to the Environmental Costing Model. A generic framework is
presented which allows to determine the required emission reduction to reach a
concentration target and consequently the most cost-effective set of abatement measures
to reach that target. Due to a broad variety of technical efficiency and costs of abatement
options as well on export load coefficients, large uncertainty on costs and effects exists.
The presented results, however, are valid for first assessment of required emission
reduction and comparison of cost-effectiveness of measures across sectors and processes.
For effective use in water management, acceptance of ‘values’ by stakeholders is
essential, comparison of export load coefficients and nitrogen processes. Finally, impact
assessment cannot be limited to nutrients. In order to achieve the objectives of the
European Union Water Framework Directive and to assess how good ecological status
can be reached in a cost-effective manner by 2015, an analysis which is solely aimed at
nitrate, organic nitrogen and total nitrogen will not suffice. How to extend this framework
to determine cost-effective measures for multiple parameters at once remains a challenge.
Especially on ecological quality advance has to be made of impact assessments of
abatement measures.
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Abstract

Agricultural tile drainage is a common water management practice in agricultural
regions with seasonal high water tables such as the Midwest U.S. The goal of this study
was to modify SWAT?2005 to enable it to perform multiple scenario simulations to
determine cost-effective water management systems at the watershed scale. This was
accomplished by incorporating the Hooghoudt steady-state and Kirkham tile drain
equations. The Hooghoudt steady-state and Kirkham equations have been successfully
used in DRAINMOD, a computer simulation model that has been tested and widely used
to simulate the performance of drainage and water table control systems on a continuous
basis at field-scale. These equations depend on maximum depressional storage (Sd). Sd,
which is assumed constant in DRAINMOD, is allowed to change, in the modified
SWAT?2005 model, as a function of dynamic soil random roughness. The dynamic
random roughness is a function of tillage type and intensity and amount of rainfall. The
drainage flux is calculated using a three-step approach. 1) Hooghoudt steady-state
equation is used when the water table is below the surface or Sd; 2) Kirkham equation is
used to compute the ponded surface drainage flux when the water table rises to
completely fill the surface; and 3) when the drainage flux predicted by the appropriate
equation is greater than the design drainage capacity (also known as drain coefficient
(DC)), then the flux is set equal to DC. These algorithms were successfully incorporated
into SWAT2005 and the enhanced SWAT2005 is currently undergoing validation. The
modified SWAT2005 shows great potential for use in some of the conservation effects
assessment project (CEAP) benchmark watersheds such as South Fork Watershed in
north central lowa and in other regions of the world with tile drainage.

KEYWORDS: SWAT, DRAINMOD, tile drainage, depressional storage

Introduction

Agricultural subsurface drainage, commonly known as tile drainage, is a common
water management practice in agricultural regions with seasonal high water tables such as
the in the Midwest U.S. There are several theories for steady-state drainage of layered
soil (Hooghoudt, 1940; Luthin and Gaskell, 1950; Kirkham, 1951; Kirkham, 1957;
Wesseling, 1964; Dagan, 1965; Toksoz and Kirkham, 1971; Ernst, 1978; and Wu and
Chieng, 1991). However, DRAINMOD (Skaggs, 1978) was the first comprehensive
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computer model developed to simulate the water balance and the impact of subsurface
water management of tile-drained fields. DRAINMOD predicts surface runoff, water
table depth, drainage outflow, soil water content, evapotranspiration (ET), and infiltration
on an hourly, daily, monthly, or annual basis in response to given soil properties, crop
variables, climatological data, and site parameter inputs. Several components of
DRAINMOD have been adopted and used by several point- and field-scale models such
as CREAMS [Chemicals, Runoff, Erosion from Agricultural Management Systems]
(Knisel, 1980), GLEAMS [Groundwater Loading Effects of Agricultural Management
Systems] (Leonard et al., 1987), and RZWQM [Root Zone Water Quality Model] (Ahuja
and Hebson, 1992).

One of the watershed-scale models that contain a tile drainage component is the
Soil and Water Assessment Tool (SWAT) model (Arnold et al., 1998; Arnold and Fohrer,
2005). SWAT is a continuous-time physically-based watershed-scale model developed to
predict 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. SWAT requires specific information about weather, soil properties,
topography, vegetation, presence of ponds or reservoirs, groundwater, the main channel,
and land management practices to simulate water quality and quantity. SWAT has
become an effective means for evaluating nonpoint source water resource problems
(flow, sediment, nutrients) for a large variety of water quality applications nationally and
internationally. One of the reasons for this extensive use is because SWAT is
continuously under development to meet the needs of its users. Gassman et al. (2007)
gives a detailed description of the historical development and applications of SWAT.

For example, SWAT2000 was enhanced with a subsurface tile flow component
and tested with data from a field-scale area with satisfactory results (Arnold et al., 1999).
But when applied on a watershed-scale, SWAT?2000 did not accurately simulate
subsurface flow and stream discharge because the incorporated tile algorithms did not
accurately represent the hydrologic processes at the watershed-scale and the effects of
large depressional areas (potholes), prevalent within the watershed of interest, were not
included in the algorithms (Arnold et al., 1999). Later, SWAT2000 was modified
(SWAT-M)to simulate water table dynamics and linked with a simple tile flow equation
in addition to inclusion of pothole algorithms (Du et al., 2005). These modifications
resulted in improved predicted pattern and amount of monthly flow and subsurface
drainage (Du et al., 2005). However, these modifications do not allow for scenario
simulations, such as varying tile spacing, depth, and size, in order to aid in designing
cost-effective water management systems. The objective of this study was to incorporate
the Hooghoudt and Kirkham steady-state tile equations into SWAT2005 to allow for
multiple simulations to determine the cost-effective design.

Model Modifications

DRAINMOD tile equations

Hooghoudt (1940) steady-state and Kirkham (1957) tile equations, which have
been used in DRAINMOD model (Skaggs, 1978), were used in these modifications. The
rate of subsurface water movement into drain tubes or ditches depends on the hydraulic
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conductivity of the soil, drain spacing and depth, soil profile depth, and water table
elevation (Skaggs, 1980). Water moves toward drains in both the saturated and
unsaturated zones. DRAINMOD computes the drainage rates by assuming that the lateral
water movement occurs mainly in the saturated region. DRAINMOD uses effective
horizontal saturated hydraulic conductivity and evaluates flux in terms of the water table
elevation midway between the drains and the water level or hydraulic head in the drains.

The methods used in DRAINMOD to estimate the drain flux are the Hooghoudt
(1940) steady-state and Kirkham (1957) equations. The Hooghoudt (1940) steady-state
equation is used to compute both drainage and sub-irrigation flux. The drainage flux is
calculated using a three-step approach as follows:

First, for water tables below the surface and for ponded depths less than S; (Fig.
1), when surface water can not move freely toward the drains, the Hooghoudt (1940)
steady-state equation is used to compute flux as represented by equation 1:

q= 8K,.d.m + 4K, m?
- cL?

1)
where g = flux in mm h™*, m = midpoint water table height above the drain (mm)(Fig. 2),
K. = effective lateral hydraulic conductivity (mm h™)(Fig. 2), L = distance between drains
(mm)(Fig. 1), C is the ratio of the average flux between the drains to the flux midway
between the drains and is assumed to be unity (C=1) in DRAINMOD model and in the
modified SWAT2005 of this study, de = equivalent depth substituted for d (height of the
drain from the impervious layer) in order to correct for convergence near the drains (mm)
(Fig. 2). S (Fig. 1) is the maximum depressional storage (mm).
For layered soils (Fig. 2), parameter K, which used in equations 1, 3, and 5, is
calculated as:
K.d, +K,D, +K,D, +K,D,

Ke
d,+D,+D;+D,

(2)
Because the thickness of the saturated zone in the upper layer is dependent on the water
table position, K. is determined before every flux calculation using the value of d; (Fig. 2)
which depends on the water table position. If the water table is below layer 1, d; = 0 and
a similarly defined d; is substituted for D, in the above equation.

The equivalent depth (de) is obtained using the equations developed from
Hooghoudt’s solutions by Moody (1966) as a function of L, d, and r. For real, rather than
completely open drain tubes, there is an additional loss of hydraulic head due to
convergence as water approaches the finite number of openings in the tube (Skaggs,
1978). The effect of various opening sizes and configurations can be approximated by
defining an effective drain tube radius, re, such that a completely open drain tube with
radius r. will offer the same resistance to inflow as a real tube with radius r (Skaggs,
1978). Skaggs and Fernandez (1998) give a table of r, for various tile tubing sizes, which
can be used to determine de and g (Eq 3).

Secondly, for ponded depths greater than S;, when water table rises to completely
fill the surface and with ponded water remaining there for relatively long periods of time,
the ponded surface flux drainage can be computed using Kirkham (1957) equation:
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4K (t+b—r)
gL

q=
3)

where g is a dimensionless factor which is determined using an equation developed by
Kirkham (1957) as a function of d, L, actual depth of the profile (h, mm), m, and the
radius of the tile tube (r, mm).

Thirdly, when the flux predicted by the appropriate equation is greater than the
drainage coefficient (DC, mm day™), then the flux is set equal to the DC as:

g=DC
(4)

The DC is typically 10 to 20 mm day™ depending on the geographic location and
crops grown (Skaggs, 1980). The DC may also be estimated as a function of the surface
inlet types, soil type, and crop type (Wrighr and Sands, 2001).

Finally, if subsurface irrigation is used, water is raised in the drainage outlet so as
to maintain a pressure head at the drain tube of h, (Fig. 2). Subsurface irrigation flux is
estimated by equation 5.

4Kem(2ho + Dy m]
D

0

q= E
()

where D,= Y, + d, d = distance from the drain tube to the impermeable layer, ho=yo+ de

(Figs. 1 and 2).
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Figure
14. Schematic of drainage from a ponded surface. Water will move over the surface to the tile vicinity
until the ponded depth becomes less than S; (redrawn from Skaggs, 1980). Sy is the maximum
depressional storage.
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Figure 15. Schematic of water table drawdown to and subirrigation from tile tubes. Equivalent
lateral hydraulic conductivity (K,) is determined for soil profiles with up to 6 layers. K,is lateral
hydraulic conductivity for layer n, D, islayer n thickness, d, is the distance from the bottom of semi-
saturated layer n to the water table elevation mid-way between the tile drains (modified from Skaggs,
1980).

Dynamic maximum depressional storage

Maximum depressional storage (Sq and hence S;) is used to determine when to
compute drainage flux using either equation 1 or 3 in DRAINMOD model and in this
study. In addition, Sq partly influences rainfall or irrigation water infiltration and runoff
and hence subsurface drainage. Sq is assumed constant in DRAINMOD although several
studies show that it is dynamic. In this study, Sy is allowed to change as a function of the
dynamic random roughness.

Several models have been developed and used to calculate Sq (Moore and Larson,
1979; Onstad, 1984; and Guzha, 2004). The model developed by Onstad (1984), in which
Sqis computed based on the random roughness and slope of the depressions, was adopted
in this study. Sq is estimated as:

S, =0.112RR +0.031RR? —0.012RR* S (6)

where Sy is the maximum depressional storage (cm), RR is random roughness
(cm), defined below, and S is the slope steepness (%).Generally, depressional
storage decreases with decreasing random roughness and increasing slope
steepness (Onstad, 1984).

Soil roughness is a dynamic factor readily modified by tillage, orientation
of ridges, and weather, primarily intensity and amount of rainfall. The random
roughness equation (Eq. 7) developed by Saleh and Fryrear (1999) was used in
this study.

RR = 0.1RRi *e[DF(—0.0009CUMEI—0.0007CUMR)]

(7)
where RR is random roughness at any time t days after a tillage operation (cm),
RR; is the random roughness immediately after a tillage operation (mm), CUMEI
is cumulative rainfall erosivity (Mj mm ha™ h™) and CUMR is cumulative rainfall
since last tillage operation (mm), and DF is decay factor based on percent clay in

the soil (CLAY) and percent organic matter (OM) and is computed as follows:
DF = e[0.943—0.07CLAY+O.OOlchAY2—0.67OM +o.1zorv|2] (8)
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RR; is read from a given input file of random roughness values for different
tillage types. CLAY and S are inputs in SWAT2005, whereas OM is estimated
using amount of organic matter in the top soil layer classified as residue, depth to
bottom of the first layer, and bulk density of top soil layer, which are all inputs in
SWAT2005. CUMEI is computed using the Universal Soil Loss Equation erosion
index, which is computed within SWAT2005 and finally CUMR is computed using
the daily precipitation which is also an input in SWAT2005.

Model Inputs

Two subroutines, DRAINS.f and DEPSTOR.f for tile drainage and dynamic
maximum depressional storage, respectively, were written and incorporated into
SWAT?2005 to effect the modifications using the equations discussed in this
section. In addition to tile drainage prediction inputs for SWAT2005, which
include depth to subsurface tile, time to drain soil to field capacity, drain tile lag
time and depth to impervious layer, the modified SWAT2005 model requires
several new inputs (Table 1). These include actual depth to impervious layer,
drainage coefficient, factor g used in Kirkham (1957) equation, equivalent depth
from water surface in tile tube to impervious layer, tile drainage flag/code used to
switch between the old and new incorporated tile algorithms, pump capacity for
subsurface irrigation, random roughness for a particular tillage operation, and
distance between the mid-points of two tile tubes.

Table 12. SWAT?2005 input parameters for tile and pothole drainage predictions.

