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Scientific modeling

BOUNDARY
LAYER

Scientific modeling is the process of generating abstract, conceptual.
graphical and/or mathematical models. Science offers a growing collec-
tton of methods. techniques and theory about all kinds of specialized sci-
entific modeling.

Modeling is an essential and mseparable part of" all scienufic activ-
ity, and many scientific disciplines have their own ideas about specific
types of modeling. There 1s little general theory about scientific modcling,
offered by the philosophy of science, systems theory, and new fields like
knowledge visualization.

From Wikipedia. the free encyclopedia
htip://en.wikipedia.org/wiki/Model ({abstract)
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“Assessment efforts should not be concerned about valuing what
can be measured but, instead, about measuring that which is valued.”

From: Banta, T.W., Lund, J.P., Black, K.E., and Oblander, F.W.
1996. Assessment in practice: Putting principles to work on college
campuses. San Francisco: Jossey-Bass. p. 5.
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General view of a watershed, catchment or river basin, the main
subject of this book

The illustration was produced by the Lane Council of Govermments {LCOG),
Lane County, Oregon State, U.S.A. (www.icog.org} and posted on the website of
Casper City, Wyoming, U.5.A.
www.casperwy.gov/content/departments/kcb/watershed.asp

We thank the LCOG for permitting us to use the drawing in this book.
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Foreword

For the past 25 years since WASWC was established, we have been trying
to gather information concerning technologies for use in studying soil and
water and managing them for agricultural production. Apart from several
publications that we worked with our publishing partner, Science Publishers,
Inc. U.S.A. (see the end part of this book), we have also been producing Spe-
cial Publications by stressing on the current subjects of much interest. The
first one, Pioneering Soil Erosion Prediction — USLE Story, was published in
2003 as a small booklet, to record the history of this attempt, and followed
with Carbon Trading, Agriculture and Poverty, also a booklet, in 2004,

Lately, we tried to identify subjects that have been studied widely and suc-
cessfully, so a technical book of conventional length, No-Till Farming Sys-
tems, bas come out in 2008 and proved a success since such practice has been
widely known to be useful for crop production in many ways, and, impor-
tantly, can help reduce soil loss due to erosion down to only a small fraction
of those occurring from normal tillage. The book has been distributed at a low
price, thus enabling professionals and academics to have access to such publi-
cation that otherwise would be available only from publishers that produce
textbooks with relatively high prices. We expect that No-Till Farming Sys-
tems will be used as a platform where researchers and practitioners may work
from, so that some new advancements about the farming system that “park
the plow” can be achieved.

SWAT, an acronym for “Soil and Water Assessment Tool”, a river basin,
or watershed, scale model, has come around for some years, but its origin
stemmed from those hydrological models in operation during the 1980s. Ac-
cording to Neitsch et al. (2005), SWAT was developed to predict the impact
of land management practices on water, sediment and agricultural chemicals
yields in large complex watersheds with varying soils, land use and manage-
ment conditions over long periods of time. Dr. Jeff Amold of the United
States Department of Agriculture — Agricultural Research Service (UISDA-
ARS) in Temple, Texas, has the credit for being largely responsible for its de-
velopment.

From a good number of papers on SWAT appearing in the literature world
at thig time, we are certain there is much information available that when in
the book form will make such subject better understood and utilized, thus en-
hancing more systematic actions to be done for land management and conser-
vation. WASWC therefore has accepted to produce this book by using the
same principle as the previous volume, so that it can be distributed to world-
wide readers for their immediate use at an affordable price. The book comes
with a DVD that contains some computer models that readers may work to
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learn and experiment with. As a major benetit for being in the digital age,
readers at this time are eligible to seek advice from all editors and contribu-
tors in any matters that they want to learn more or have problem with. Such
privilege is a unique benefit that is always available for WASWC members,
as well as other readers of WASWC books.

WASWC will strive to do more works in this line, in order to find the
right methods to tackle problems that have occurred to land and soil and help
make these resources suitable to sustainably serve humanity with ail their
functions.

Miodrag Zlatic

President, World Association of Soil and Water Conservation
Faculty of Forestry, Belgrade University
Belgrade, Serbia



Preface and Acknowledgments

The Soil and Water Assessment Tool (SWAT) is an open source water-
shed model that is continuously developed and refined by the USDA-
Agricultural Research Service and scientists at universities and research agen-
cies around the world. It was developed originally to operate with databases
available in the United States but has evolved to run with limited data sets
now available throughout the world. The model! is routinely used in the U.S.
by the US-Environmental Protection Agency for developing watershed man-
agement strategies to attain water quality standards in impaired water bodies.
It is also used for national conservation assessment by the USDA-Natural Re-
sources Conservation Service and 1n numerous chimate change studies.
SWAT has been modified and refined by European scientists and used in nu-
merous projects. European development and application was advanced by
four international conferences held between 2001 and 2007. In recent years,
SWAT has been successfully applied to assess water availability in the Afni-
can continent, to study the impact of climate change on water resources in In-
dia, and to assess water supply and sedimentation issues in the Yellow River
and other major rivers in China. Routine application has not occurmred in
Southeast Asia although SWAT was applied in the Mekong River down-
stream of China. Dr, Phil Gassman and colleagues recently published an arti-
cle providing an excellent overview of historical development, applications,
and future research directions. There are currently over 400 SWAT related
papers in the referred literature.

There are several requirements for successful applications in Southeast
Asia including: 1) readily accessible technology — hardware and software, 2)
readily available data to input and calibrate the madel, 3) the need (i.e. gov-
ernments requiring assessment of water supply, water quality and climate
change), and 4) local support and a critical mass of scientists working in the
region. All of these pieces are now in place and the International SWAT Con-
ference held in Chiang Mai in January 2009 is a critical step in the successful
application of SWAT and other ecohydrological models in Southeast Asia.

In gathering the works from many years and from many scientists to be in
a book, several persons have been involved in it, for which we recognize and
appreciate their important role. We thank several specialists who had worked
with the models and other accessory programs for allowing us to put in the
DVD that accompanies the book. The long and continued service of Kathe-
rine Suda of the Biological Engineering Program, North Carolina A&T State
University, has been instrumental in acquiring all these essential digital stuffs
that are the heart of SWAT - therefore we are very grateful to her for that.
Last, but not least, we acknowledge the kind cooperation from various pub-
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lishers of scientific journals in permitting us to use most papers in this volume
that had first appeared in their publications, without which this book would
not have been produced. We appreciate the World Association of Soil and
Water Conservation for accepting fo put various SWAT stuffs together within
one cover as WASWC Special Publication No. 4 and within a short time. This
is considered an importtant milestone of the SWAT endeavor, 1.¢. in distribut-
ing the publication as a low-cost part of the assessment tool to be used for
managing and conserving land, soil and water in many parts of the world.