SWAT?2005 variable name Parameter description

DDRAIN Depth to subsurface tile (mm)

DEP_IMP Time to drain soil to field capacity, time required to drain the water table to
the tile depth (h)

GDRAIN Drain tile lag time, the amount of time between the transfer of water from

the soil to the drain time and the release of the water from the drain tile
outlet to the channel (h)

TDRAIN Depth to impervious layer (mm)

Additional inputs for the modified SWAT?2005

ADEPTH Actual depth from surface to impervious layer (mm)

DC Drainage coefficient (mm day™)

GEE Factor —g- in Kirkham (1957) equation (dimensionless)

HDRAIN Effective depth from drain to impermeable layer (mm)

ITDRN Tile drainage routines flag/code: 1 = DRAINMOD tile equations
(Subroutine DRAINS); 0 = Original SWAT tile equations (Subroutine
ORIGTILE)

PC Pump capacity (default value = 1.042 mm h™* or 25 mm day™) (mm h?)

RANRNS Random roughness for a given tillage operation (mm)

SDRAIN Distance between two drain or tile tubes (mm)

Summary and Conclusion

Earlier on, SWAT2000 was enhanced with a subsurface tile flow component and
tested with data from a field-scale area with satisfactory results. Later, SWAT2000 was
modified (SWAT-M) to simulate water table dynamics and linked with a simple tile flow
equation in addition to inclusion of pothole algorithms, which improved the predicted
pattern and amount of monthly flow and subsurface drainage on a watershed-scale.
However, these modifications do not allow for scenario simulations. In this study, the tile
equations used in DRAINMOD model were incorporated into SWAT2005 to further
improve the existing sub-surface tile flow component. The inclusion of the Hooghoudt
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steady-state and Kirkham tile equations is anticipated to enable scenario simulations,
which will aid in designing cost-effective water management systems in agricultural
regions with shallow water tables such as the Midwest US.

Based on these equations, the rate at which subsurface water moves into tiles
depends on the hydraulic conductivity of the soil, drain spacing and depth, profile depth,
and water table elevation. Water moves toward tiles in both the saturated and unsaturated
zones in the modified SWAT2005 model. The drainage flux is calculated using a three-
step approach. 1) Hooghoudt steady-state equation is used when the water table below the
surface or below maximum depressional storage, when surface water can not move freely
toward the tiles, 2) Kirkham equation is used to compute the ponded surface drainage
flux when the water table rises to completely fill the surface with ponded water remaining
on the surface for relatively long periods of time, and 3) when the drainage flux predicted
by the appropriate equation is greater than DC, then the flux is set equal to the DC.

In addition, maximum depressional storage, which is assumed constant in the
DRAINMOD model, is allowed to change in the modified SWAT 2005 as a function of
the dynamic random roughness. The dynamic random roughness is a function of tillage
types and the intensity and amount of rainfall. Next, the modified SWAT2005 will be
calibrated and validated on the South Fork Watershed in north central lowa and three
watersheds located within Muscatatuck River Basin in southeast Indiana. Future
developments include modification of these tile algorithms to allow for controlled
drainage as a best management practice to reduce nitrates and soluble P in the surface and
sub-surface water.
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Abstract

Knowing the percentage of nitrate that comes from tile drains would be useful in estimating the
potential of drainage-related conservation practices to reduce nitrate in streams. SWAT2005, with
its modified tile drain component, was used to evaluate nitrate loss through tile drains in a heavily
tile drained watershed, Sugar Creek watershed in Indiana. Stream flow predictions resulted in
Nash-Sutcliff Efficiency values of 0.90 in the 5-year calibration period and 0.81 in the 6-year
validation period. Monthly nitrate-N loads were predicted well with Nash-Sutcliff Efficiency
values of 0.61 in the calibration period and 0.63 in the validation period. A method to output
nitrate-N load from tiles was implemented, and the simulated nitrate loss through tile drains was
compared with nitrate losses from the other flow paths (surface flow, percolation and lateral
flow). The estimated median percentage of monthly nitrate loss entering Sugar Creek that flows
through tile drains ranged from 0% to 65%, and was more than 40% for three months, April to
June. These estimates can be used to determine the potential for tile-related management practices
to reduce nitrate at the watershed level.

KEYWORDS. Nitrate, Tile Drainage, Agriculture, Nutrients

Introduction

Subsurface drainage, a common practice in the Midwestern U.S. and other agricultural areas
where natural drainage is inadequate, often contributes to nitrate concerns in surface water. Many
studies (e.g., Gilliam and Skaggs, 1986; Kladivko et al., 2004) have determined the impact of tile
drains on nitrate loss at the field scale However, less is known about their impact on nitrate loads
in rivers or streams. Watershed-scale simulation of nitrate loss could help determine the amount
of nitrate from tile drains, and therefore the potential impact on watershed-scale nitrate loss of
changing tile drain management.

The tile flow algorithm in SWAT has recently been improved by Du et al. (2005) to better
simulate landscapes with tile and potholes drainage systems. They added a new function to
predict the dynamic ground water table and tile flow by setting a restrictive soil layer at the
bottom of the soil profile, and this improved tile drainage representation is included in
SWAT?2005 (Neitsch, 2005). Green et al. (2006) implemented SWAT2005 in a large tile drained
watershed in north central lowa, and found that the new function significantly improved the water
balance and runoff simulation. Simulation of the highly tile-drained Walnut Creek watershed
with the modified SWAT model improved monthly nitrate-N loads compared with the version
without the new function (Du. et al., 2006).

The objective of this study is to simulate nitrate loads through tile drains in a heavily tile drained
watershed, Sugar Creek watershed in Indiana, and compare it with nitrate loads through other
flowpaths including surface runoff, lateral flow, and groundwater. Estimating the watershed-scale
potential of conservation practices that reduce nitrate loads from tile drains, such as drainage
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water management (Evans et al., 1995, Frankenberger et al., 2006) or bioreactors (Greenan et al.,
2006) requires an estimate of the nitrate contribution of tile drains at similar watershed scales.

Material and methods

The Sugar Creek Watershed

Sugar Creek drains a 242 km? agricultural (70%) watershed in the White River basin in central
Indiana (Figure 1). The soils in the watershed are poorly drained and nearly level, and tile drain
systems have been installed on most cropped fields where natural drainage is inadequate for high
yields. The average annual precipitation in the Sugar Creek watershed is around 1000 mm, which
is evenly distributed throughout the year. There are no major wastewater or industrial permitted
facilities in the watershed.

Madison

Henry

Figure 1. Location of the Sugar Creek Watershed in central Indiana

Flow and nitrate data from the United States Geological Survey (USGS, 2007) were used in this
study. Pesticide data available at the same site were previously used by Neitsch et al. (2002).
Nitrate concentrations were sampled bi-weekly or monthly, and in this study a total of 253 nitrate
samples were used over the period of more than 11 years (05/07/1992 to 9/19/2003). For days
without nitrate concentration measurements the nearest concentration value was used to calculate
daily nitrate-N loads. Monthly nitrate-N loads were calculated by summarizing the daily nitrate-N
loads. Flow and nitrate data from 05/1992 to 09/1997 were used for calibration, and 10/1997 to
9/2003 were used for validation. SWAT model inputs, including weather, soil, land use, HRU
definition, and agricultural management inputs are described in Sui, 2007.

Nitrogen-related parameters and sensitivity

The initial soil values related to nitrate including SOL_NO3, SOL_ORGN, and RSDIN were
established by simulating the model for two years before the start of the calibration period. The
sensitivities of other nitrogen parameters were assessed by evaluating the change in average
monthly nitrate-N loads resulting from varying the parameters within bounds used by previous
researchers (Santhi et al., 2001, Saleh, et al., 2004, Vandenberghe et al., 2001). The most
sensitive parameters controlling the transformation of nitrogen in different pools were CMN and
SDNCO. NPERCO, the parameter controlling the distribution of nitrogen in different layers, also
played an important role. Other controlling parameters include the benthic source rate for NH4-N
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(RS3), rate coefficient for organic N settling (RS4), rate constant for biological oxidation from
NH, to NO, and NO, to NO3; (BC1 and BC2) and rate constant for hydrolysis of organic N to
NH,4 (BC3). The sensitivity analysis showed that the rate constant for biological oxidation of NH,4
to NO, (BC1) had the greatest effect on nitrate among the in-stream nitrate controlling
parameters.

Calculation of nitrate from tile drains

Tile drains were assumed to be present in all corn/soybean HRUs for which the soil drainage
class was somewhat poorly, poorly, or very poorly drained, based on common practice in Indiana
(Franzmeier et al., 2001). The depth of the tile drain from the top of the soil surface (DDRAIN)
was set as 1000 mm, and the time to drain the soil profile to field capacity (TDRAIN) was 24
hours. The time it takes for water to enter the channel network after entering the tiles (GDRAIN)
was 48 hours, following Neitsch et al. (2002).

In order to be able to quantify nitrate loss from tile drains, the SWAT model source code was
modified to output nitrate from tile drains in the watershed along with the other flowpaths in the
output.std file. The assumption was made that nitrate concentration in the tile flow is the same as
the nitrate concentration in the soil layer where the tiles are put in. Nitrate load through tile drains
was calculated by multiplying the nitrate concentration in the tile by the tile flow volume for each
HRU, and then summarizing across the watershed. Additional information included the layer
number where tiles were put in, the nitrate concentration in each layer and the volume of tile flow
for each HRU were plotted in a new file.

Calibration

With the new tile drainage function in SWAT2005, the model is very sensitive to the depth of the
impermeable layer in the tile-drained fields. The default value is 6000 mm, and 2000 mm was
selected to best fit the stream observation data. The importance of this depth results not only from
its role in controlling the volume above it, but also because in the current implementation of
SWAT2005 the depth value also controls the extent to which the layer is impermeable (J. Arnold,
personal communication). The runoff curve number for moisture condition 11 (CN2), was lowered
by 7, Manning’s “n” value for the main channel (CH_N) was changed to 0.009, and the soil
evaporation compensation factor (ESCO) was changed to 0.90. Three parameters related to the
Muskingum routing method for stream flow, the calibration coefficient used to control impact of
the storage time constant for normal flow (MSK_CO1), low flow (MSK_C0?2), and the weighting
factor controlling the relative importance of inflow rate and outflow rate in determining water
storage in the reach (MSK _X), were based on Neitsch et al. (2002).

For nitrate calibration, the threshold value of nutrient cycling water factor for denitrification to
occur (SDNCO) was set to 0.9 rather than the default value of 1.1 in the source code, because
without this change no denitrification occurred. The nitrate percolation coefficient (NPERCO)
was 0.01, the rate coefficient for mineralization of the humus active organic nutrients (CMN) was
0.019, and the in-stream nitrate oxidation parameter (BC1) was changed to 0.95.

Results and Discussion

Streamflow and Nitrate Load Predictions

Predicted average monthly flow rates showed a close relationship to the observed in the
calibration period (R? = 0.96) and the validation period (R?=0.95; Figure 2). The Nash-Sutcliffe
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coefficient, 0.90 in the calibration period and 0.81 in the validation period, showed that the
observed and simulated were close to the 1:1 line.

Monthly nitrate-N load predictions were also strong, with Nash-Sutcliffe efficiencies of 0.61 in
the calibration period and 0.63 in the validation period (Figure 2) easily exceeding the often-
recommended minimum of 0.5 (i.e., Santhi et al., 2001). The R? value was 0.80 (calibration) and
0.81 (validation), which shows that the simulated monthly nitrate-N loads followed the observed
values very well. The fact that the monthly nitrate-N loads were close to the observed values in
the validation period suggests the processes are well represented.
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Figure 2: Observed and simulated (a) average monthly flow rate and (b) monthly nitrate-N load during the
validation period, 1997-2003. (Calibration period not shown.)

Nitrate from the tile drains

The nitrate concentration in the four soil layers for a representative corn/soybean rotation HRU is
shown in Figure 3 for one year. The nitrate concentration varied widely in Layer 1, the top 10 mm
of soil. In Layer 2, the nitrate concentration was more stable. Layer 3 reached a depth of 1240
mm, and the nitrate concentration in this layer was assumed to be that in the tile drains. Nitrate
concentrations averaged 3.2 mg/l when the tile drains were flowing, which is lower than the
typical nitrate concentration in tiles in Indiana (e.g., Kladivko et al., 2004). Further study is
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needed to refine nitrate concentration estimates in each soil layer. Layer 4, located just above the

impermeable layer, had a higher nitrate concentration.

The objective of this study was to estimate the nitrate input to Sugar Creek through tile drains in
comparison with nitrate inputs through the other flow paths (surface flow, percolation and lateral

flow). Based on the simulation described here, the median percentage ranged from 0% to 65%

over the 12 months, with more than 40% of the nitrate input estimated to flow through tile drains
in April, May and June (Figure 4). These estimates do not take into account the in-stream

processes that can modify the nitrate concentrations prior to reaching the watershed outlet.

Further research is also needed to explore the effect on the relative importance of tile drains and

other flowpaths resulting from changing the depth to the impermeable layer. Because of its
function in controlling deep percolation, this parameter has a critical role in influencing the

estimated nitrate loss through tile drains.
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Figure 3. Nitrate-N concentration in the four soil layers and tile flow volume for a typical row crop HRU in

one year
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Summary and Conclusion

SWAT?2005, with modified tile drain components, was used to study nitrate loss through tile
drains in a heavily tile drained watershed in Indiana. Parameters controlling the nitrogen cycle
were evaluated, and the model was found to be the most sensitive to CMN, SDNCO, NPERCO,
and BC1 in the Sugar Creek watershed. Nash-Sutcliffe Efficiency values of the simulated
monthly flows were 0.81 to 0.90, and for nitrate-N loads were 0.61 to 0.63. The source code was
modified to output nitrate-N from tile drains, assuming that nitrate-N concentration in tile drains
is the same as the mobile soil water in the layer in which the drains are located. The estimated
median percentage of monthly nitrate input to Sugar Creek that came from tile drains ranged from
0% to 65% over the 12 months, and was more than 40% from April to June. These results could
be used as a first step in assessing the potential of reduction in nitrate entering Sugar Creek that
can be expected from implementation of conservation practices that reduce nitrate loss from tile
drains, such as drainage water management, bioreactors, or wetlands at drainage outlets. The
effectiveness of such practices is usually determined as a percentage of the nitrate from the
drains, so estimates of the watershed nitrate load originating from tile drains will help in assessing
overall nitrate reduction potential.
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Abstract

A prerequisite in the application of eco-hydrological models in the investigation of
landuse and climate change is that controlling features in the catchment under study are
well captured by the models. If the original model structure is not able to represent the
dominant processes either the structure needs to be changed or a different model
selected. We applied three different model structures of SWAT (original SWAT, SWAT-G
and a new distributed version of SWAT-G) to the mesoscale catchment of the Wetter,
Germany. SWAT-G was recently developed to improve model predictions for
catchments that are mainly characterized by lateral flow components. The distributed
version of SWAT-G now takes into account the various characteristics of sub-
catchments, as it distinguishes between sub-catchments with either a dominance in
lateral or base flow. All models were applied under a Monte Carlo framework to also
investigate their parameter uncertainty. The analysis showed that the distributed version
of SWAT-G provided the best results of all three structures compared to measured
discharge, thereby reflecting the dominating hydrological processes and the expert's
understanding of the catchment.