Lastly, it would have been hard to accomplish all these things had we not
received the grant from the United States Agency for International Develop-
ment (USAID) for the Sustainable Agriculture and Natural Resources Man-
agement Collaborative Research Support Program (SANREM CRSP, with
Dr. Theo A. Dillaha as its Director) to Virginia Polytechnic Institute and State
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The Editors
December 2008

Xif



Contents

Foreword ix
Preface and Acknowledgments xi
Contents xiil

PART 1. Overview of SWAT

[.1 Overview of Soil and Water Assessment Tool (SWAT) Model,
by Susan L. Neitsch, Jeff . Arnold, James R. Kiniry and James
R. Williams 3

1.2 The Soil and Water Assessment Tool: Historical Development,
Applications, and Future Research Directions, by Philip W. Gassman,
Manuel R. Reyes, Colleen H. Green and Jeffrey G. Arnold 25

PART 2. Worldwide Applications of SWAT

2.1 Modeling Blue and Green Water Availability in Africa, by
Jiirgen Schuol, Karim C. Abbaspour, Hong Yang, Raghavan
Srinivasan and Alexander J B. Zehnder 97

2.2 Environmental and Ecological Hydroinformatics to Support the
European Water Framework Directive for River Basin Management,

by Ann van Griensven, L. Breuer, M. Di Luzio, V. Vandenberghe,

P. Goethals, T. Meixner, J. Arnold and R. Srinivasan 125

2.3 Nonpoint Source Pollution Responses Simulation for Conversion
of Cropland to Forest in Mountains by SWAT in China, by Wei
Ouyang, Fang-Hua Hao, Xue-Lei Wang and Hong-Guang Cheng 145

2.4 Some of the SWAT Applications in India, by Ashvin K. Gosain
and Sandhya Rao 163

2.5 Modeling Blue and Green Water Resources Availability in Iran,
by Monireh Faramarzi, Karim C. Abbaspour, Rainer Schulin and
Hong Yang 183

2.6 Application of the SWAT Model to the Hii River Basin, Shimane
Prefecture, Japan, by H. Somura, D. Hoffman, J. Arnold, 1. Takeda
and Y. Mori 211

2.7 Development and Applications of SWAT-K (Korea) by Nam
Won Kim, Il Moon Chung, Chulgyum Kim, Jeongwoo Lee and
Jeong Fun Lee 223

xiii



2.8 Predicting the Effects of Land Use on Runoff and Sediment Yield

in Selected Sub-watersheds of the Manupali River Using the ArcSWAT
Model, By Nathaniel R. Alibuyog, Victor B. Ella, Manuel R. Reyes,
Raghavan Srinivasan, Conrad Heatwole and Theo Dillaha 253

2.9 Hydrological Modeling with SWAT under Conditions of Limited
Data Availability: Evaluation of Results from a Chilean Case Study,

By Alejandra Stehr, Patrick Debels, Francisco Romero and

Hernan Alcayaga 267

2.10 Continental Scale Simulation of the Hydrologic Balance, by
J.G. Arnold, R. Srinivasan, R.S. Muttiah and P.M. Allen 285

PART 3. Using SWAT Software
3.1 MapWindow Interface for SWAT (MWSWAT), by Luis F. Leon 307
3.2 Step by Step Geo-Processing and Setup of the Required Watershed

Data For MWSWAT (MapWindow SWAT), by Luis F. Leon 349
3.3 SWAT Output Plotting and Graphing Tools (SWATPlot and SWAT-
Graph), by Chris George 381
3.4 SWAT Calibration and Uncertainty Procedures (SWAT-CUP), by
Karim C. Abbaspour 389
3.5 Contents of SWAT DVD Version 1 (January 2009) 391
Index for Models, Abbreviations and Acronyms 393
Geographical Index 398
Subject Index 401
Addendum: WASWC: Its History and Operations 410-415

Xiv



Part 1
Overview of SWAT



1.1 Overview of
Soil and Water Assessment Tool (SWAT) Model

Susan L. Neitsch, Jeff G. Arnold”, James R. Kiniry
and James R. Williams

Preamble

SWAT is the acronym for Soil and Water Assessment Tool, a river basin, or
watershed, scale model developed by Dr. Jeff Amold for the USDA Agricultural
Research Service {(ARS). SWAT was 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 condi-
tions over long periods of time. To satisfy this objective, the model

Is physically based. Rather than incorporating regression equations to de-
scribe the relationship between input and output variables, SWAT requires spe-
cific information about weather, soil properties, topography, vegetation, and land
management practices occurring in the watershed. The physical processes associ-
ated with water movement, sediment movement, crop growth, nutrient cycling,
ete. are directly modeled by SWAT using this input data.

Benefits of this approach are:

» watersheds with no monitoring data {e.g. siream gage data) can be modeled

» the relative impact of alternative input data (e.g. changes in management
practices, climate, vegetation, etc.) on water quality or other variables of
interest can be quantified

uses readily available inputs. While SWAT can be used to study more spe-
cialized processes such as bacteria transport, the minimum data required to make
a run are commonly available from government agencies,

is computationally efficient. Simulation of very large basins or a variety of
management strategies can be performed without excessive investment of time or
money.

© 2009 World Association of Seil and Water Conservation, Soif and Water Assessmeni Tool (SWAT):
Global Applications, eds. leff Amold, Raghavan Srinivasan, Susan MNeitsch, Chris George. Karim
Abbaspour, Philip Gassman, Fang Hua Hao, Ana van Griensven. Ashvin Gosain, Patrick Debels, Nam
Won Kim, Hiroaki Somura, Victor Elia, Attachai fintrawel. Manuel Reyes, and Samran Sombatpanir,
pp. 3-23. This paper has been published in Soil and Water Assessment Tool: Theoretical Documenta-
tien (Version 2005) by the Grassland, Soil and Water Research Laboratory. United States Department
of Agriculture; and by the Blackland Research Center, Texas Agricuitural Experiment Station, and has
been reproduced by permission of both agencies, WASWC is grateful for the permission granted.
*Corresponding author: Agricultural Engincer, USDA-ARS Grassland, Soil and Water Research
Laboratory, Termple, Texas, U.S.A. jparnold@spa.ars.usda.gov (Continued on next page)




enables users to study long-term impacts. Many of the problems currently
addressed by users involve the gradual buildup of pollutants and the impact on
downstream water bodies. To study these types of problems, resuits are needed
from runs with output spanning several decades.

SWAT is a continuous time model, i.e. a long-term yield model. The model iy
nof designed to sipmulate detailed, single-event flood routing.

1. Development of SWAT

SWAT incorporates features of several ARS models and is a direct ouigrowth of
the SWRRB' model (Simulator for Water Resources in Rural Basins) (Williams
et al., 1985, Amold et al., 1990).

Specific models that contributed significanily to the development of SWAT
were CREAMS? (Chemicals, Runoff, and Erosion from Agricultural Manage-
ment Systems) (Knisel, 1980}, GLEAMS’ (Groundwater Loading Effecis on Ag-
ricultural Management Systems) (Leonard et al, 1987), and BPIC* (Erosion-
Productivity Impact Calculator) (Williams et al., 1984).

Development of SWRRB began with modification of the daily rainfall hydrol-
ogy model froam CREAMS. The major changes made to the CREAMS hydrology
mode! were: a} the model was expanded to allow simultaneous compuatations on
several subbasins to predict basin water vield; b) a groundwater or return flow
component was added; ¢} a reservoir storage component was added to calculate
the effect of farm ponds and reservoirs on water and sediment yield; d) a weather
simulation model incorporating data for rainfall, solar radiation, and temperature
was added to facilitate Jong-term simuolations and provide temporally and spa-
tially representative weather; e) the method for predicting the peak runoff rates
was improved; f) the EPIC crop growth model was added to account for annual
variation in growth; g} a simple flood routing component was added: h) sediment
transport components were added to simulate sediment movement through poends,
reservoirs, streams and valieys; and i) calculation of transmission losses was in-
corporated.

'SWRRB is a continuous time step model that was developed to simutate non-point source loadings
from watersheds.

2In response to the Clean Waser Act, ARS assembled a team of interdisciplinary scientists from across
the U.S. to develop a process-based, non-point source simulation model in the early 1970s. From that
effort CREAMS was developed. CREAMS is a field-scale model designed to simulate the impact of
land management on waier, sediment, nutrients and pesticides leaving the edge of the field. A number
of other ARS models such as GLEAMS, EPIC, SWRRB and AGNPS trace their origing to the
CREAMS model.

*GLEAMS is a non-point source model which focuses on pesticide and nutrient groundwater loadings.
*EPIC was originally developed to simulate the impact of erosion on crop productivity and has now
evolved into a comprehensive agricultural management, field scale, non-point source loading model.
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The primary focus of model use in the late 1980s was water quality assess-
ment and development of SWRRB reflecied this emphasis. Notable modifications
of SWRRB at this time included incorporation of: a) the GLEAMS pesticide fate
component; b} optional SCS technology for estimating peak runoff rates: and ¢)
newly developed sediment vield equations. These modifications extended the
model’s capability to deal with a wide variety of watershed management prob-
lems.

In the late 1980s, the Bureau of Indian Affairs needed a model to estimate the
downstream impact of waier management within Indian reservation lands in Ari-
zona and New Mexico. While SWRRB was easily utilized for watersheds up to a
few hundred sq km in size, the Bureau also wanted to simulate streamflow for ba-
sins extending over several thousand sq km. For an area this extensive, the water-
shed under study needed (o be divided into several hundred subbasins,

Watershed division in SWRRB was limited to ten subbasins and the model
routed water and sediment transpoited out of the subbasins directly io the water-
shed outlet. These limitations led to the development of a mode! called ROTO
(Routing Outputs to Qutlet) (Arnold et al., 1995), which took output from multi-
ple SWRRB runs and routed the flows through channels and reservoirs. ROTO
provided a reach routing approach and overcame the SWRRB subbasin limitation
by ‘linking” multiple SWRRB runs together. Although this approach was effec-
tive, the input and output of multiple SWRRB files was cumbersome and required
considerable computer storage. In addition, all SWRRB runs had to be made in-
dependently and then input to ROTO for the channel and reservoir routing. To
overcome the awkwardness of this arrangement, SWRRB and ROTO were
merged into a single model, SWAT. While allowing simulations of very exten-
sive areas, SWAT retained all the features that made SWRRB such a valuable
simulation model.

Since SWAT was created in the early 1990s, it has undergone continued re-
view and expansion of capabilities. The most significant improvements of the
model between releases include:

SWAT94.2: Multiple hydrologic response units (HRUs) incorporated.

SWAT96.2: Auto-fertilization and auto-irrigation added as management op-
tions; canopy storage of water incorporated; a CO, component added to crop
growth model for chimatic change studies; Penman-Monteith potential evapotran-
spiration equation added; lateral flow of water in the soil based on kinematic stor-
age model incorporated; in-stream nutrient water quality equations from
QUALZE added; in-stream pesticide routing.

SWAT9E.1: Snow melt routines improved; in-stream water quality im-
proved: nutrient cycling routines expanded; grazing, manure applications, and tile
flow drainage added as management options; model modified for use in Southern
Hemisphere.



SWATY99.2: Nutrient cycling routines improved, rice/wetland routines im-
proved, reservoir/pond/wetland nutrient removal by settling added; bank storage
of water in reach added; routing of metals through veach added; all year refer-
ences in model changed from last 2 digits of year to 4-digit year; urban build up/
wash off equations from SWMM added along with regression equations from
USGS,

SWAT2000: Bactena transport routines added: Green & Ampt infiltration
added; weather generator improved; allow daily solar radiation, relative humidity,
and wind speed to be read in or generated; allow potential ET values for water-
shed to be read in or calculated; all potential ET methods reviewed; elevation
band processes improved; enabled simulation of unlimited number of reservoirs;
Muskingum routing method added; modified dormancy calculations for proper
simulation in tropical areas.

SWAT2005: Bacteria transport routines improved; weather forecast scenar-
ios added; subdaily precipitation generator added; the retention parameter used in
the daily CN calculation may be a function of soil water content or plant
evapotranspiration

In addition to the changes listed above, interfaces for the model have been de-
veloped in Windows (Visual Basic), GRASS, and ArcView. SWAT has also un-
dergone extensive validation.

2. Overview of SWAT

SWAT allows a number of different physical processes to be simulated in a wa-
tershed. These processes will be briefly summarized in this section. For more de-
tailed discussions of the various procedures, please consult the chapter devoted to
the topic of interest.

For modeling purposes, a watershed may be partitioned into a number of sub-
watersheds or subbasins. The use of subbasing in a simulation is particularly
beneficial when different areas of the watershed are dominated by land uses or
soils dissimilar enough in properties to impact hydrology. By partitioning the wa-
tershed into subbasins, the user is able to reference different areas of the water-
shed to one another spatially. Figure 2 shows a subbasin delineation for the wa-
tershed shown in Figure 1.

Input information for each subbasin is grouped or organized into the follow-
ing categories: climate; hydrologic response units or HRUs, ponds/wetlands;
groundwater; and the main channel, or reach, draining the subbasin. Hydrologic
response units are lumped land areas within the subbasin that are comprised of
unique land cover, soil, and management combinations.

No matter what type of problem studied with SWAT, water balance is the
driving force behind everything that happens in the watershed. To accurately pre-
dict the movement of pesticides, sediments or nutrients, the hydrologic cycle as
simulated by the model must conform to what is happening in the watershed.
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Figure 1. Map of the Lake Fork watershed im northeast Texas showing the land use distri-
bution and stream network

Figure 2. Subbasin delineation of the Lake Fork watershed.

Stmulation of the hydrology of a watershed can be separated into two major
divisions. The first division is the land phase of the hydrologie eycle. depicted n
Figure 3. The land phase ol the hydrologic cyele controls the amount of water,
sediment. nutrient and pesticide loadings to the main channel in each subbasin.
The second division 1s the water or routing phase of the hydrologie cycle which
can be defined as the movement of water, sediments. ete. through the channel net-
waork of the watershed to the outlet,
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Figure 3. Schematic representation ol the hydrologic eyele
2.1 Land phase of the hydrologic cycle

The hydrologic eyele as stmulated by SWAT is based on the warer baliance cquation

SW, =SW,+ > Ry = Qus —E, =W, ~0,)

=i " g = g

1=1

where SH, s the final soil water comtent {mm H-0). SH is the initial soil water
content on day 7 (mm H.O), 115 the time (days). R, is the amount of precipita-
tion on day / (mm H-0). (2,18 the amount of surface runoft on day 7 (mm H.0).
£, is the amount of evapetranspiration on day i (mm H,0), w.,,, is the amount of
water entering the vadose zone from the soll profile on day 7 (mm H.0). and O,
15 the amount of return Now on day 7 (mm H-O).

I'he subdivision of the watershed enables the model to reflect differences in
evapolranspiration for various crops and soils. Runoft is predicted separately for
each HRLU and routed 1o obtain the total runoft for the watershed. This increases
accuracy and zives a much better physical deseription of the water balance.

Figure 4 shows the general sequence of processes used by SWAT to maodel
the Tand phase ol the hydrologic cycle. The different inputs and processes involved
in this phase of the hydrologie cyele are summanized in the [ollowing sections.
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Figure 4. HRU/Subbasin command loop,



2.1.1 Climate

The ciimate of a watershed provides the moisture and energy inputs that conirol
the water balance and determine the relative imporiance of ihe different compo-
nents of the hydrologic cycle.

The climatic vanables required by SWAT consist of daily precipitation, maxi-
mum/minimum air lemperature, solar radiation, wind speed and relative humid-
ity. The model allows values for daily precipitation, maximum/minimum air tem-
peratures, solar radiation, wind speed and relative humidity io be input from re-
cords of observed data or generated during the simulation.

Weather generator. Daily values for weather are generated from average monihly
values, The model generates a set of weather data for each subbasin. The values
for any one subbasin will be generated independently and there will be no spatial
correlation of generated values between the different subbasins.

Generated precipitation. SWAT uses a model developed by Nicks
(1974) to generate daily precipitation for simulations which do not read in
measured data. This precipitation model is also used to fill in missing data
in the measured records. The precipitation generator uses a first-order
Markov chain model to define a day as wet or dry by comparing a random
number {0.0-1.0) generated by the model to monthly wet-dry probabilities
input by the user. If the day is classified as wet, the amount of precipita-
tion is generated from a skewed distribution or a medified exponential dis-
tribution.

Subdaily rainfall patterns. [f subdaily precipitation values are needed, a
double exponential function is used to represent the intensity patterns
within a stormn, With the double exponential distribution, rainfall intensity
exponentially increases with time to a2 maximuim, or peak, intensity. Once
the peak intensity is reached, the ramfall intensity exponentially decreases
with time until the end of the storm.