Keywords: lateral flow, Monte Carlo framework, parameter uncertainty

Introduction

Physically based, distributed models are often used to investigate the impacts of land use
change or climate change on water resources and matter fluxes. A fundamental, though
difficult to establish, feature of these models is that the processes in the catchment are
well represented by the algorithms in the model. In some cases, the original model
structure is not able to represent the dominating process in the catchment. Hence, the
model structure needs to be revised and adapted to the catchment. State-of-the-art
directions in watershed modeling follow a modularized approach, where various
processes are switched on and off depending on the spatial characteristics of the
watershed. The decision which module (respectively process) is used in a watershed can
be made either on the basis of hard data and calibration, but mostly it depends on the
expert’s knowledge of the area and respectively on his or her perceptual model (Beven,
2001). One of the challenges of distributed modeling in large catchments is that the
landscape and process heterogeneity commonly increase with increasing catchment size,
so that an increased number of individual runoff processes may need to be captured.
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In a first attempt to simulate the hydrological processes of the heterogeneous Wetter
catchment, Germany, we applied the SWAT model. However, even the use of
sophisticated automatic calibration routines did not result in satisfactory results. It could
be shown, that this was mainly due to an incomplete description of run off generating
processes in several parts of the catchments. The model failed to reflect the lateral flow
conditions in those parts of the catchment that are characterized by shallow rocky
aquifers. Applying SWAT-G (Eckhardt et al., 2002) a model version that explicitly
considers anisotropy and thereby lateral flow processes for defined soil types did not
really increase the models credibility as the available soil information did not allow for a
detailed analysis of where exactly anisotropy occurs. Without refining the model
structure we did not assume that a satisfactory process description of the dominant
hydrological processes was achievable. Hence, the aim of this study was to implement a
robust and simple approach that reflects the expert’s understanding of the spatial
distribution of dominant hydrological processes, here lateral flow dominance in the low
mountainous parts of the catchment and base flow dominance in the flat regions.

Study Area

The model experiment was conducted in the 514 km? Wetter catchment,
Germany. The landscape of this catchment is rather patchy but can be
generally divided into two major sections. One part is characterized by
a low mountain range with shallow soils over bedrock and steep slopes.
This part consists mainly of the western catchment of the Usa (184 km?).
The second part towards the east is represented by deep, loess-born soils
with shallow slopes and the characteristics of a low land. Both landscape
elements are dominated by different runoff generation processes. In the
low mountainous part lateral subsurface stormflow appears to be the
dominant runoff generation process (Figurel, process type 1) whereas in
the lowland part infiltration to groundwater aquifers and baseflow
contribute mainly to runoff (Figure 1, process type I1). The catchment is
covered by 40% cropland, around 15% pasture, 34 % mixed forest and
11% urban respectively residential area, determined from ATKIS-Data
from Hesse. Soil data were derived from the digital Hesse soil map
1:50000 (HLUG, 2002). The Catchment was divided into 33 subbasins
and 585 HRUEs.
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Figure 1. The Wetter catchment with its subcatchments and the dominating runoff
generation processes subsurface stormflow (I) and baseflow (II)

Refining the model structure

Eckhardt et al. (2002) showed that the original SWAT structure (Arnold et al. 1998) was
not able to capture the above mentioned runoff generation processes in a low mountain
range. This led to the modification called SWAT-G, where the concept of anisotropy
(Kleber, 1998) was implemented for certain soil types. Anisotropy differs between
vertical and horizontal saturated hydraulic conductivity to account for the strong
tendency for lateral flow which is typical for many low mountainous regions.

As in our case study, a disadvantage of the SWAT-G concept is that anisotropy is defined
through soil type. In many instances soil digital information are limited, or, soil types
across different topographical locations and geological parent material are summarized
under the same soil type for the ease of simplification (e.g. “cambisols” in croplands of
the Wetter low land and on pasture in the hilly mountainous areas). In both cases the
necessary detail to describe the spatially distributed occurrence of anisotropy by soil type
is not possible.

Hence, we changed the SWAT-G model structure. In the new concept, the decision of the
occurrence of anisotropy is made on the subbasin-level. Both model structures, original
SWAT and SWAT-G are now applied in a single SWAT run. As can be seen in Figure 1
there are catchments where the original SWAT approach is used and subcatchments
where SWAT-G is switched on. To accomplish this, we changed the model code and
introduced a new parameter in the *.sub-files, that defines the presence or absence of
anisotropic flows.
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In case of the Wetter catchment the decision to include or exclude anisotropic flows was
made on the basis of the DEM, mapped soil depths, as well as expert’s knowledge. Steep

slopes and shallow soils, which can be identified from these data, promote the

development of lateral subsurface flows. In this case, these regions were chosen for the
SWAT-G approach, otherwise the original SWAT approach was used.

Model calibration

All three model structures of SWAT were calibrated for a period of 3 years, by using the
first year as warm-up period. For all SWAT-Runs the Hargreaves evapotranspiration
scheme was implemented. During the calibration process, 25 parameters for the original
SWAT model and 26 parameters (including an anisotropy parameter) for the SWAT-G
and the distributed version of SWAT-G were changed within the parameters boundaries

shown in Table 1. We used a Monte Carlo Framework for randomly drawing the

parameter values from a uniform distribution. Approximately 7,500 runs for each model
structure were developed, from which we compared the most highly efficient between

model structures. These results provide significant insights into the three model

structures, and their ability to capture measured dynamics The highest Nash-Sutcliffe-
Efficiency (NSE) for the new structure was 0.65, for the SWAT-G structure 0.52 and for
the original SWAT-structure it was 0.42 (Table 1). These results are consistent with our

conceptual understanding of catchment dynamics, and suggest that the combined
structure is more appropriate for the Wetter catchment.

Table 13. Upper and lower bounds of the parameter set used in the Monte Carlo framework.

model parameter lower upper bound
bound
Snowfall temperature (SFTMP) -1 2
Snow melt base temperature (SMTMP) -1 2
Melt factor for snow on June 21 (SMFMX) 4 7
Melt factor for snow on Dec 21 (SMFMN) 1.4 4
Snow pack temperature lag factor (TIMP) 0.01 1
Surface runoff lag time (SURLAG) 1 4
Manning‘s n value for main channel 0.014 0.3
Baseflow alpha factor (ALPHA_BF) 0.01 0.07
Groundwater delay (GW_DELAY) 1 25
Groundwater ,,revap“ coefficient (GW_REVAP) 0.3 0.5
Deep aquifer percolation fraction (RCHRG_DP) 0.01 0.8
Lateral flow travel time (LAT_TIME) 1 4
Manning‘s ,,n“ value for overland flow (OV_N) 0.2 0.5
Bulk density ( SOL_BD) 1 1.4
Available water content (SOL_AWC) 0.1 0.7
Saturated hydraulic conductivity (SOL_K) 10 250
Anisotropy factor (ANISO) 2 10
Albedo for landuse pasture (SOLALB) 0.2 0.3
Albedo for landuse mixed forest (SOLALB) 0.1 0.17
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Albedo for landuse urban (SOLALB) 0.2
Maximum canopy storage for landuse pasture (CANMX) 2
Maximum canopy storage for landuse mixed forest 4
(CANMX)

Maximum canopy storage for landuse urban (CANMX) 0.01
Curve number, general for landuse pasture (CN2) 45
Curve number, general for landuse mixed forest (CN2) 38
Curve number, general for landuse urban (CN2) 85

0.3

30

0.12
60
60
98

Model verification

To show the different behavior of all three model structures we sorted the model runs by
NSE beginning from highest descending to lowest and plotted them against the number

of runs (Figure 2). The new distributed version of SWAT-G has reached the highest
efficiency and the most behavioral model runs. If you consider zero as a threshold

between acceptable and unacceptable model runs, one can see that the new structure was

able to produce a large set of acceptable model runs as compared to the other model

structures. We therefore conclude, that the new model structure is superior in capturing

the main run-off generating process in the region.
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Figure 2. Number of model runs with a Nash-Sutcliffe-Efficiency >0 for SWAT,

SWAT-G and the distributed version of SWAT-G
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A more detailed analysis of the parameter distribution and the underlying parameter
uncertainty for the three selected model structures is depicted in Figure 3, where scatter
plots of four parameters impacting baseflow and subsurface stormflow are plotted against
the NSE. A threshold criteria of 0.3 for NSE was selected as a (subjective) criteria for
acceptable model performance. As can be seen, the distributed version of SWAT-G
outperformed both other model structures across the original range of acceptable
parameter values. Anisotropy (figure 3d) and the baseflow (figure 3c) factor are not well-
constrained, but rather scattered within the boundaries of the parameter space. This
indicates that there are not well defined parameter values given the current model
structure. For the available water (figure 3a) content a drop of NSE in the center of the
parameter space appears for the distributed version of SWAT-G. This apparent
bimodality indicates that local preferable parameter spaces exists for the two different
runoff generation processes | and Il with values around 0.1-0.2 and 0.5-0.7, respectively.
However, the mechanisms behind this behavior remain unclear and a more detailed
analysis is needed for a more complete explanation. If valid, a distributed value for AWC
might further improve the model structure. The only confined parameter from the
selected four is saturated conductivity that tends to give better simulations for values
>160 mm for both SWAT-G model structures.
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Figure 5. available water capacity (a), saturated hydraulic
conductivity (b), baseflow factor alpha (c), anisotropy factor (d)
plotted against Nash-Sutcliffe efficiency
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As one can see in Figure 4 from all structures the distributed SWAT-G-model could
represent the highflow and peak events best. These events are extremely affected by the
confluence of the Usa, with the dominating runoff process type I (Figure 1). This
subcatchment reacts quickly to rainstorm events because of its typical shallow soils
overlaying hardrock. Here, infiltration to recharge the groundwater aquifers is limited, so
lateral subsurface stormflow is the main runoff generation process.

30.00
distributed SWAT-G |
SWAT-G

—— —SWAT

q_obs

25.00

20.00

w
az 15.00

10.00

5.00 | “\ .

0.00 lh”ll"i " A ‘\‘ N ) LUV

1187 1114197 2007187 2811087 5/2/98 16/5/98 24/8/98 21298

s = ==

SR——

Figure 4. Measured and modeled daily discharge for three SWAT-
structures (original SWAT, SWAT-G, and a distributed version of
SWAT-G) in the Wetter catchment

What can also be depicted in Figure 4 is, that all selected model structures fail to
represent the baseflow periods. This can be partly explained by the selection of NSE as
the objective function in the Monte Carlo framework, as it puts the weight on peak events
rather than baseflow conditions. Following a multi-objective approach considering also
for example logarithmized discharge to account for low flow conditions within the Monte
Carlo framework might improve this.

Though we want to point out that this modeling experiment was first of all aiming at a
better spatial distribution of rainfall generating processes in the course of model
application and therefore focused on peak discharges. Future work will focus on an
improved description of the recession of the hydrographs. One should also be aware that
many of parameters used in this Monte Carlo framework did not show a clear confined
pattern. This points to a general high equifinality (Beven, 2001) for all the model
structures investigated in this study.
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ABSTRACT

The variable source area concept of surface runoff generation is applicable in many catchments
in southern Australia, where the widespread presence of duplex soils leads to the development of
an ephemeral, perched water table. The intersection of the perched water table with the ground
surface leads to saturation excess runoff being produced. The Soil and Water Assessment Tool
(SWAT) computes surface runoff using the SCS curve number method which does not account
for saturation excess runoff generated from variable source areas. To overcome this limitation,
the kinematic storage model, which is embedded in SWAT to simulate subsurface flow, was
extended to also simulate saturation excess runoff. This paper describes the extension of the
kinematic storage model in SWAT to simulate saturation excess runoff. Results from the
application of the modified model, referred to as SWAT-KSM, to a catchment in southern
Australia are reported.

INTRODUCTION

The generation of surface runoff in many catchments across the world cannot be explained
adequately by infiltration excess runoff because the infiltration capacity of the top layer of soil is
usually much greater than the peak rainfall intensity of most flood-producing events. Research
has shown that the variable source area concept is a suitable mechanism to explain the
generation of surface runoff in a number of catchments located in different regions (Dunne,
1983). Variable source areas refer to the saturated portions of a catchment. Rain that falls
directly onto variable source areas is readily transformed into surface runoff. Runoff produced by
this process is commonly referred to as saturation excess runoff. The temporal and spatial extent
of variable source areas is dynamic because they expand and contract on a seasonal basis as
well as during storm events.

The variable source area concept of surface runoff generation is particularly relevant to a
significant proportion of temperate and semi-arid Australian catchments where the presence of
duplex soils leads to the development of an ephemeral, perched water table at shallow depth
(Raper and Kuczera, 1991). Duplex soils consist of a thin layer of permeable soil (A horizon)
overlying a relatively impermeable layer of soil at a shallow depth (B horizon). Duplex is a term
that is widely used in Australia to describe soils which have an abrupt textural contrast between
the A and B horizons. Soils that are characterized by a strong texture contrast between surface
and subsurface horizons are found in other regions of the world (Chittleborough, 1992) but they
are referred to by different terminology. The lack of vertical capacity in the B horizon of duplex
soils causes water to pond above the boundary between the A and B horizons, which leads to
waterlogging and the development of an ephemeral, perched water table (Cox and McFarlane,
1995). The intersection of the perched water table with the ground surface gives rise to the
formation of variable source areas, from which saturation excess runoff is produced.

Given the prevalence of duplex soils in catchments across much of southern Australia, it is
imperative that hydrologic models be able to account for the development of a perched water
table and the role it plays in the generation of surface runoff when applied in this region. Models
that account for runoff generated from variable sources areas are needed to ensure that the
hydrologic response of a catchment is predicted accurately and to provide a rational interpretation
of the origin and movement of nonpoint source pollution within a catchment (Ormsbee and Khan,

UNESCO-IHE 163
Delft, The Netherlands



4th International SWAT Conference

1989; Endreny and Wood, 1999). SWAT uses the SCS curve number method (USDA-SCS,
1972) to compute surface runoff. The curve number method is an empirical formulation that is
unable to distinguish between infiltration excess runoff and saturation excess runoff (Endreny and
Wood, 1999). The volume of runoff determined by the curve number method is assumed to be
generated uniformly over the entire extent of the catchment area (Gburek et al., 2002) which is
not consistent with the variable source area concept of runoff generation.

Despite a long-standing recognition of the importance of simulating saturation excess runoff in
hydrologic models, relatively few methods have been developed to date that allow saturation
excess runoff to be predicted in a simple and practical manner (Lyon et al., 2004). One
hydrologic model developed in Australia to specifically account for the development of an
ephemeral, perched water table in duplex soils is CATPRO (Raper and Kuczera, 1991).
CATPRO conceptualizes the top hillslope layer as a narrow inclined cuboid, in which the phreatic
surface of the perched water table is assumed to be flat (Kuczera and Mroczkowski, 1998). The
intersection of the water table with the ground surface leads to the formation of a saturated
length. Rain that falls directly onto the saturated length is transformed into surface runoff, while
the remaining rain is assumed to infiltrate into the soil profile without any losses. Mroczkowski et
al. (1996) reported that the hillslope conceptualization of CATPRO is in fact a generalization of
the kinematic storage model.

The kinematic storage model is already embedded in SWAT to simulate subsurface flow. The
kinematic storage model was originally developed by Sloan et al. (1983) to predict subsurface
flow. However, they acknowledged that the original formulation "does not allow for surface runoff
where the saturated zone reaches the surface." They went on to report that "surface runoff is
easily accounted for in this model" and subsequently modified the model to account for saturation
excess runoff. Extending the kinematic storage model in SWAT was regarded as a simple yet
effective approach that would enable saturation excess runoff to be simulated in a manner that
was consistent with the variable source area concept.

EXTENSION OF KINEMATIC STORAGE MODEL IN SWAT

Although the kinematic storage model has been incorporated into a number of hydrologic models,
it is only used for the purpose of simulating subsurface flow. The one exception is the study of
Ormsbee and Khan (1989), in which they embedded the kinematic storage model into HEC-1
(U.S. Army Corps of Engineers, 1985) to simulate both subsurface flow and saturation excess
runoff.

The kinematic storage model is based on the mass continuity equation with the entire hillslope
segment being the control volume. The idealized hillslope segment, represented as a rectangular
storage element, has a permeable soil layer of constant depth D and an impermeable layer below
of length L. The hillslope segment is oriented at an angle « to the horizontal. According to the
kinematic wave assumption, the hydraulic gradient is assumed to be equal to the bed slope
(Figure 1).

(a) (b)
RS

Figure 1. The kinematic storage model: (a) without saturation excess runoff (Sloan and Moore,
1984); and (b) with saturation excess runoff (Ormsbee and Khan, 1989).

e
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The mass continuity equation for the saturated storage element may be expressed in mixed finite
form as:

Sz _Sl :iL_(Q1+Q2)
t, -t 2
1)
where S is the drainable volume of water stored in the saturated zone per unit width (mm?), t is
time (d), i is the vertical input rate to the saturated zone (mm/d), L is the hillslope length (mm), g
is the discharge from the profile per unit width (mm?/d) and the subscripts 1 and 2 denote the

beginning and end of the time step respectively. The drainable volume of water stored in the
saturated zone of the hillslope is found by:

_H6,L
2
)

where H, is the depth of the water table at the outlet (mm) and &, is the drainable porosity of the
soil (mm/mm). The discharge at the outlet is given by Darcy’s Law:

S

q=H,

3)
where v is the velocity of flow at the outlet (mm/d). The velocity is defined as:
v=K_,sin(a)

4)

where Ky is the saturated hydraulic conductivity (mm/d). Substituting equations 2 and 3 into
equation 1 allows the water table depth at the outlet at the end of the time step to be expressed
explicitly as:
H,, (LG, —VAt)+ 2LiAt

L&, + VAt

H02 =

(5)

Sloan and Moore (1984) showed that when the water table intersects the ground surface,
equations 2 and 3 become:

g _Doi(L+L,)
2
(6)
q=iL, + Dv
(7)

where L is the saturated slope length (mm) and D is the depth of the soil layer (mm). By
substituting equations 6 and 7 into equation 1, the saturated slope length at the end of the time
step can be determined explicitly:
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L L,(D6, /At —i)+ 2iL—2Dv
” DO, /At +i

(8)

Once the saturated slope length is known, the discharge can be calculated via equation 7. Rain
that falls directly onto the saturated slope length is transformed into surface runoff.

A complete description of the kinematic storage model can be found in Sloan et al. (1983) and
Ormsbee and Khan (1989). These references provide a full account of the saturated and
unsaturated zones of the storage element as well as the extended model in which saturation
excess runoff is considered. The modified version of SWAT is referred to as SWAT-KSM in this
paper. It is important to point out that the original version of SWAT automatically adds a 10 mm
soil layer to the top of the soil profile. This is because SWAT assumes that surface runoff
interacts with the top 10 mm of soil and that nutrients contained in this layer are available for
transport to the main channel in surface runoff. However, this feature had to be deactivated in
SWAT-KSM. Allowing the model to set this very thin soil layer as the top layer of the soil profile
would lead to unrealistic values being calculated for the saturated slope length. The removal of
the 10 mm layer of soil affects the simulation of nutrient transport and therefore the model cannot
be used for this purpose until further modifications are carried out.

To account for the saturated region in the vicinity of the stream owing to groundwater flow from
aquifers, Kuczera et al. (1993) incorporated a parameter, wetfrac, into CATPRO to represent the
permanently saturated hillslope fraction. wetfrac has been incorporated into SWAT-KSM for the
same purpose. The value of wetfrac is multiplied by L and then added to L. wetfrac is assumed
to be constant over the entire year.

STUDY AREA

The Woady Yaloak River catchment is located in southern Australia. Streamflow is measured at
two locations along the river: Pitfield (306 kmz) and Cressy (1157 kmz). The majority of land is
used for agriculture with grazing livestock (beef cattle, sheep and prime lambs) and cereal crops
(wheat, barely and oats) being the main commodities. Soils throughout the catchment are
predominantly duplex. The climate of the region is distinctly Mediterranean, which is
characterized by cold, wet winters and hot, dry summers. The mean annual rainfall decreases
from 700 mm in the north of the catchment to 550 mm at the catchment outlet. The Woady
Yaloak River catchment is a low-yielding catchment with ephemeral streams. The mean annual
observed runoff at the Pitfield and Cressy gauging stations is 52.4 and 42.3 mm, respectively.

MODEL PERFORMANCE

SWAT-KSM was calibrated and validated for the periods 1978-1989 and 1990-2001, respectively.
A long evaluation period was utilized in this study to determine whether the model was capable of
capturing the dynamics of the long-term water balance of the Woady Yaloak River catchment.
Adopting a short evaluation period would not test the model for the range of climatic conditions
that the catchment is subject to over longer periods of time. The performance of the model for
predicting runoff was assessed using the deviation of runoff volumes (Dy) and the coefficient of
efficiency (E). The coefficient of efficiency was computed at annual, monthly and daily time
scales. In addition, a visual comparison of the observed and predicted hydrographs at annual,
monthly and daily time scales was performed.

RESULTS

Presented in Table 1 is the total observed and predicted runoff for the calibration and validation
periods at Pitfield and Cressy. Also presented in Table 1 is the deviation of runoff volumes. It
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can be observed that the deviation of runoff volumes was less than 7% for the calibration and
validation periods at both gauging stations. The validation period was considerably drier than the
calibration period. This provides a stern test of model performance because when the model is
independently tested using the data from the validation period, it is forced to extrapolate beyond
the range of conditions encountered during the calibration period (Kuczera et al., 1993). Despite
significantly less runoff being generated during the validation period, SWAT-KSM still managed to
successfully reproduce the total runoff for this simulation period. This result indicates that SWAT-
KSM was able to reproduce the total runoff for the Woady Yaloak River catchment reliably.

Table 1. Total observed and predicted runoff and deviation of runoff volumes (D).

Gauging Simulation Observed Predicted Dy
station period (mm) (mm) (%)
Pitfield Calibration 588.0 586.1 -0.3
Validation 478.2 449.0 -6.1
Cressy Calibration 475.3 487.8 2.6
Validation 347.8 327.2 -5.9

The observed and predicted annual runoff is presented in Figures 2 and 3. It can be observed
that SWAT-KSM reproduced the annual runoff at Pitfield and Cressy very well. It is apparent
from the results presented in Figures 2 and 3 that there was considerable variability in the annual
runoff at both gauging stations over the entire evaluation period. Despite the large fluctuations
that occurred on an annual basis, SWAT-KSM managed to capture much of the variability at this
time scale.
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Figure 2. Observed and predicted annual runoff at Pitfield.
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Figure 3. Observed and predicted annual runoff at Cressy.

The observed and predicted monthly runoff is presented in Figures 4 and 5. It can be observed
that the monthly runoff fluctuated significantly at both gauging stations. The hydrographs on a
monthly time step were characterised by sustained periods of low flow during summer and
autumn and large quantities of runoff being generated in winter and spring for most years. The
results indicate that the agreement between the observed and predicted monthly runoff at Pitfield
and Cressy was very good. SWAT-KSM reproduced the strong seasonal variation in monthly
runoff very well, although it did have a tendency to underestimate high monthly flows.
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Figure 4. Observed and predicted monthly runoff at Pitfield.
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Figure 5. Observed and predicted monthly runoff at Cressy.

Due to space limitations, it is not feasible to present all the daily hydrographs in the main text
below. Therefore, daily hydrographs for two years are presented for discussion. The results on a
daily time step were mixed. The prediction of daily runoff for some years was relatively good while
for other years the results were considerably poorer. To provide as much of an unbiased view as
possible, years for which good and poor results were achieved are provided below. The
observed and predicted daily runoff at Pitfield for 1993 is presented in Figure 6a while the
observed and predicted daily runoff at Cressy for 1985 is presented in Figure 6b. The prediction
of daily runoff by SWAT-KSM at Pitfield for 1993 was relatively good. However, it is evident that
the daily runoff at Cressy for 1985 was not reproduced with the same degree of accuracy. The
prediction of daily runoff at both gauging stations was found to be satisfactory overall, although
the model clearly performed better for some years than others. SWAT-KSM had a tendency to
underestimate peak flows for a number of years. This can be clearly seen in Figure 6b.
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Figure 6. Observed and predicted daily runoff at (a) Pitfield for 1993; and (b) Cressy for 1985.

Presented in Table 2 are the coefficients of efficiency (E) achieved by SWAT-KSM for the
prediction of runoff at annual, monthly and daily time scales. The performance of the model for
predicting annual runoff at Cressy was excellent with the coefficients of efficiency for the
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calibration and validation periods being 0.90 and 0.92, respectively. The annual coefficient of
efficiency at Pitfield for the calibration period was 0.77. For the validation period, this value
increased to 0.92. The monthly coefficients of efficiency ranged from 0.77 to 0.85 at both
gauging stations. These values indicate that the performance of the model for predicting monthly
runoff was very good. The daily coefficients of efficiency varied between 0.45 and 0.56, which
indicates that the performance of SWAT-KSM for predicting runoff on a daily time step at both
gauging stations was satisfactory.

Table 2. Coefficients of efficiency (E) at Pitfield and Cressy.

Gauging Simulation E
station period Annual Monthly Daily
Pitfield Calibration 0.77 0.77 0.54
Validation 0.92 0.78 0.45
Cressy Calibration 0.90 0.85 0.56
Validation 0.92 0.84 0.46
DISCUSSION

The performance of SWAT for predicting annual and monthly runoff at Pitfield and Cressy was
very good. The prediction of daily runoff at both gauging stations was found to be satisfactory
overall, although the model clearly performed better for some years than others. It is important to
point out that SWAT was developed to predict long-term yields and not detailed, single-event
flood routing (Arnold and Williams, 1995). Model users are usually more interested in monthly
runoff predictions instead of daily runoff predictions for the analysis of catchment water yield
(Boughton, 2005). Therefore, it is not considered critical that the model reproduce the exact
structure of the daily hydrographs as would be required in event-based modelling (Arnold and
Williams, 1995). Motovilov et al. (1999) reported that according to common practice the
performance of a hydrologic model is considered good for values greater than 0.75 and
satisfactory for values between 0.75 and 0.36. Given that the daily coefficients of efficiency
ranged from 0.45 to 0.56 in this application of SWAT-KSM, the performance of the model for
predicting daily runoff was deemed to be sufficient.