Generated air temperature and solar radiation. Maximum and mini-
mum air temperatures and solar radiation are generated from a normal dis-
tribution. A continuity equation is incorporated into the generator to ac-
count for temperature and radiation variations caused by dry vs. rainy con-
ditions. Maximum air temperature and solar radiation are adjusted down-
ward when simulating rainy conditions and upwards when simulating dry
conditions. The adjustments are made so that the long-term generated val-
ues for the average monthly maximum temperature and monthly solar ra-
diation agree with the input averages.

Generated wind speed. A modified exponential equation is used to gener-
ate daily mean wind speed given the mean monthly wind speed.

Generated relative humidity. The relative humidity model uses a trian-
gular distribution to simulate the daily average relative humidity from the



monthly average. As with temperature and radiation, the mean daily rela-
tive humidity is adjusted to account for wet- and dry-day effects.

Snow, SWAT classifies precipitation as rain or freezing rain/snow using the av-
erage daily temperature.

Snow cover. The snow cover component of SWAT has been updated
from a simple, uniform snow cover model to a more complex model
which allows non-uniform cover due to shading, drifting, topography and
land cover. The user defines a threshold snow depth above which snow
coverage will always extend over 100% of the area. As the snow depth in
a subbasin decreases below this value, the snow coverage is allowed to de-
cline non-linearly based on an areal depletion curve.

Snow melt. Snow melt is controlled by the air and snow pack tempera-
ture, the melting rate, and the areal coverage of snow. If snow is present, it
is melted on days when the maximum temperature exceeds 0°C using a
lingar function of the difference between the average snow pack-
maximum air temperature and the base or thresheld temperature for snow
melt. Melted snow is ireated the same as rainfall for estimating runotf and
percolation. For snow melt, rainfall energy is set to zero and the peak run-
off raie is estimated assuming vniformly melted snow for a 24 hour dura-
tion.

Elevation bands. The model allows the subbasin to be split into a maxi-
mum of ten elevation bands. Snow cover and snow melt are simulated
separately for each elevation band. By dividing the subbasin into elevation
bands, the model is able to assess the differences in snow cover and snow
melt caused by orographic variation in precipitation and temperature.

Soil temperature. Soil temperaiure impacts water movement and the decay rate
of residue in the soil. Daily average soil temperature is calculated at the soil sur-
face and the center of each soil layer. The temperature of the soil surface 18 a
function of snow cover, plant cover and residue cover, the bare soil surface tem-
perafure, and the previous day’s soil surface temperature. The temperature of a
soil layer is a function of the surface temperature, mean annual air temperature
and the depth in the soil at which variation in temperature due to changes in cli-
matic conditions no longer occurs. This depth, referred to as the damping depth,
is dependent upon the bulk density and the soil water content.

2.1.2 Hydrology

As precipitation descends, it may be intercepted and held in the vegetation can-
opy or [all to the soil surface. Water on the soil surface will infiltrate into the soil
profile or flow overland as runoff. Runoff moves relatively quickly toward a
stream channel and contributes to short-term stream response. I[nfiltrated water
may be held in the soil and later evapotranspired or it may slowly make its way to
the surtace-water system via underground paths. The potential pathways of water
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movement simulated by SWAT inthe HRU are illustrated in Figure 3

Canapy starage. Canopy storage is the water intercepted by vegetative surfaces
(the canopy) where it is held and made available for evaporation, When using the
curve number method to compute surface runofl, canopy storage is taken into ac-
count in the surface runoft caleulations, However, if mcthods such as Green &

e C OV

Flgure 5. Schematics of pathways available for water movement in SWAT.



Ampt are used to model infiltration and runoff, canopy storage must be modeled
separately. SWAT allows the user to input the maximum amount of waler that
can be stored in the canopy at the maximum leal area index for the land cover.
This value and the leaf area index are used by the model to compute the maxi-
mum storage ai any time in the growth cycle of the land cover/crop. When evapo-
ration is computed, water is first removed from canopy storage.

Infiltration. Infiltration refers to the entry of water into a soil profile from the soil
surface. As infiltration continues, the soil becomes increasingly wet, causing the
rate of infiltration to decrease with time until it reaches a steady value. The initial
rate of infiltration depends on the moisture content of the soil prior to the intro-
duction of water at the soil surface. The final rate of infiliration is equivalent to
the saturated hydraulic conductivity of the soil. Because the curve number
method used to calculate surface runoff operates on a daily time-step, it is unable
to directly model infiltration. The amount of water entering the soil profile is cal-
culated as the difference between the amount of rainfalt and the amount of sur-
face runoff. The Green & Ampt infiltration method does directly model infiltra-
tion, but it requires precipitation data in smaller time increments.

Redistribution. Redistribution refers to the continued movement of water through
a soil profile after input of water (via precipitation or irrigation) has ceased at the
soil surface. Redistribution is caused by differences in water content in the pro-
file. Once the water content throughout the entire profile is uniform, redistribu-
tion will cease. The redistribution component of SWAT uses a storage routing
technique to predict flow through each soil layer in the root zone. Downward
tflow, or percolation, occurs when field capacity of a soil layer is exceeded and
the layer below is not saturated. The flow rate is governed by the satu-
rated conductivity of the soil layer. Redistribution is affected by soil temperature,
If the temperature in a particular layer is 0°C or below, no redistribution is al-
lowed from that layer.

Evapotranspiration. Evapotranspiration is a collective term for all processes by
which water in the liquid or solid phase at or near the earth's surface becomes at-
mospheric water vapor. Evapotranspiration includes evaporation from rivers and
lakes, bare soil, and vegetative surfaces; evaporation from within the leaves of
plants (transpiration); and sublimation from ice and snow surfaces. The model
computes evaporation from soils and plants separately as described by Ritchie
(1972). Potential soil water evaporation is estimated as a function of potential
evapotranspiration and leaf area index (area of plant leaves relative to the area of
the HRU). Actual soil water evaporation is estimated by using exponential func-
tions of soil depth and water content. Plant transpiration is simulated as a linear
function of potential evapotranspiration and leaf area index.

Potential evapotranspiration. Potential evapotranspiration is the rate at
which evapotranspiration would occur from a large area completely and
uniformly covered with growing vegetation that has access to an unlimited
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supply of soil water. This rate is assumed to be unaffected by micro-
climatic processes such as advection or heat-storage effects. The model of-
fers three options for estimating potential evapoiranspiration: Hargreaves
{Hargreaves et al., 1985), Priestley-Taylor (Priestley and Taylor, 1972),
and Penman-Monteith (Monteith, 1963).

Lateral subsurface flow. Lateral subsurface flow, or interflow, is streamflow
contribution that originates below the surface but above the zone where rocks are
saturated with water. Lateral subsurface flow in the soil profile (0-2 m) is calcu-
lated simuftaneously with redistribution. A kinematic storage mode! is used to
predict lateral flow in each soil layer. The model accounts for variation in con-
ductivity, slope and soil water content.

Surfuce runoff. Surface runoff, or overland flow, is the flow that occurs along a
sloping surface. Using daily or subdaily rainfall amounts, SWAT simulates sur-
face runoff volumes and peak runoff rates for each HRU.

Surface runoff volume is computed using a modification of the SCS$
curve number method (USDA Soil Conservation Service, 1972) or the
Green & Ampt infiltration method (Green and Ampt, 1911). In the curve
number method, the curve number varies non-linearly with the maisture
content of the soil. The curve number drops as the soil approaches the
wilting point and increases to near 100 as the soil approaches saturation.
The Green & Ampt method requires subdaily precipitation data and calcu-
lates infiltration as a function of the wetting front matric potential and ef*
fective hydraulic conductivity. Water that does not infiltrate becomes sur-
face runoff. SWAT includes a provision for estimating runoft from frozen
soil where a soll is defined as frozen if the temperature in the first soil
layer is less than 0°C, The model increases runoff for frozen soils but still
allows significant infiltration when the frozen sotls are dry.

Peak runoff rate. Predictions are made with a modification of the rational
method. In brief, the rational method is based on the idea that if a rainfall
of intensity / begins instantaneously and continues indefinitely, the rate of
runoff will increase until the time of concentration, ¢, when all of the sub-
basin is contributing to flow at the outiet. In the modified Rational For-
mula, the peak runoff rate is a function of the proportion of daily precipita-
tion that falls during the subbasin 1, the daily surface runoff votume, and
the subbasin time of concentration. The proportion of rainfall occurring
during the subbasin 7, is estimated as a function of total daily rainfatl using
a stochastic technique. The subbasin time of concentration is estimated using
Manning’s Formula considering both averland and channel flow,

Ponds. Ponds are water storage structures located within a subbasin which inter-
cept surface runoft. The catchment area of a pond is defined as a fraction of the
total area of the subbasin. Ponds are assumed fo be located off the main channel
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in a subbasin and will never receive water from upstream subbasins. Pond water
storage is a function of pond capacity, daily inflows and outflows, seepage and
evaporation. Required inputs are the storage capacity and surface area of the pond
when filled to capacity. Surface area below capacity is estimated as a non-linear
function of storage.

Tributary channels. Two types of channels are defined within a subbasin; the
main channel and tributary channels. Tributary channels are minor or lower order
channels branching off the ntain channel within the subbasin. Each tributary
channel within a subbasin drains only a portion of the subbasin and does not re-
ceive groundwater contribution to its flow. All flow in the tributary channels is
released and routed through the main channel of the subbasin. SWAT uses the at-
tmbutes of tributary channels to determine the time of concentration for the sub-
basin.

Transrmission losses arc losses of surface flow via leaching through the
streambed. This type of loss occurs in ephemeral or intermittent streams
where groundwater contribution oceurs only at certain times of the year, or
noi at all. SWAT uses Lane’s method described in Chapter 19 of the SCS
Hydrology Handbook (USDA Soil Conservation Service, 1983) to esti-
mate transmission losses. Water losses from the channel are a function of
channel width and length and flow duration. Both runoff volume and peak
rate are adjusted when transmission losses occur in tributary channels.

Return flow. Return flow, or base flow, is the volume of streamflow originating
from groundwater. SWAT paititions groundwater into two aguifer systems: a
shallow, unconfined aguifer that contribuies return flow to sireams within the wa-
tershed and a deep, confined aquifer that comtributes return flow to streams ocui-
side the watershed (Arnold et al., 1993), Water percolating past the bottom of the
root zone is partitioned into two fractions - each fraction becomes recharge for
one of the aquifers. [n addition to return flow, water stored in ihe shallow aquifer
may replenish moisture in the soil profile in very dry conditions or be directly re-
moved by plant. Water in the shallow or deep aquifer may be removed by pumping.

2.1.3 Land cover/plant growth

SWAT utilizes a single plant growth model to simulate all types of land covers.
The model is able to differentiate between annual and perennial plants, Annual
plants grow from the planting date to the harvest date or until the accumulated
heat units equal the potential heat units for the plant. Perennial plants maintain
their root systems throughout the year, becoming dormant in the winter months.
They resume growth when the average daily air temperature exceeds the mini-
mum, or base, temperature required. The plant growth model is used to assess re-
moval of water and nutrients from the root zone, transpiration, and biomass/yield
production.

Potential growth. The potential increase in plant biomass on a given day is de-
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fined as the increase in biomass under ideal growing conditions. The potential in-
crease in biomass for a day is a function of intercepted energy and the plant’s effi-
clency in converting energy to biomass. Energy interception is estimated as a
function of solar radiation and the plant’s leaf area index,

Potential and actual transpiration. The process used to calculate potential plant
transpiration is described in the section on evapotranspiration. Actual franspira-
tion is a function of potential transpivation and soil water availability.

Nutrient uptake. Plant use of nitrogen and phosphorus are estimated with a sup-
ply and demand approach where the daily plant nitrogen and phosphorus de-
mands are calculated as the difference between the actual concentration of the
element in the plant and the optimal concentration, The optimal concentration of
the elements varies with growth stage as described by Jones (1983).

Growth contraints. Potential plant growth and yield are usually not achieved
due to constraints imposed by the environment. The model estimates siresses
caused by water, nutrients and temperature.

2.1.4 Erosion

Erosion and sediment yield are estimated for each HRU with the Modified Uni-
versal Soil Loss Equation (MUSLE) (Wiiliams, 1975). While the USLE uses
rainfall as an indicator of erosive energy, MUSLE uses the amount of runoff to
simulate erosion and sediment yield. The substitution results in a number of bene-
fits: the prediction accuracy of the medel is increased, the need for a delivery ra-
tio is eliminated, and single storm estimates of sediment yiclds can be calculated.
The hydrology 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 oc-
curs. It is a function of aboveground biomass, residue on the soil surface, and the
minimum C factor for the plant, Other factors of the erosion equation are evalu-
ated as described by Wischmeier and Smith (1978).

2.1.5 Nutrients

SWAT tracks the movement and ransformation of several forms of nitrogen and
phosphorus in the watershed. In the soil, transformation of nitrogen from one
form to another is governed by the nitrogen cycle as depicted in Figure 6. The
transformation of phosphorus in the soil is controlled by the phosphorus cycle
shown in Figure 7. Nutrients may be introduced to the main channel and trans-
ported downstream through surface runoff and lateral subsurface flow.

Nitrogen. The different processes modeled by SWAT in the HRUs and the van-
ous pools of nitrogen in the soil are depicted in Figure 6. Plant use of nitrogen is
estimated using the supply and demand approach described in the section on plant
growth. In addition to plant use, nitrate and organic N may be removed from the
soil via mass flow of water. Amounts of NO;-N contained in runoff, lateral flow
and percolation are estimated as products of the volume of water and the average
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NITROGEN

Figure 6. Partitioning ol ntrogen in SWAT,

PHOSPHORUS

Figure 7. Partitioning of phosphorus in SWAT.

concentration of nitrate in the layer. Organic N transport with sediment is caleu-
fated with a loading function developed by McElroy et al. (1976) and modified by
Williams and Hann (1978) for application o individual runoff events. The load-
ing function estimates the daily organic N runofT loss based on the concentration
of organic N in the top soil layer. the sediment vield. and he enrichment ratio.
The enrichment ratio is the concentration of organic N in the sediment divided by
that i the soil.

Phosphoras. The different processes modeled by SWAT in the HRUs and the
various pools of phosphorus in the soil are depicted in Figure 7. Plant use of
phosphorus is estimated using the supply and demand approach described in the
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section on plant growth. In addition 10 plant use. solubte phosphorus and organic
P may be removed from the sotl via mass [Tow of water. Phosphorus is not a mo-
bile nutrient and interaction between surface runoft with solution P in the top 10
mm of soil will not he complete. The amount of soluble P removed in runoff is
predicted using solution P concentration in the top 10 mm of soil. the runoff vol-
ume and a partinening factor. Sediment transport of P is simulated with a loading
function as described in organic N transport.

PESTICIDES

Fohar Application
Volatilization

Degradation

o Surface and Subsurface Application

Volatilization

Figure 8. Pesticide fate and transport in SWAT

2.1.6 Pesticides

Although SWAT does not simulate stress on the growth ol a plant due to the pres-
ence of weeds. damaging inscets, and other pests. pesticides may be applied to an
HRU to study the movement of the chemical in the watershed, SWAT simulates
pesticide movement inte the stream network, via surlace runoll {in solution and
sorbed 1o sediment transported by the runof?), and mto the soil profile and aquiter
by percolation (in solution). The equations used 1o model the movement ol pesti-
cide in the land phase of the hvdrologic eycle were adopted from GLEAMS
{Leonard et al.. 1987). The movement of the pesticide is controlled by its solubil-
ity. degradation half-life. and soil organic carbon adsorption coclTicient. Pesticide
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on plant foliage and in the soil degrade exponentially according 1o the appropriate
half-lite. Pestcide transport by water and sediment is caleulated for each runoll event
and pesticide leaching is estimated for each soil laver when percolation oceurs.