In general, SWAT did not reproduce the peak flows very well at either gauging station. There a
several reasons for this. Firstly, the underestimation of certain peak flows can be partly attributed
to the amount of rain falling on the catchment at the time of these events being underestimated
due to the poor coverage of rainfall stations across the study area. Secondly, it is likely that some
peak flows were underestimated because the saturated portion of the catchment was too small
for enough rainfall to be transformed to surface runoff. That is, the perched water table had not
produced a saturated length that was sufficiently long for enough rainfall to be transformed to
surface runoff. This problem could be overcome by changing the parameters that have the most
influence on the soil water content of the A horizon including the soil depth, hillslope length,
available water capacity and bulk density. This option will be pursued in future work with the
model.

When analysing the predictive capabilities of SWAT-KSM for the study area, it is important to
keep in mind that it is a low-yielding catchment with ephemeral streams. It is well recognised that
there are inherent difficulties associated with the prediction of runoff from low-yielding
catchments. The relationship between rainfall and runoff in low-yielding catchments is highly
nonlinear unlike in high-yielding catchments where nonlinear processes do not manifest
themselves strongly in the streamflow observations (Ye et al., 1997). Furthermore, low-yielding
catchments undergo more complex and a wider range of hydrological processes than high-
yielding catchments (Gan et al., 1997). Taking this into consideration, the performance of SWAT-
KSM for predicting runoff at Pitfield and Cressy can be considered relatively good.

CONCLUSIONS
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SWAT is unable to account for saturation excess runoff generated from variable source areas
because it utilizes the SCS curve number method to compute surface runoff. Extension of the
kinematic storage model in SWAT provides a simple yet effective approach for simulating
saturation excess runoff that is consistent with the variable source area concept. The
performance of SWAT-KSM for predicting annual and monthly runoff was very good with the
model managing to capture much of the variability in runoff exhibited at these time scales. The
results for the prediction of daily runoff were satisfactory. Although the model had a tendency to
underestimate peak flows this was not deemed to be a critical problem. It is important to point out
that several factors had implications for the results achieved in this study including the reliance on
a low density of rainfall stations to calibrate the model and the study area being a low-yielding
catchment with ephemeral streams.

Overall, SWAT-KSM provided a relatively good description of the long-term water yield of the
Woady Yaloak River catchment. This indicates that the extended kinematic storage model can
provide an alternative approach to the curve number method for computing surface runoff in
SWAT. Since the surface runoff component of SWAT-KSM is consistent with the dominant runoff
generation mechanism observed in catchments dominated by duplex soils, unlike that of the
original version of SWAT which employs the curve number method, it may be regarded as a more
suitable model to utilise for predicting the impacts of future land use change on the water yield
and water quality for the study area. Sloan and Moore (1984) reported that the kinematic storage
model had sufficient features that would enable it to be incorporated into comprehensive
catchment models, which would then place these models on a more rational, physically correct
and less empirical footing. Replacement of the curve number method with the kinematic storage
model to calculate surface runoff removes some of the empiricism currently associated with
SWAT while at the same time lending greater physical basis to the model. Although SWAT-KSM
was developed principally for catchments in southern Australia that are dominated by duplex
soils, it can be applied to other catchments around the world where an impermeable soil layer
gives rise to a perched water table.
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Abstract

Pesticides are useful for agriculture because of their ability to protect crops
against damaging organisms. At the same time, excessive loading of pesticides in streams
and water bodies can produce toxic conditions that harm sensitive aquatic species, and
render the water unfit for human consumption. Therefore measures need to be designed,
evaluated and undertaken in order to reduce the pesticide pollution. In this study we focus
on the Nil catchment, a small basin situated in the centre of Belgium. For this catchment,
a SWAT model was available to predict the impact of several reduction measures. In
agricultural areas, pesticides can enter surface water as point losses or by diffuse
pollution. For point source pollution, adaptations needed to be done with regard to the
efficiency of applying pesticides directly on the field and the pesticide transport in rivers.
This source of pollution is easily controllable by taking precautions, and the effect of
reduced point losses was simulated by increasing the value of the application efficiency
parameter (apef). For diffuse source pollution, five management scenarios, namely
sowing of cover crops, contour farming, strip-cropping, conservation tillage and
construction of grassed buffer strips; were simulated and compared to the initial situation.
In order to simulate the first three practices, the model parameters Moisture Condition |1
Curve Number (CN2) and/or USLE support practice factor (USLE-P) were adapted. The
functioning of a buffer zone along the river was predicted by adding a part in the source
code describing sedimentation in the grassed strip, and by extending the processes in the
infiltration module. For user-friendly application of the infiltration processes, some
modifications are required with regard to the representation of the landscape in the
model. In order to simulate in-stream measures, a recommendation of several adaptations
is given for the pesticide routing module.

KEYWORDS: Management, pesticides, point losses, diffuse losses, river water quality,
modelling, SWAT
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Introduction

Agricultural water pollution is becoming a major concern not only in developed
regions such as the European Union (EU) but also in the developing countries. The
intensification of agricultural practices — in particular, the growing use of fertilisers and
pesticides, and the specialization and concentration of crop and livestock production —
has had an increasing impact on water quality. The main agricultural water pollutants are
nitrates, phosphorus and pesticides (Scheierling, 1995).

Pesticides are chemicals which are used to protect crops against damaging
organisms. As a result, farmers have always sought ways to reduce this damage, like by
using pesticides. Although pesticides are useful for society, they are a lot of problems
associated with their use. One problem which became evident in early years is that the
pests developed resistance to the chemicals; this in turn devastated crops. Another
problem was the effect of pesticides on non-target organisms, which were inadvertently
exposed through the food chain. As cause of this problem most modern pesticides are
much lesser persistent and do not accumulate in the food chain. The most widespread and
well known problem is the occurrence of pesticides in surface and groundwater, leading
to toxicity to aquatic organisms (Dressing et al., 2003).

Controlling water pollution from agricultural pesticide application is made
difficult by its particular nature. In most circumstances, pesticide pollution occurs over a
wide area, and its sources are diffuse and difficult to identify. Pollution control measures
must rely heavily on approaches that affect farmers’ land use and protection decisions
(Scheierling, 1995). These pollution prevention farming methods are known as Best
Management Practices (BMPs). The simplest way to limit pesticide pollution is to reduce
or eliminate pesticide use. This can be accomplished through guided pest control,
biological control and by means of an integrated approach. If pesticides should be used,
the most effective approach is to release lesser quantity of and/or lesser toxic pesticides in
the environment while handling and, second, to use practices that minimize the
movement of pesticides to surface waters (i.e. erosion control practices and drift reducing
measures).

Managing the use of pesticides needs however a better understanding of the
behaviour of the pesticides, its effects on the environment and the prediction of the
effectiviness of pesticide abatement measures. This can be achieved by computer
modelling. In this view, several studies have been conducted (e.g. Witchell, 2005). None
of the existing modelling tools foresees the processes that are involved in the study area,
the Nil Catchment, that is a small catchment where pesticides are applied directly on the
field. For this reason, the Soil and Water Assessment Tool had been chosen in this study
because it allows for the necessary adaptations.

Case study

The Nil catchment (Fig. 1) is a small and hilly basin situated in the central part of
Belgium, Southeast of the capital. The average elevation is 151 m a.s.l., with the highest
top reaching 167 m a.s.l. and the watershed outlet lying at 110 m a.s.l. The catchment
drains an area of 32 kmz, is 14 km long and has a retention time of about 1 day. Seven %
of the area is inhabited and the main crops grown are winter wheat (22% of the catchment
area), corn (15%) and sugar beet (10%). There are no drainpipes and no waste water
treatment plants situated in the catchment. Further, the basin is characterised by a low
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base flow which results from its specific geological structure. Highly permeable
Brusselian sands, showing hydraulic conductivities between 10-3 and 10-5 m s-1, lay
above a less permeable rock (Abdeslam, 1998). Hereby, an important part of the
groundwater of the catchment is drained to the adjacent river “Train’.

The Nil catchment was selected because it is a well documented basin, studied in
detail in terms of pesticide application by the Centre for Research in Animal Health and
Agro-chemistry (CODA) (Beernaerts et al., 2002). They performed inquiries during
springs of 1998 until 2002, in which they asked the farmers to give as detailed
information concerning the amount of pesticide they applied, the application dates, the
kinds of pesticides they utilized for their different crops and the treated surface. 42 % of
the farmers could give such kind of information (CODA, 2003). The use of pesticides by
the farmers leads unavoidably to water pollution of the river the Nil. To gain insight in
the occurrence of these pollutants in the different compartments of the river, the CODA
performed a monitoring campaign during this period. Two years later, the Flemish
Institute for Technological Research (VITO) performed more intensive measurements in
the Nil during spring i.e. the application period of pesticides. Further, detailed
information about the two monitoring campaigns can be found in Beernaerts et al. (2002)
and Holvoet et al. (2006). Several pesticides were measured in these two campaigns from
which the herbicide atrazine was chosen as study object. High concentrations of this
pesticide, applied on corn fields in the Nil catchment, could be found after rainfall events
due to runoff and even more important in the absence of rain due to drift and point losses.
The maximum concentration detected in the river during spring of 2004 was 40 pg/L.

0 1 2 3 Kilometers

Figure 1. Situation of the Nil-catchment and sub-basin delineation automated by means of a DEM.
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SWAT and the modifications

SWAT - the Soil and Water Assessment Tool- was developed by the USDA
Agricultural Research Service (ARS) (Arnold et al., 1998) to predict the impact of land
management practices on water, sediment and amount of chemicals originating from
agriculture, in large complex river basins with varying soils, land use and management
conditions over a long period of time. In order to simulate the pesticide processes in the
Nil catchment, the following modifications were done to the model codes.

Pollution to the river

Pesticide water pollution occurs when a water body is adversely affected due to
the addition of large amounts of pesticides to the water. They can be introduced into
aquatic environment as point sources or by diffuse pollution. Holvoet et al. (2005) made a
first distinction between direct (i.e. point losses and drift) and runoff losses. The runoff
losses are simulated by the original SWAT source codes whereas extensions have been
made for the point sources and drift, as occurring in the Nil catchment, and with the
consideration of buffer strips.
1) Point losses are caused by the cleaning of spray equipment on paved surfaces, the
leakage of tools, spills, etc. Although these losses can simply be reduced by proper
handling during pesticide use, they can contribute to 50-70% of the load of pesticides
found in Belgian rivers like the Nil. Careful pesticide handling (e.g. avoiding of spills)
and performing as many operations as possible on the field; are very effective pollution
prevention measures. The point sources are simulated by using the original equation for
application efficiency, with the change that the losses are now directed to the stream
while originally, they disappeared from the system.
(2) Spray drift is defined as liquid drops formed by spray nozzles, that are carried out
of the treated field by the wind; and there deposited. The calculation of these loadings
was based on the German drift database (Ganzelmeier et al., 1995), in accordance to the
recommendation of the FOCUS (FOrum for the Co-ordinaten of pesticide fate models
and their USe) Surface Water workgroup. Performing a simple linear regression to these
data, resulted in the following equation for arable cops:

%drift = Ax z®
where % drift is the percentage of drifted liquid on a certain distance z (m) from the latest
crop row; and A and B are respectively the constant and exponential regression factor,
dependent on the crop type and the growing stadium (De Schampheleire et al., 2005;
FOCUS, 2001; Ganzelmeier et al., 1995).

Buffer strips

A more physically-based concept was aimed for the simulation of the bufferstrips,
whereby a separation was made between solutes that undergo infiltration processes, and
particular materials (suspended solids, adsorbed pollutants and particular organic matter)
that undergoes settlement. Hereby, a distinction is made between the fractions of sand,
loam and clay in relation to the top soil layer.

River routing
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Due to previously mentioned modifications, significant pesticides loads are
transported during low flow periods. This imposed more accurate calculations during low
flow events what was proposed by van Griensven et al. (2006).

The model

Based on specific data and assumptions for the Nil catchment, the watershed was
divided into 27 “hydrologically” connected sub-watersheds and 227 hydrologic response
units (HRUSs) (Holvoet et al., 2005). After making the necessary adaptations in the source
code, described in section 3 and 4, the model could accurately predict the load of atrazine
present in the river the Nil. In this study, we focus on the use of atrazine on corn during
the growth season of 1998, when the application rate amounted 0.741 kg/ha. For this year
the model predicts a total load of 2.515 kg at the mouth of the river. This initial atrazine
load consists mainly of dissolved atrazine (2.376 kg).

In Fig. 2, the contribution of point, drift and runoff losses in the load of dissolved
atrazine present in the river is represented for the mass coming from sub-basin 25
towards reach 25 during the application period of atrazine in 1998. Sub-basin 25 consists
of many corn fields on which atrazine is applied. From Fig. 2, it is clear that point losses
are the most important source of water pollution on application days. So, they need
special attention in pesticide reduction strategies. Especially as point losses occur during
low flow conditions, which can result in severe impacts on water ecosystems. Further, the
fraction of drift towards the river system on those days amount between 1 and 2% of the
dosage per unit area, which is a negligible amount compared to the contribution of point
losses to the total pesticide load in the Nil. On rainy days, the figure (Fig. 1) shows
clearly the importance of runoff as a transport route of pesticides towards the river.

Based on those results, measurements that can limit point losses and runoff flow
will be of interest when we obtain to reduce atrazine fluxes towards the Nil. In this study,
only these management strategies will be discussed, simulated with the SWAT model,
and evaluated according to their environmental performance.
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Figure 2. Predicted load of dissolved atrazine coming from sub-basin 25 during spring 1998,
together with the measured rainfall and the application dose (showed on the secondary axis).

Modelling mitigation measures

Measures to reduce point pollution

A reduction of point losses can be simulated by setting the application efficiency
parameter (apef) in the SWAT model on a higher value. This parameter stands for the
fraction of the used pesticide dose that will be effectively applied on the agricultural
field, and thus not be lost as point losses. The initial value for these parameter reached
after calibration was 0.9985 (Holvoet et al., 2006b). During the simulations, it was
assumed that the application efficiency parameter has a constant value over the
simulation period. However, in reality there exists variability in time due to variability in
farmers, in farmers’ customs and daily differences.

A reduction of point source with 80% results in a decrease of the atrazine load
with 21%. A reduction in point losses with 40% is estimated to result in almost 11% of
load reduction in the river the Nil during the year 1998. It should be noticed that no
conclusion could be given about the most efficient point source pollution prevention
techniques. The application efficiency parameter (apef) covers the part of initial pesticide
dose that is not lost by all types of point pollution.

So, it can be concluded that farmers can easily limit point source pollution by
taking precaution measures, without relevant financial consequences. However, the
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measurements of the CODA in the Nil showed that a permanent sensitization of the
farmers is necessary (Beernaerts et al., 2002).

Measures to reduce diffuse pollution

Several management practices can result in a reduction of pesticide fluxes
towards the rivers. Within this study five erosion control practices were considered,
keeping in mind the landscape feature of the Nil catchment: conservation tillage, sowing
cover crops, contour farming, strip-cropping and construction of buffer strips. On can
remark that the latter management techniques will also reduce drift losses to the river.
Other drift reducing measures, e.g. drift reducing nozzles, are not included in this study
due to minor importance; but can be found in De Schampheleire et al. (2005).

In order to the concept to account for buffers as presented in this paper, the
following steps need to be done:

1. All fields/HRU’s that will undergo buffers should be identified

In our study, this was established by manipulating the land use map using GIS software,
whereby new land use classes were created for the areas near the river.

2. All these field will loose a small area to create a buffer.

Also using GIS software, new land use classes were defined for the buffers.

3. While the HRU’s are calculated in the interface, it is essential that both the fields
that get buffers, and the buffers itself are presented as HRU’s. Within the interface, it is
common practice to exclude marginal land use classes and soil classes by defining a
threshold (in percentage) that the landuse or soils should cover in order to be represented
in the HRU’s. Since the land use classes that represent fields-with-buffer and the buffers
in particular cover small areas, they would be excluded in this step. At present, there
representation was guaranteed by setting 0 thresholds for the land uses, but at cost of a
very high number of HRU’s.

4. In the SWAT input files, a link between the HRU’s representing the fields with
buffer and the HRU’s representing the buffers should be accounted.

In the adapted code, the link from the buffer HRU to the field-with-buffer HRU is made
in the *.hru file of the field-with-buffer by providing the HRU number of the buffer. A
requirement is that the buffer-HRU number is higher than the field-with-buffer HRU
number.

The simulation results for the studied erosion control practices for corn cultivation in the
Nil catchment are presented in Table 1 for the year 1998.

Before making any conclusions, it should be stressed that the changes of the
parameter values CN2 and USLE-P is based on literature and the model manual.
Sensitivity analysis revealed that model predictions are rather sensitive to the curve
number value (Holvoet et al., 2006). As a consequence, the performed study should be
considered as a guide to rank the measures in effectiveness rather than a quantitative
assessment. To achieve the latter, field data would be necessary in order to be able to
better parameterise the model for BMPs.

From Table 1 it is clear that strip-cropping is the most successful practice for
atrazine reduction in the Nil basin, both for the dissolved and sorbed atrazine fractions.
The alteration of low and high waned crops not only reduces the overland flow rate, but
also decreases the transport of sediment particles and reduces the maximum slope length.
Strip-cropping is followed by sowing cover crops and contour farming. The latter has the
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largest impact on the attached atrazine fraction. The construction of buffer strips results
in a relatively limited decrease in pesticide load. Hereby it should be noticed that this
measure is not applied on all corn fields in the catchment as was done with the other
measures, but only on corn field situated along the river. Moreover, the model does not
take into account runoff-water coming from fields situated above. This can result in
underpredicting the amount of runoff-water entering the filter strip, and in
underestimating the overland flow velocity. Also the buffering capacity is only calculated
if areal (i.e. a field sowed with Bermuda grass) buffer strip is present along the water
course. Modifications of ploughing practices, seems the least efficient measure in this
study. Ploughing with a mouldboard plough leads even to increase in the total atrazine
load in the river. This type of plough turns the soil around in such a manner that erosion
sensitive soil is brought into the top layer. The mouldboard plough is not used in
conservation agriculture, but is added to Table 1 for completion.

Table 14. Simulated results for mitigation measures.

% increase(+)/decrease(-)

BMP dissolved bounded total atrazine
atrazine atrazine load
Conservation agriculture Mouldboard plough -0.15 19.9 1.0
Chisel plough 0.33 -23.3 -1.0
Only seedbed preparation 0.57 -32.8 -1.3
No-till management 1.02 -43.8 -1.5
Buffer strips 5 m width -11.64 -12.1 -11.7
Contour farming -25.93 -56.5 -27.6
Cover Crops: rye Mouldboard plough -32.12 -34.0 -32.2
Chisel plough -32.12 -47.2 -33.
Only seedbed preparation -32.08 -515 -335
No-till management -32.04 -58.4 -33.2
Strip-cropping -37.27 -80.8 -39.7

Conclusions

From this study, a ranking in effectiveness of measures for atrazine load reduction
could be obtained: strip-cropping seems to be more efficient than sowing cover crops,
contour farming, construction of buffer strips, a 40% reduction in point losses and finally
conservation agriculture. As indicated by Santhi et al. (2006), extensive monitoring data
and intensive observation of BMPs are essential for assessing the effects of BMPs in a
watershed. As for the moment there is no adequate literature available, showing the
quantitative benefits of BMPs; a modelling approach is very useful. Furthermore, when
choosing the most appropriate reduction technique; also the economic efficiency of the
measure should be taken into account. Certain measures may have the best environmental
performance; but are unachievable to perform due to high investment costs. A cost-
benefit analysis would give insight in the costs and benefits of the proposed reduction
measures, environmentally as well as economically. Herein, governments can play a big
role. By given subsidies they can encourage farmers to take costly but environmentally
friendly measures. Furthermore, by performing sensitization campaigns, farmers can be
persuaded to take more precautions while performing operations with the product on the
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farm. It costs the farmers almost nothing, while those losses are responsible for almost 50
to 70% of the pesticide losses in the river the Nil.
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Abstract

The Thurne catchment within the Broads National Park contains internationally
important wetland sites, which are designated as Special Areas of Conservation (SAC’s)
under the EC Habitats Directive. As part of the national regulator’s review of discharge
consents in the catchment, the SWAT model is being used to assess the relative
contributions of point and diffuse sources of phosphorous to the principle water bodies,
and the likely impacts of phosphate removal at individual sewage treatment work
discharges and land management change. This paper describes the use of the SWAT
model within this policy context. It also considers the difficulties associated with
applying the model in this flat coastal aquifer, in which much of the land is below sea
level and drained by pumps which lift water from the artificial drainage networks into the
river and lake system.

KEYWORDS: SWAT, drainage, lakes, Habitats Directive, SAC, Broads National Park

Introduction

Within Europe, natural habitats are continuing to deteriorate due to development
and agricultural intensification. The EC Habitats Directive (Directive 92/43/EEC) aims
to promote the maintenance of biodiversity by requiring Member States to take measures
to maintain or restore natural habitats and species at a favourable conservation status.
The 189 habitats and 788 species listed in the Directive are protected by a network of
protected sites. The resultant Special Areas of Conservation (SACs), together with
Special Protection Areas (SPASs) classified under the EC Birds Directive, form the Natura
2000 network.

The Environment Agency is the leading public body for protecting and improving
the environment in England and Wales. It has a statutory duty under the Habitat
Regulations to undertake a formal review of the effects on European features of existing
consents, permissions and authorizations that it (or its predecessor bodies) has granted.
The Agency has a four-stage process to implement this ‘review of consents’:

e Stage 1 involved the identification of permissions that are relevant to the site;

e Stage 2 assesses which permissions and authorizations, either alone or in
combination are likely to have significant effect on the European site.

e Where Stage 2 concludes that there is likely to be a significant impact on the
integrity of the European site, the Agency carries out a Stage 3 “Appropriate
Assessment” to assess whether permissions can be concluded not to have an
adverse effect.

e At Stage 4, permissions are affirmed, or modified or revoked, subject to appeal.
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The Broads is Britain's largest nationally protected wetland, comprising a
complex network of rivers, broads (shallow lakes), marshes and fens. The Broads in
Eastern England is the richest area for charophytes (or Stoneworts) in Britain (Stewart
1996). Twenty species have been recorded, which represents over 65% of the British
flora. The core of this interest is the Upper Thurne Broads and Marshes Site of Special
Scientific Interest (Figure 1), which forms part of the Broads/Broadland SAC and SPA,
and particularly the large shallow Hickling Broad which is the richest site in the UK. The
water bodies have been designated as “Hard oligo-mesotrophic waters with benthic
vegetation of Chara spp.” under the Habitats Directive.

Within the Upper Thurne, three of the four broads have been classified as being in
“unfavourable status” (Hickling Broad- unfavourable declining; Heigham Sound -
unfavourable recovering; Horsey Mere- Unfavourable — no change). Favourable
conditon tables from Natural England give 0.03mg/I of total P as the limit, and these were
used at stage 3 for the Appropriate Assessments. No target is set for nitrogen from the
current state of knowledge (Broads Authority, 2006). Natural England are currently
considering whether to adjust the P Limit for the stage 4 work. The complexity of the
catchment prevents the use of existing empirical methods for quantifying impacts. This
paper therefore describes ongoing work to use SWAT to support Stage 4 of the
implementation of the Habitats Directive review of discharge consents in the Upper
Thurne.

Norfolk

3 Kilometers

Figure 1 The Thurne catchment, showing the (black) broads and watercourses and the (grey) Upper
Thurne Broads and Marshes SAC

Upper Thurne Catchment

The 110 square kilometers Thurne catchment in north east Norfolk contains
several important Broads including Hickling Broad, Martham Broad and Horsey Mere.
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The relief is very subdued with a height range of about 23 m. There are a number of
significant challenges to modeling the flows of water and nutrients in the catchment:
e The water level in Hickling Broad is on average only +0.4 m above sea level, yet
the eventual outlet to the sea is over 20 km away;
e Shrinkage of the alluvium due to drainage has left the river flowing above the
level of the surrounding marshes;
e All of the marshes are artificially drained by a network of ditches, with the
drainage water being raised up to 2.5 m into the river network by drainage pumps;
e Most of the river flow is due to land drainage pump discharges and tidal
movements.
Although SWAT cannot represent the tidal fluctuations, SWAT has been set-up to
try and replicate the hydrological behaviour of the system and, in particular, the effects of
the pumped land drainage systems on water and diffuse source nutrient movement.

Materials and methods

Model set-up

Catchment delineation

Due to the low elevation and gradient of the river basin and SWAT’s inability to
model ground levels below sea level, all grid cells within the DEM were raised by 10 m
prior to defining the basin and sub-basins using the automatic delineation function.

HRU delineation

The 1:250,000 scale National Soil Map (Hodge et al., 1984) has been combined
with the Centre for Ecology and Hydrology’s 1990 Land Cover Map of Great Britain.

Drainage pump systems

There is no module within SWAT to model drainage pumps. Each pump is
connected to a network of upstream drains which, while the pump is not in operation,
store water. The pumps could be modelled as point source discharge, but this will not
represent the temporary storage of water in the drains or the change in flows into the
broads, which occur with the turning on and off of the pumps. Both of these factors affect
water quality, especially the sediment (and associated P) load reaching the Upper Thurne
system.

The land drainage pumps have therefore been modelled as controlled outflow
reservoirs. Reservoirs within SWAT are located on the main river channel network and
receive water from all sub-basins upstream of the water body. They modify the
movement of water in the channel network by lowering the peak flow. As the reservoirs
slow down the flow of water, sediment will fall from suspension, removing nutrient and
chemicals adsorbed to the soil particles. Electrical consumption data has been used to
derive maximum and minimum average monthly discharge rates (using pump conversion
factors of Holman, 1994) in order to set monthly target release rates for each controlled
reservoir.

Attribute data

Soil attribute data for the dominant soil type in each soil polygon was provided by
the National Soil Resources Institute. Crop parameter values were informed by Hough
(1990). Management files were based upon Hough (1990), MAFF (2000) and Holman et
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al. (2004). A range of crop rotations based on Holman et al. (2004) were derived to
capture the temporal variability in arable cropping. Thirteen rotations (Table 1) linked to
soil type provided a good match with averaged crop statistics for 1994, 1997 and 2000
(Figure 2).

Table 1: Simulated crop rotations within the Thurne catchment

Soil type
Other Mineral Sandy Organic Peaty

osriww/wb/wbn/ww/wb  pts/ww/sb/sbt/ww/wb sbt/ww/sb/ww wbn/ww/p/ww
osr/iww/sbt/wbn/ww/wb  pts/iww/wb/wbn/ww/wb  sbt/ww/p/ww

whbn/ww/sb/sbt/ww/wb

sbt/wwi/sbt/wb

sbt/ww/p/wb

Maize

sbt/ww/osr/wb

sbt/ww/sb/wb

(Osr: oilseed rape; ww: winter wheat; sh: spring barley; whb: winter barley; wbn: winter field beans; sbt:
sugar beet;; pts: potatoes; p: peas)

1800
1600 OSimulated
1400 B Surveyed
__ 1200
g 1000
8 800
< 600
400
0 T ‘

Set-aside
Maize
Sugar beet
Winter
wheat
Winter
barley
Spring
barley
Field
beans
Peas
Potatoes
Grass

Figure 2 Comparison of simulated and actual crop areas within the Thurne catchment

Results and Discussion

Because of the tidal influence on the Thurne river, there are no flow data available
to calibrate and validate the model. Input parameters were used from the successfully
validated SWAT model of the neighboring non-tidal Bure and Ant catchments
(Whitehead, 2006).