Figure 9, ln-stream processes modeled by SWAT.

2.1.7 Mapagement
SWAT allows the user to define management practices taking place in every
HRU, The user may deline the beginning and the ending of the growing season.
specify timing and amounts of fertilizer, pesticide and nrigation applications as
well as timing of tillage operations. Al the end of the growing season, the bio-
mass may be removed from the HRU as vield or placed on the surfice as residue.
In addition to these basic management practices. operations such as grazing.
automated fertilizer and water applications, and incorporation of every conceiv-
able management option for water use are available, The latest improvement to
land management is the incorporation of routines to caleulate sediment and nutri-
ent loadings [rom urban areas.

Rotations. The dictionary defines a rotation as the growing of difterent crops in
succession i one feld, usually ina regular sequence. A rotation in SWAT refers
10 4 change In management practices from one year 1o the next. There is no limil
to the number of years of different management operations specilied in a rotation.
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SWAT also does not limit the number of land cover/crops grown within one year
in the HRU. However, only one land cover can be growing at any one time.

Water use. The two most typical uses of water are for application to agricultural
lands or use as a town$ water supply. SWAT allows water to be applied on an
HRU from any water source within or outside the watershed. Water may also be
transferred between reservoirs, reaches and subbasins as well as exported from
the watershed.

2.2 Routing phase of the hydrologic cycle

Once SWAT determines the loadings of water, sediment, nutrients and pesticides
to the main channel, the loadings are routed through the stream network of the
watershed using a command structure similar to that of HYMO (Williams and
Hann, 1972). In addition to keeping track of mass flow in the channel, SWAT
models the transformation of chemicals in the stream and streambed. Figure 9 il-
lusteates the different in-stream processes modeled by SWAT.

2.2.]1 Routing in the main channel or reach
Routing in the main channel can be divided into four components: water, sedi-
ment, nufrients and organic chemicals.

Flood routing. As water flows downstream, a portion may be lost due to evapora-
tion and transmission through the bed of the channel. Another potential loss is re-
moval of water from the channel for agricultural or human use. Flow may be sup-
plemented by the fall of rain directly on the channel and/or addition of water from
point source discharges. Flow is routed through the channel using a variable stor-
age coefficient method developed by Williams {1969} or the Muskingum routing
method.

Sediment routing. The transport of sediment in the channel is controlled by the
simultancous operation of two processes, deposition and degradation. Previous
versions of SWAT used stream power to estimate deposition/degradation in the
channels (Amold et al., 1995). Bagnold (1977) defined stream power as the prod-
uct of water density, flow rate and water surface slope. Williams (1980) used
Bagnoid: 4 definition of stream power to develop a method for determining degra-
dation as a function of channel slope and velocity. In this version of SWAT, the
equations have been simplified and the maximum amount of sediment that can be
transported from a reach segment is a function of the peak channel velocity.
Available stream power is used to re-entrain loose and deposited material until all
of the material is removed. Excess stream power causes bed degradation. Bed
degradation is adjusied for stream bed erodibility and cover.

Nutrient routing, Nutrient transformations 1n the stream are controlled by the in-
stream water quality component of the model. The in-stream kinetics used in
SWAT for nutrient routing are adapted from QUAL2E (Brown and Barnwell,
1987). The model tracks nutrients dissolved in the stream and nutrients adsorbed
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to the sediment. Dissolved nutrients are transported with the water while those
sorbed to sediments are allowed to be deposited with the sediment on the bed of
the channel.

Channel pesticide routing. While an unlimited number of pesticides may be ap-
plied to the HRUs, only one pesticide may be routed through the channel network
of the watershed due to the complexity of the processes simulated. As with the
nutrients, the total pesticide load in the channel is partitioned into dissolved and
sediment-attached components. While the dissolved pesticide is transported with
water, the pesticide attached to sediment is atfected by sediment transport and
deposition processes. Pesticide transformations in the dissolved and sorbed
phases are governed by first-order decay relationships. The major in-stream proc-
esses simulated by the model are settling, burial, re-suspension, volatilization,
diffusion and transtormation.

2.2.2 Routing in the reservoir
The water balance for reservoirs includes inflow, outflow, rainfall on the surface,
evaporation, seepage from the reservoir bottorn and diversions.

Reservoir outflow. The model offers three alternatives for estimating outflow
from the reservoir. The first option allows the user to input measured outflow.
The second option, designed for small, uncontroltled reservoirs, requires the users
to specify a water release rate, When the reservoir volume exceeds the principal
storage, the extra water is released at the specified rate. Volume exceeding the
emergency spillway is released within one day, The third option, designed for lar-
ger, managed reservoirs, has the user specify monthly target volumes for the res-
arvoir,

Sediment routing. Sediment inflow may originate from transport through the up-
stream reaches or from surface runoff within the subbasin, The concentration of
sediment in the reservoir is estimated using a simple continuity equation based on
volume and concentration of inflow, outflow, and water retained in the reservoir.
Settling of sediment in the reservoir is governed by an equilibrium sediment con-
centration and the median sediment particle size. The amount of sediment in the
reservoir outflow is the product of the volume of water flowing out of the reser-
voir and the suspended sediment concentration in the reservoir at the time of re-
lease.

Reservoir nutrients. A simple model for nitrogen and phosphorus mass bafance
was taken from Chapra (1997). The model assumes: 1) the lake is completely
mixed; 2) phosphorus is the limiting nutrient; and, 3) total phosphorus is a meas-
ure of the lake trophic status. The first assumption ignores lake stratification and
intensification of phytoplankton in the epilimnon. The second assumption is gen-
erally valid when non-point sources dominate and the third assumption implies
that a relationship exists between total phosphorus and biomass. The phosphorus
mass balance equation includes the concentration in the lake, inflow, outflow and
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overall loss rate.

Reservoir pesticides. The lake pesticide balance madel is taken from Chapra
(1997} and assumes well mixed conditions. The system is partitioned into a well
mixed surface water layer underlain by a well mixed sediment layer. The pesti-
cide 1s partitioned into dissclved and particulate phases in both the water and
sediment layers. The major processes simulated by the model are loading, out-
flow, transformation, volatilization, settling, diffusion, re-suspension and burial.
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1.2 The Soil and Water Assessment Tool:
Historical Development, Applications, and
Future Research Directions
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Abstract

The Soil and Water Assessment Tool (SWAT) model is a continuation of nearly
30 years of modeling efforts conducted by the USDA Agricultural Research Service
(ARS). SWAT has gained international acceptance as a robust interdisciplinary water-
shed modeling tool as evidenced by international SWAT conferences, hundreds of
SWAT-related papers presented at numerous other scientific meetings, and dozens of
articles published in peer-reviewed journals. The model has also been adopted as part
of the U.S. Environmental Protection Agency (USEPA) Better Assessment Science
Integrating Point and Nonpomnt Sources (BASINS) software package and is being
used by many U.S. federal and state agencies, including the USDA within the Conser-
vation Effects Assessment Project (CEAP). At present, over 250 peer-reviewed pub-
lished articles have been identified that report SWAT applications, reviews of SWAT
components, or other research that includes SWAT. Many of these peer-reviewed arti-
cles are summarized here according to relevant application categories such as stream-
flow calibration and related hydrologic analyses, climate change impacts on hydrol-
ogy, pollutant load assessments, comparisons with other models, and sensitivity
analyses and calibration technigues. Strengths and weaknesses of the modet are pre-
sented, and recommended research needs for SWAT are also provided.
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1. Introduction

The Seil and Water Assessment Tool (SWAT) model {Arnold et al., 1998; Ar-
nold and Fohrer, 2005) has proven to be an effective tool for assessing waler re-
source and nonpoint-source pollution problems for a wide range of scales and en-
vironmental conditions across the globe. In the U.S., SWAT is increasingly being
used to support Total Maximum Daily Load (TMDL) analyses (Borah et al.,
2006}, research the effectiveness of conservation practices within the USDA Con-
servation Effects Assessment Program (CEAP, 2007) initiative (Mausbach and
Dedrick, 2004), perform ‘macro-scale assessments’ for large regions such as the
upper Mississippi River basin and the entire U.S. (e.g. Arnold et al., 1999a; Jha et
al., 2006), and a wide range of other water use and water quality applications.
Similar SWAT application trends have also emerged in Europe and other regions,
as shown by the variety of studies presented in four previous European interna-
tional SWAT conferences, which are reported for the first conference in a special
issue of Hydrological Processes (volume 19, issue 3) and proceedings for the sec-
ond (TWRI, 2003), third (EAWAG, 2005), and fourth (UNESCOQ-IHE, 2007)
conferences.

Reviews of SWAT applicaiions and/or components have been previously re-
ported, sometimes in conjunction with comparisons with other models (e.g. Ar-
nold and Fohrer, 2005; Borah and Bera, 2003, 2004; Shepherd et al., 1999). How-
ever, these previous reviews do not provide a comprehensive overview of the
complete body of SWAT applications that have been reported in the peer-
reviewed literature. There is a need to fill this gap by providing a review of the
full range of studies that have been conducted with SWAT and to highlight
emerging application trends. Thus, the specific objectives of this study are to: (1)
provide an overview of SWAT development history, including the development
of GIS interface tools and examples of modified SWAT modetls; (2) summarize
research findings or methods for many of the more than 250 peer-reviewed arti-
cles that have been identified in the literature, as a function of different applica-
tion categories: and (3} describe key strengths and weaknesses of the model and
list a summary of future research needs.

2. SWAT Developmental History and Overview

The development of SWAT is a continuation of USDA Agricultural Research
Service (ARS) modeling experience that spans a period of roughly 30 years.
Early origins of SWAT can be traced to previously developed USDA-ARS mod-
els (Fig. 1) including the Chemicals, Runoff, and Erosion from Agricultural Man-
agement Systems (CREAMS) model (Knisel, 1980), the Groundwater Loading
Effects on Agricultural Management Systems (GLEAMS) model (Leonard et al,,
1987), and the Environmental Impact Policy Climate (EP1C) model ([zaurralde et
al., 2006), which was originally called the Erosion Productivity Impact Calculator
(Wiltiams, 1990Q). The current SWAT model is a direct descendant of the Stmula-
tor for Water Resources in Rural Basins (SWRRB) model (Amold and Williams,
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1987}, which was designed to simmulate management impacts on water and sedi-
ment movement for ungaged rural basins across the U.S.

Development of SWRRB began in the early 1980s with modification of the
daily rainfall hydrology model from CREAMS. A major enhancement was the
expansion of surface runoff and other computations for up to ten subbasins, as
opposed to a single field, to predict basin water yield. Other enhancements in-
cluded an improved peak runoff rate methed, calculation of transmission losses,
and the addition of several new components: proundwater return flow (Amold
and Allen, 1993), reservoir storage, the EPIC crop growth submodel, a weather
generator, and sediment iransport. Further modifications of SWRRB in the late
1980s included the incorporation of the GLEAMS pesticide fate component, op-
tional USDA-SCS technology for estimating peak runoff rates, and newly devel-
oped sediment yield equations. These modifications extended the mode] ¢ capa-
bility to deal with a wide variety of watershed water quality management prob-
lems.

QUALZE
Example
pesticide l SWAT adaptations
GLEAMS |+ compaonent
in-stream
kinetics FSWAT
daily rainfall SWRRB
CREAMS —  hydrology frultiple subbasing, SWAT * SWAT-G
component other companents} T
routing SWIM
structure
crop
EPH. |-  growth  ~ t
component ‘
ROTO

Figure 1. Schematic of SWAT developmental history, including selected SWAT adapta-
tioms.

Arnold et al. (1995b) developed the Routing Qutputs to Outlet (ROTO) model
in the early 1990s in order to support an assessment of the downstream impact of
water management within Indian reservation lands in Arizona and New Mexico
that covered several thousand square kilometers, as requested by the U.S. Bureau
of Indian Affairs. The analysis was performed by linking output from multiple
SWRRB runs and then routing the flows through channels and reservoirs in
ROTO via a reach routing approach. This methodology overcame the SWRRB
limitation of allowing only ten subbasins; however, the input and output of multi-
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ple SWRRB files was cumbersome and required considerable computer storage,
To overcome the awkwardness of this arrangement, SWRRB and ROTO were
merged into the single SWAT model (Fig. 1). SWAT retained all the features that
made SWRRB such a valuable simulation model, while allowing simulations of
very extensive areas.

SWAT has undergone continued review and expansion of capabilities since it
was created in the early 1990s. Key enhancements for previous versions of the
model (SWAT94.2, 96.2, 98.1, 99.2, and 2000) are described by Arnold and
Fohrer (2005) and Neitsch et al. (2005a), including the incorporation of in-stream
kinetic routines from the QUALZE model (Brown and Bamwell, 1987), as shown
in Figure {. Documentation for some previous versions of the model is available
at the SWAT web site (SWAT, 2007d). Detailed theoretical documentation and a
user[§ manual for the latest version of the model (SWAT2005) are given by
Neitsch et al. (20052, 2005b). The current version of the model is briefly de-
scribed here to provide an overview of the model structure and execution ap-
proach.

2.1 SWAT Overview

SWAT is a basin-scale, continuous-time mode! that operates on a daily time step
and is designed to predict the impact of management on water, sediment, and ag-
ricultural chemical yields in ungaged watersheds. The model is physically based,
computationally efficient, and capable of continuous simulation over long-time
pericds. Major model components include weather, hydrology, soil temperature
and properties, plant growth, nutrients, pesticides, bacteria and pathogens, and
land management. In SWAT, a watershed is divided into mualtiple sub-
watersheds, which are then further subdivided into hydrologic response units
(HRUs) that consist of homogeneous land use, management, and soil characteris-
tics. The HRUs represent percentages of the sub-watershed area and are not iden-
tified spatially within a SWAT simulation. Alternatively, a watershed can be sub-
divided into only sub-watersheds that are characterized by dominant land use, soil
type, and management.

2.1.1 Climatic Inputs and HRU Hydroelogic Balance

Clumatic inputs used in SWAT include daily precipitation, maximum and mini-
mum temperature, solar radiation data, relative humidity, and wind speed data,
which can be input from measured records and/or generated. Relative humidity is
required if the Penman-Monteith (Monteith, 1965) or Priestly-Taylor (Priestly
and Taylor, 1972) evapotranspiration (ET) routines are used; wind speed is only
necessary if the Penman-Monteith method is used. Measured or generated sub-
daily precipitation inputs are required if the Green-Ampt infiltration method
(Green and Ampt, 1911) is selected. The average air temperature is used to deter-
mine if precipitation should be simulated as snowfail, The maximum and mini-
mum temperature inputs are used in the calculation of daily soil and water tem-
peratures, Generated weather inputs are calcuilated from tables consisting of 13
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monthly climatic variables, which are derived from long-term measured weather
records. Customized climatic input data options include: (1) simulation of up to
ten elevation bands to account for orographic precipitation and/or for snowmelt
calculations, (2) adjustments to climate inputs to simulate climate change, and (3)
forecasting of future weather patterns, which is a new feature in SWAT2005.

The overall hydrologic balance is simulated for each HRU, including canopy
interception of precipitation, partitioning of precipitation, snowmelt water, and ir-
rigation water between surface runoff and infiltration, redistribution of water
within the soil profile, evapotranspiration, lateral subsurface flow from the soil
profile, and return flow from shallow aquifers. Estimation of areal snow cover-
age, snowpack temperature, and snowmelt water is based on the approach de-
scribed by Fontaine et al. (2002). Three options exist in SWAT for estimating
surface runoff from HRUs, which are combinations of daily or sub-hourly rainfall
and the USDA Natural Resources Conservation Service (NRCS) curve number
{CN) method (USDA-NRCS, 2004) or the Green-Ampt method. Canopy inter-
ception is implicit in the CN method, while explicit canopy interception is simu-
lated for the Green-Ampt method.