Pump discharges

Although an exact flow pattern is not achieved due to actual pump rate variability
(Figure 3) a good comparison between annual pump rates has been seen (Table 2).
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Figure 3 Comparison of observed and simulated discharge at (left) Brograve and (right) Catfield
pumps

Table 2: Average annual observed and simulated pump flows in the Upper Thurne

Pump ?bserved pump flow (10* m® yr 1Simulated pump flow (10* m® yr
) )

Catfield 520 470

Stubb Mill 953 978

Eastfield 2155 2310

Brograve 1572 1800

Horsey Mill 1711 1511

Surface water nutrient concentrations

Calibration and validation has only been undertaken for nutrients, with calibration
over the period 1991-94 (Figure 3) and validation from 1995 onwards (Figure 4).

0.25 ¢ Observed TotalP |
= Simulated Total P

= 0.2 L 2 A4
= 7Y
30.150 ‘e
E ¢ ¢
a \d L K
=< 0.1
2 * YA

0.05 * s oSN

L 2
0 HHHH‘, e e o A

01/01/91  01/01/92 01/01/93  01/01/94

Figure 3 Nutrient calibration - observed and predicted total phosphorus in Hickling Broad (1991 -
1994).
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Figure 4 Nutrient validation at Heigham Sound (1995-1998) — (left) Total P and (right) Total
Organic N.

Discussion

The SWAT model of the Thurne catchment (Whitehead, 2006) appears
superficially to represent this man-modified catchment well. The variable land uses
within the catchment have been accurately represented, based upon a range of realistic
cropping rotations. The temporal concentrations of nutrients within the waterbodies are
realistically simulated, despite the lack of simulated tidal influences. This suggests that
the tidal influence on water quality is less important than the drainage pump discharges
and internal nutrient cycling within the waterbodies.

However, there are a number of significant problems in this initial model build
which limit the current practical utilization of the model to inform the review of consents
in the Upper Thurne. The principal problem arises from the poor delineation of the basin
(Figure 5) and sub-basins using the 50 m DEM. The sub-basins which feed into the
drainage pumps are not topographically controlled, but divided by man-made barriers.
Therefore the pump sub-basins as modelled in SWAT differ in size and shape to those of
the actual pump sub-basins, thereby affecting the run-off and nutrient losses from each
subbasin. The Catfield pump catchment is the only topographically defined catchment,
and SWAT is therefore able to model reasonably well the flow pattern of this pump (Fig.
3). Current work is aiming to improve sub-basin delineation using a modified higher
resolution DEM.
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Catchment boundary (Holman, 1994

SWAT catchment boundary

0.600.6.2 Kilometers
™ ™|

Figure 5 Comparison of the SWAT catchment boundary with the boundary of Holman (1994)

Conclusions

This paper reports the application of the SWAT model in the Thurne catchment within
the Broads National Park in eastern England, UK. The Thurne catchment has been
heavily modified by man’s activities, so that most of the flows into the river enter via the
pumped drainage systems. The pumped land drainage systems have been successfully
represented within SWAT as reservoirs with controlled monthly outflows. SWAT is able
to simulate nutrient concentrations with some degree of accuracy, although the monthly
or bi-monthly observed water quality data prevents the model from capturing the daily
variation of nutrient concentrations within the system. However, limitations in the basin
and sub-basin delineation arising from the 50 m DEM resolution and very low
topographical gradients means that further work is necessary to improve the model set-up
prior to its use within Stage 3 of the Habitats Directive review of consents. Current
ongoing work is improving the basin and sub-basin delineation to provide an improved
representation of the internal hydrological behaviour of this complex catchment.
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Abstract

The Boone River Watershed (BRW) covers over 237,000 ha in north central
lowa. The watershed is dominated by corn and soybean production, which together
account for almost 84% of the land use. Fertilizer and livestock manure applications to
cropland are key sources of nutrient loads to the watershed stream system. Nitrate losses
are of particular concern, much of which escapes the cropland via subsurface tiles that
drain the predominantly flat landscapes throughout the watershed. A modeling
framework using the Soil and Water Assessment Tool (SWAT) model (version 2005) to
support analyses of alternative management practice and/or cropping system scenarios
that could potentially result in reduced nonpoint source pollution in the watershed. Two
SWAT configurations have been constructed for the Boone River watershed consisting of
either 30 or 405 subwatersheds. The 30 subwatershed configuration is a typical SWAT
approach that facilitates a variety of land use and management scenarios, but does not
support detailed constructed wetland scenarios which are potentially a key nutrient loss
mitigation strategy for the BRW and other watersheds in the region. However, the second
configuration (405 subwatersheds) does provide the potential for a more realistic
assessment of wetland impacts by providing the ability to spatially site wetlands in a
more realistic manner within the watershed. The general framework for both approaches
is discussed here, including differences between the two different subwatershed
configurations. Alternative HRU configurations are also presented including the option to
overlay common land units (field tracts) in the watershed, which results in over 20,000
HRUs.

KEYWORDS: SWAT, wetlands, tile drainage, nutrient applications, nitrate

Introduction

The Boone River Watershed (BRW) is an intensively cropped region located in
north central lowa which was identified by Libra et al. (2004) as discharging some of the
highest nitrogen loads during 2000-2002 among the 68 lowa watersheds that were
analyzed within their study. They estimated that lowa streams contributed approximately
20% of the long-term nitrogen load to the Gulf of Mexico based on in-stream
measurements performed during 2000-2002. The nitrate load discharged from the mouth
of the Mississippi River has been implicated as a key cause of the Gulf of Mexico
seasonal oxygen-depleted hypoxic zone, which has covered an extent equal to or greater
than 20,000 km? in recent years (Rabalais et al., 2002). The BRW has also been identified
within the UMRB as both an area of freshwater biodiversity significance and a priority
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area for biodiversity conservation (Weitzell et al., 2003). The biodiversity conservation
designation reflects the fact that the watershed has been identified as currently possessing
a “relatively un-degraded stream ecosystem,” but that it is also very vulnerable to future
increased degradation (Neugarten and Braun, 2005). Potential biodiversity threats listed
by Neugarten and Braun include consistently high in-stream nitrogen concentrations,
farm production methods that may be ecologically harmful, and inadequate treatment of
wastewater.

A simulation study has been initiated in response to these issues that is designed
to evaluate the potential economic and environmental impacts of alternative land use and
management practices in the BRW. The goal of the study is to identify strategies that can
potentially mitigate loss of nitrates and other pollutants from agricultural cropland, which
could lead to improved water quality in the Boone stream network as well as in
downstream ecosystems such as the Gulf of Mexico. Insights gained from the study may
also be transferable to other watersheds that drain parts of the Des Moines Lobe, which
are generally characterized as regions of high nitrogen (N) export. Environmental impacts
will be assessed within the study with the Soil and Water Assessment Tool (SWAT)
model (Arnold et al., 2005), which has been used for a wide range of environmental
conditions, watershed scales, and scenario analyses (Gassman et al., 2007).

Several practices are being investigated in the BRW project including constructed
wetlands, which have been found to be very effective at removing nitrate (NO3-N) from
agricultural cropland drainage water (Mitsch et al., 2001). Studies that report simulation
of wetlands in SWAT are very limited and focused only on wetland hydrologic impacts
(Gassman et al., 2007). Constructed wetlands are potentially key nutrient loss mitigation
structures for the BRW and other watersheds in the region, and represent partial
restoration of the extensive wetland systems that existed prior to European settlement.
Two different BRW SWAT configurations are described here that consist of 30 versus
405 subwatersheds. The 30 subwatershed configuration is a typical SWAT approach that
facilitates a variety of land use and management scenarios, but does not support detailed
spatial accounting of wetlands. However, the second configuration (405 subwatersheds)
does provide the potential for a more realistic assessment of wetland hydrologic and
nutrient impacts. Both simulation approaches are presented here, including alternative
HRU configurations that allow for an additional range of spatial detail to be incorporated
into the SWAT simulations.

Watershed Description

The BRW covers over 237,000 ha in six north central lowa counties and is one of 131
U.S. Geological Survey (USGS) 8-digit hydrologic unit code (HUC) watersheds
(http://www.nrcs.usda.gov/ TECHNICAL/land/meta/m3862.html) that are located in the
UMRB (Figure 1). It lies within the Des Moines Lobe geologic formation, which is the
southern most portion of the central North American Prairie Pothole Region. An
extensive network of subsurface tile drains and surface ditches have been installed
throughout the watershed, resulting in the elimination of most wetland areas and an
intensively cropped landscape. The watershed is dominated by corn and soybean
production, which together account for almost 84% of the land use
(http://www.igsb.uiowa.edu/nrgislibx/; other land use includes ungrazed grassland
(8.6%), deciduous forest (2.2%), grazed grassland (1.5%), Conservation Reserve
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Program (CRP) land (0.8%), and alfalfa (0.7%). An in-depth field-level survey of the
BRW by Kiepe (2006) revealed that the use of conservation tillage, especially mulch
tillage, is very extensive throughout the watershed. The survey also showed that only a
small number of terraces, grassed waterways and other structural practices have been
installed on cropland in the watershed, reflecting the relatively flat landscapes that
dominant the watershed. A total of 128 confined animal feeding operations (CAFOs) are
located in the BRW, which are partitioned between 13 cattle, 6 chicken (layer), and 109
swine operations that represent a total of about 4,250, 6,960,000, and 480,000 head,
respectively (http://www.igsb.uiowa.edu/nrgislibx/). Observed stream flow data are
collected by the USGS) at a gauge located south of Webster City and limited pollutant
data are collected by the lowa Department of Natural Resources at the watershed outlet
(Figure 1).

* Humbolt

* Fort Dodge -
_:-;PW,\M"J"
{ A
y
.'/.’
IDNR Pollutant (.
Monitoring —

' Y @ Weather Stations

Figure 16. Location of the Boone River Watershed within lowa and the Upper Mississippi River
Basin, and the subwatersheds, climate stations, and monitoring sites used for the SWAT simulations.

Modeling System and Input Data

Figure 2 shows a schematic of the SWAT modeling system that has been constructed for
the BRW simulations. The core of the system is SWAT2005, which is the latest release
of the model that features several enhancements including an improved subsurface tile
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drainage component as described by Gassman et al. (2007). The BRW modeling system
is initiated by processing topographic, land use, climate, and soil data (Table 1) within
the ArcView SWAT-X (AVSWATX) interface (Di Luzio et al., 2004). The DEM layer
was used in AVSWATX to initially delineate 30 subwatersheds (Figure 1), whose
boundaries were generally aligned with standard 12-digit watershed boundaries (USDA-
NRCS, 2007). A total of 531 hydrologic response units (HRUs) were then created that
were distributed across the 30 subwatersheds. The initial 335 cropland HRUs consisted
only of monoculture cropping systems dominated by continuous corn and continuous
soybean. Some editing tools are provided in AVSWATX to convert such monoculture
HRUs into crop rotations, and to add tillage, fertilizer application, and other management
operations as appropriate. However, these editing tools are limited and did not provide
the desired flexibility for building the cropping system and management inputs for the
BRW simulations. Thus external software was developed to convert the monoculture
HRUs into crop rotation HRUs (Figure 2); the desired fertilizer and tillage operations
were also incorporated into the HRU management

30 meter AVSWATX
DEM > subwatershed and
routing configuration
initial HRUs;
only monoculture cropping
2002 IDNR
land use map
convert monoculture incorporate
HRUs to crop < fertilizer and
rotations tilage operations
IEM
climate data 1
1970-2004
Access Database/
i SWAT
SSURGO il
soil data
SWAT 2005
or SWAT 2000

Figure 17. Schematic of the Boone River Watershed SWAT modeling system.

Table 15. Key categories of input data and respective data sources for the BRW simulation.

Data Type Source

Soil* Soil Survey Geographic (SSURGO) Database (http://www.ncgc.nrcs.usda.gov/products/datasets/statsgo/)
lowa Soil Properties and Interpretations Database (ISPAID) Version 7.2
(http://extension.agron.iastate.edu/soils/pdfs/ISP7IMAN.pdf)

Climate Primary: lowa Environmental Mesonet (http://mesonet.agron.iastate.edu/COOP/)
Secondary: NOAA Satellite and Information Service
(http://www.ncdc.noaa.gov/oa/climate/stationlocator.html)”
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Land use 2002 Land Cover GRID of lowa (http://www.igsh.uiowa.edu/nrgislibx/)
Topographic Resampled 30 m Digital Elevation Model (Wolter, 2006)

®SSURGO data was not available for two of the six counties that encompass the BRW; thus ISPAID data was converted into
SSURGO format to complete the required soil input data layer.

®Source of data for the Kanawha climate station (Figure 1).

“The 30 m DEM was resampled from 10 m DEM topographic data.

schemes in this step. All of the required input data was then inserted into an Access
database and the SWAT simulations were subsequently managed with the interactive
SWAT (i_SWAT) software
(http://www.card.iastate.edu/environment/interactive_programs.aspx), which translates
the data in Access into the required input file formats, executes SWAT, and inserts output
data back into the Access database. This approach provides increased flexibility for
modifying SWAT inputs using Access queries and is in general a very straightforward
method for managing the input and output data for a SWAT simulation.

The SWAT configuration shown in Figure 1 provides an adequate structure for
performing a variety of alternative scenarios including variations in fertilizer and manure
application rates, increased adoption of perennial vegetation in cropping systems, and
shifts in tillage practices. However, there are definite limitations for using the 30-
subwatershed approach to perform constructed wetland scenarios, due to the current
SWAT structure that only allows a single, non-spatially defined wetland to be configured
at the outlet of a subwatershed. Thus an alternative SWAT subwatershed configuration is
being explored that potentially provides a more accurate assessment of wetland spatial
placement in the BRW.

Alternative SWAT Configuration

The alternative SWAT configuration was inspired by current wetland placement
efforts within the lowa Conservation Reserve Enhancement Project (CREP) program
(http://www.agriculture.state.ia.us/CREP.htm), which is supporting constructed wetland
installation in tile-drained landscapes in 37 north central lowa counties®. Three key
wetland site selection criteria used within the CREP program are: (1) drainage areas must
exceed 202 ha (500 ac), (2) wetland surface areas should equal 0.5 to 2.0% of the overall
drainage area, and (3) the wetlands have to intercept subsurface tile drain discharge.
Several other factors are also considered in CREP wetland placement decisions including
topographic position and maintaining 25% open water® (versus the remaining 75% of the
wetland being vegetated).

The alternative SWAT configuration was generated by using the smallest stream
definition threshold area possible within AVSWATX for the BRW, using the previously
discussed 30 m DEM. This resulted in a total of 405 subwatersheds (Figure 3) that
average about 585 ha in size and are more consistent with the drainage areas targeted
within the CREP program. It is assumed that any of these subwatersheds that exceed 202
ha can be included as potential wetland sites within the BRW simulation project,
assuming the subwatershed is cropped and drained with subsurface tiles. However,

*The SWAT wetland simulation method described here is not intended to be an exact representation of the
CREP approach, nor is there any intent to imply any official endorsement of the CREP program.

® According to Lemke (2007), the open water is maintained to provide suitable habitat for migratory water
fowl.
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additional criteria for siting potential wetlands can also be introduced, such as a threshold
value based on a percentage of the area in the subwatershed that would be classified as
hydric soils. For example, the subwatersheds that would be selected for constructed
wetlands based on both the 202 ha criterion and a 60% hydric soil criterion” are shown in
blue on the right-hand side in Figure 3a. Using these combined criteria results in 154
subwatersheds being selected for constructed wetlands, versus 319 subwatersheds that
would be selected if just the 202 ha drainage area criterion is used.

Figure 4 also shows a comparison of wetland distribution between the 405- and
30-subwatershed configurations, using the 60% hydric soil threshold and assuming that
the surface area of each wetland in Figure 4a was equal to 1.25% of the respective
drainage area. The corresponding subwatershed wetland area ranges are given in Figure
4b for the 30-subwatershed configuration. Each of these total wetland areas has to be
simulated as a single wetland in SWAT for the 30-subwatershed approach, with
associated total drainage areas based on the total “wetland subwatersheds” (Figure 4a)
that are located in each of the 30 subwatersheds. This comparison underscores that the
alternative configuration of 405 subwatersheds provides a more realistic accounting of
constructed wetland placement and potential impacts of those wetlands.

Hydrologic Response Unit (HRU) Configuration Options

Several options exist for delineating HRUs for the BRW SWAT simulations, most
of which involve restructuring the HRUs external to AVSWATX as previously described
for the 30-subwatershed configuration with 531 HRUs. Using dominant soil types and
land use is a potentially viable option for the 405-subwatershed configuration, due to the
relatively small subwatershed sizes incorporated in that approach. However, this results
in some distortion of land use, with the cropland estimated to occupy over 200 km? more
area than the 30-subwatershed/531 HRU approach. At the other extreme, a very detailed
dataset has been

" The hydric soils were determined using an algorithm developed by Jaynes (2006) and the ISPAID soil
database (Table 1).
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30-subwatershed
boundaries

Figure 3. Alternative SWAT configuration of 405 subwatersheds for the Boone River Watershed
(with overlay of the 30-subwatershed boundaries)

developed for the BRW at the Common Land Unit (CLU) level which are defined by
individual field boundaries or combinations of fields for a whole farm (see
http://www.itc.nrcs.usda.gov/scdm/docs/DMP-CLU-DataManagementPlan.pdf). An
overlay of the 405 subwatershed boundaries on the CLU boundaries results in nearly
23,000 HRUs being delineated for the BRW. These detailed HRUs provide a greater
level of soil and land use accuracy and also facilitate a more direct linkage with an
economic model being developed for the BRW, which will be constructed using CLUs as
the basic spatial unit. However, it is not clear how much the accuracy of the SWAT
predictions will be improved with this set of detailed HRUs. This will be further explored
in the next phase of work that will be focused on testing the different HRU delineations
for both the baseline and wetland scenarios.
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Figure 4. a) Example subwatersheds selected for constructed wetland placement within the
alternative SWAT 405- subwatershed delineation of the BRW, versus b) the total areas that would be
converted into wetlands for the 30-subwatershed configuration (based on wetland surface areas that
equal 1.25% of each respective subwatershed drainage area).

Conclusions

The alternative SWAT configuration provides a more realistic framework in
which to evaluate wetland scenarios in SWAT for the BRW, using either dominant HRUs
or much more detailed HRUs that are based on the CLUs within the watershed. Testing
of the different subwatershed and HRU combinations is needed to ascertain how sensitive
SWAT is to the different configurations and whether the alternative approach definitely
proves to be enhancement for simulating the effects of constructed wetlands.
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Abstract

Excessive use of nitrogenous fertilizer vis-a-vis phosphatic and potassium
fertilizers in India has resulted in a shift of NPK ratio from an optimal value of 4:2:1 to a
distorted 7.9:2.9:1. Nitrogenous fertilizers such as urea have high hydrolysing property
and are not retained by the soil. They get leached into groundwater due to rainfall and
irrigation water inputs and are thus distributed by the land phase of the hydrological
cycle which requires knowledge of precipitation distribution, runoff generation,
distribution, and fertilizer application rate in addition to residence time of water in each of
the phases. Residence time is important as nitrates get transformed into gaseous and
other stable forms in time and space. The reaction kinetics of the nitrogen transformation
processes governs the overall movement of nitrates in each of the phases of the
hydrological cycle.

SWAT ArcView GIS Version model has been used to simulate non-point source pollution
of nitrate in a mountainous sub-catchment in India. The performance of the model in
simulating daily discharge for the validation period was found to be good, measured both
in terms of R and Nash and Sutcliffe efficiency criteria. The model performance for
estimating nitrates in surface runoff suggests a need for an improvement in the nitrogen
transformation processes.

Further, this paper makes an analysis of the internal nitrogen fluxes simulated
within SWAT and tries to conceptualize nitrification and denitrification kinetics in the
unsaturated zone by making use of Michaelis-Menten mixed order kinetics. The
comparison of the existing SWAT nitrate transformation first-order kinetics with the
Michaelis-Menten mixed order kinetics show that Michaelis-Menten mixed order kinetics
can be used to represent the nitrate transformation processes better.

8 Dr. Kapil K Narula, Associate Director, The Energy and Resources Institute (TERI), India Habitat Centre,
Lodi Road, New Delhi 110 003, India. Fax: 91-11-2468 2145. Email: kapiln@teri.res.in

° Prof. A. K Gosain, Professor, Department of Civil Engineering, Indian Institute of Technology (I.1.T)
Delhi, Hauz Khas, New Delhi 110 016, India. Email: gosain@civil.iitd.ernet.in

19 Corresponding author: R. Daren Harmel, PhD, USDA-ARS, 808 East Blackland Road, Temple, TX,
USA, 76502. Phone - 254-770-6521, Fax 254-770-6561, Email - dharmel@spa.ars.usda.gov.

UNESCO-IHE 200
Delft, The Netherlands



4th International SWAT Conference

KEYWORDS: SWAT, Hydrology, Nitrate, Non Point, Pollution,
Reaction Kinetics

Introduction

In India, amongst various sectors, the agriculture sector accounts for more than
80% of the total water use. It also accounts for excessive use of nitrate fertilizers in
agricultural areas. Comprehensive analysis of the agriculture sector in the last three
decades reveals that while the net sown area has remained almost constant the gross
sown area is showing an upward trend. Crop intensification in the agriculture sector,
measured in terms of cropping intensity and area under high-yielding varieties of crops,
is on a rise. This in turn requires increased use of fertilizers to raise soil productivity and
crop yields.

Amongst various fertilizers, namely, nitrogenous, phosphate, and potash, the use
of nitrogenous (N) or nitrate fertilizers accounts for 60%—80% of the total use. Fertilizer
use ratio of nitrate:phosphate:potash (N:P:K) comes out to be an average of 7.9:2.9:1 for
last 50 years with a highest recorded value of 16.6:1.7:1. The optimal mix is 4:2:1 (FAl,
2001).

Nitrates being highly soluble in water are influenced by the land phase of
hydrological cycle and get transported to surface and groundwater (Wendland et al.,
1993). Moreover, N transformations, both in soil and water, are dynamic and involve
microbial processes that are continuous in time. Process kinetics is dependent on a
number of environmental factors such as soil pH, temperature, moisture content,
oxygen, NOs- content, etc., which requires accurate representation as these have a
direct bearing on nitrate loadings into surface and groundwater systems. Since the
medium that brings these transformations into effect is water, simulating N
transformations in soil or unsaturated zone requires land phase of the hydrological cycle
to be simulated accurately, and continuously.

This study makes use of SWAT model (Arnold et al., 1998), a physically based,
time continuous, distributed, and widely applied land phase of the hydrological cycle
model (Srinivasan et al., 1998; Gosain et al.,, 2005), to simulate runoff and nutrient
(nitrate) transport in this study. Michaelis-Menten mixed-order kinetics, well suited for
simulating microbial action and growth under various environmental conditions and
substrate concentration, has been compared with the first-order kinetics used in SWAT.
A mountainous sub catchment, namely the Lakhwar sub catchment of the Upper
Yamuna catchment has been taken up for application of the SWAT model.

Methodology

The land phase of the hydrologic cycle as simulated by SWAT is based on the
water balance equation (Neitsch et al., 2001).

Nitrification, defined as conversion of NH,4. to NOs-, is a two-step bacteriological
oxidation. Approach followed in SWAT to model nitrification is described by first-order

reaction kinetics where the total amount of ammonium lost to nitrification (N, . ) IS

proportional to the amount of ammonium (N ,,, ) in the soil. A more realistic approach
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accounts for microbials where the growth equation of microorganisms (M) considers the
utilization of the substrate (N g4, ,nos ) (Mg I'M). This makes use of the Michaelis-
Menten kinetics that substitutes for the microorganism concentration its equivalence in

dN dMm : . .
terms of substrate such that (——dNtH‘”Ja(an e where, M is the microbial
concentration (mg cells I'Y). This is finally represented as,

dN
[%j =-a, ft,ly 1:w,ly f(NH4+)Iy pr,Iy Mly (m g m-3)
ly

(1)

where f(NH,, ), is the Michaelis-Menten based response function for soil ammonium

N NH4+V
. eIy
given by f(NH,,), =

N NH4+V + K
ely SNH4+
2)

and, My, = M_exp(K 1),
3

where M, is the initial microbial concentration (mg cells ), kgnet (day™) is the net
microbial growth rate, a,, is stoichiometric or yield constant (mg nitrogen N per mg cells),
My, is the microbial concentration (mg cells per litre, mg cells I'Y), K, ... is Michaelis or

half saturation constant defined as the concentration of substrate (ammonium) at which
the growth rate of microorganisms is one-half of the saturated rate (mg ), Ny, IS

ly
the ammonium load in the soil layer (g m?), 8, is the soil moisture content in layer (m),

and t is time (day). Environmental factors that influence the kinetics include f;
(temperature factor), f,4 (soil pH factor), and f,, (soil moisture factor) (Johnsson et al.,
1987).

The final time continuous equation can be represented as,

N _ N + dNNH4+—>N03— At
NH4+—NO3- final,ly — NH4+—NO3-initial, ly
ly

dt

4)
where, Nyua+—nos-, inialy @Nd  Nypasonos-, fnay are initial and final soil ammonium
concentrations (mg I or g m™®) available for nitrification, and At is time step (day).

The form of equation used by SWAT presently assumes limiting substrate (Nyn4+)
in the soil ‘without’ microbial action with environmental factors. Michaelis-Menten based
response functions are replaced by kinetics where total amount of ammonium lost is
proportional to the amount of ammonium in soil. Incorporation of these limiting conditions
in the governing equation, Eqg. (1), above reduces it to first order kinetic rate equation.

Overall procedure followed for denitrification module is similar to that followed in
nitrification module above where Michaelis-Menten kinetics is used to derive the
nitrification rate equation. Denitrification process is a biological process where N oxides
are reduced to gaseous form by facultative anaerobic bacteria. The process depends on
the concentration of substrate N 3. in N pool of soil layer (ly) and carbon content in soil

layer (C ) in addition to various environmental conditions.
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The Michaelis-Menten kinetic equation can be written as,

dN
(ﬂj B _kpot ft,ly fw,ly f(Nos-)lyf(C)'y f””*'y
dt ly

()

where, f(C),, and f(NO,_ ), are Michaelis-Menten based response function for soil
carbon content nitrate nitrogen content in a soil layer ‘ly’'(g m?), Ky, s is the half

saturation rate for nitrate nitrogen concentration (mg I'"), K is the half saturation rate

dnrate,c
for organic carbon (mg I™"), and 6,, is the soil moisture content in layer ly (m). Ky, is the

denitrification rate constant (g m?), and ‘t’ is time (day). Ky iS the potential denitrification
rate which is assumed to be related to maximum activity of the microbial activity in the
soil and depends on soil type (g m? day™). The potential denitrification rate is reduced
according to the oxygen status of the soil expressed in form of soil water content (f,,y).
Other factors that influence denitrification are temperature (f;y) and pH (fon,y) (Hansen et
al., 1999).

Actual denitrification rate is determined as reduced potential rate and as a rate at
which nitrate and carbon in soil are available (Abbot et al., 1996; Hansen et al., 1991).

Taking initial nitrate concentration in soil layer as Nyos. iniialy, the final nitrate
concentration Nyos., finaiy CaN be given as,

dyos- . i
N NO3-final,ly — N NO3-initial, ly T (N—m) At (ingm 2)
ly

dt
(6)
A case can be derived from the above equation that represents first order
kinetics under favor