A storage routing technique is used to calculate redistribution of water be-
tween layers in the soil profile. Bypass flow can be simulated, as described by
Amold et al. (2005), for soils characterized by cracking, such as Vertisols,
SWAT2005 also provides a new option to simulate perched water tables in HRUs
that have seasonal high water tables. Three methods for estimating potential ET
are provided: Penman-Monteith, Priestly-Taylor, and Hargreaves (Hargreaves et
al., 1985). ET values estimated external to SWAT can also be input for a simuia-
tion run. The Penman-Monteith option must be used for climate change scenarios
that account for changing atmospheric CO; levels. Recharge below the soil pro-
file is partitioned between shatlow and deep aquifers. Return flow to the stream
system and evapotranspiration from deep-rooted plants (termed ‘revap’) can oc-
cur from the shallow aquifer. Water that recharges the deep aquifer is assumed
lost from the system.

2.1.2 Cropping, Management Inputs, and HRU-Level Pollutant Losses

Crop yields and/or biomass output can be estimated for a wide range of crop rota-
tions, grassland/pasture systems, and trees with the crop growth submodel. New
routines in SWAT2005 allow for simulation of forest growth from seedling to
mature stand. Planting, harvesting, tillage passes, nutrient applications, and pesti-
cide applications can be simulated for each cropping system with specific dates or
with a heat unit scheduling approach. Residue and biological mixing are simu-
lated in response to each tillage operation. Nitrogen and phosphorus applications
can be simulated in the form of inorganic fertilizer and/or manure inputs. An al-
ternative automatic fertilizer routine can be used to simulate fertilizer applica-
tions, as a function of nitrogen stress. Biomass removal and manure deposition
can be simulated for grazing operations. SWAT2005 also features a new continu-
ous manure application option to reflect conditions representative of confined

29



animal feeding operations, which automatically simulates a specific frequency
and quantity of manure to be applied to a given HRU. The type, rate, tuming, ap-
plication efficiency, and percentage application to foliage versus soil can be ac-
counted for simulations of pesticide applications.

Selected conservation and water management practices can algo be simulated
in SWAT. Conservation practices that can be accounted for include terraces, strip
cropping, contouring, grassed waterways, filter strips, and conservation tillage.
Simulation of irrigation water on cropland ¢an be simulated on the basis of five
alternative sources: streamn reach, reservoir, shallow aquifer, deep aquifer, or a
water body source external to the watershed. The irrigation applications can be
simulated for specific dates or with an auto-irrigation routine, which triggers irri-
gation events according to a water stress threshold. Subsurface tile drainage 1s
simulated in SWAT2005 with improved routines that are based on the work per-
formed by Du et al. (2005) and Green et al. (2006); the simulated tile drains can
also be linked to new routines that simulate the effects of depressional areas
(potholes). Water transfer can also be simulated between different water bodies,
as well as “consumptive water use™ in which removal of water from a watershed
system is assumed.

HRU-level and in-stream pollutant losses can be estimated with SWAT for
sediment, nitrogen, phosphorus, pesticides, and bacteria. Sediment yield is calcu-
lated with the Moditied Universal Soil Loss Equation (MUSLE) developed by
Williams and Berndt (1977); USLE estimates are output for comparative pur-
poses only. The transformation and movement of nitrogen and phosphorus within
an HRU are simulated in SWAT as a function of nutrient cycles consisting of
several inorganic and organic pools. Losses of both N and P from the soil system
in SWAT occur by crop uptake and in surface runoff in both the solution phase
and on eroded sediment. Simulated losses of N can also occur in percolation be-
low the root zone, in lateral subsurface flow including tile drains, and by volatili-
zation to the atmosphere, Accounting of pesticide fate and transport includes deg-
radation and losses by volatilization, leaching, on eroded sediment, and in the so-
lution phase of surface runoff and later subsurface flow. Bacteria surface runoff
losses are simulated in both the solution and eroded phases with improved rou-
tines in SWAT2005.

2.1.3 Flow and Pollutant Loss Routing, and Auto-Calibration and Uncer-
tainty Analysis

Flows are summed from all HRUs to the sub-watershed level, and then routed
through the stream systern using either the variable-rate storage method
(Williaros, 1969) or the Muskingum method (Neitsch et al., 2005a), which are
both variations of the kinematic wave approach. Sediment, nutrient, pesticide,
and bacteria loadings or concentrations from each HRU are also summed at the
sub-watershed level, and the resulting losses are routed through channels, ponds,
wetlands, depressional areas, and/or reservoirs to the watershed outlet. Contribu-
tions from point sources and urban areas are also accounted for in the total flows
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and pollutant losses exported from each sub-watershed. Sediment transport is
simulaied as a function of peak channel velocity in SWAT2003, which is a sim-
plified approach relative to the stream power methodology used in previous
SWAT versions. Simulation of channel] erosion is accounted for with a channel
erodibility factor. In-stream transformations and kinetics of aigae growth, nitro-
gen and phosphorus cycling, carbonaceous biological oxygen demand, and dis-
solved oxygen are performed on the basis of routines developed for the QUAL2ZE
model. Degradation, volatihzation, and other in-stream processes are simulated
for pesticides, as well as decay of bacteria. Routing of heavy metals can be simu-
lated; however, no transformation or decay processes are simulated for these pol-
lutants.

A final feature in SWAT2005 is a new automated sensitivity, calibration, and
uncertainty analysis component that is based on approaches described by van
Griensven and Meixner {2006) and van Griensven et al. (2006b). Further discus-
sion of these tools is provided in the Sensitivity, Calibration, and Uncertainty
Analyses Section.

2.2 SWAT Adaptations

A key trend that is interwoven with the ongoing development of SWAT ig the
emergence of modified SWAT models that have been adapted to provide im-
proved simulation of specific processes, which in some cases have been focused
on specific regions. Notable examples (Fig. 1) include SWAT-G, Extended
SWAT (ESWAT), and the Soil and Water Integrated Model (SWIM). The initial
SWAT-G model was developed by modifying the SWAT99.2 percolation, hy-
draulic conductivity, and interflow functions to provide improved flow predic-
tions for typical conditions in low mountain ranges in Germany (Lenhart et al.,
2002). Further SWAT-G enhancements include an improved method of estimat-
ing erosion loss (Lenhart et al., 2005) and a more detailed accounting of CO, ef-
fects on leaf area index and stomatal conductance (Eckhardt and Ulbrich, 2003).
The ESWAT model (van Griensven and Bauwens, 2003, 2005) features several
modifications relative to the original SWAT model including: (1) sub-hourty pre-
cipitation inputs and infiltration, runoff, and erosion loss estimates based oo a
user-defined fraction of an hour; (2) a river routing module that is updated on an
hourly time step and is interfaced with a water quality component that features in-
stream kinetics based partially on functions used in QUALZE as well as addi-
ticnal enhancements; and (3) multi-objective (multi-site and/or multi-variable)
calibration and autocalibration modules (similar components are now incotpo-
rated in SWAT2005). The SWIM model is based primarily on hydrologic compo-
nents from SWAT and nutrient cycling components from the MATSALU model
(Krysanova et al., 1998, 2005) and is designed to simulate Unesoscale1(100 to
100,000 km?) watersheds. Recent improvements to SWIM include incorporation
of a groundwater dynamics submodel (Hatterman et al., 2004), enhanced capabil-
ity to simulate forest systems (Wattenbach et al., 2005), and development of routines
to more realistically simulate wetlands and riparian zones (Hatterman et al., 2006).
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2.3 Geographic Information System Interfaces and Other Tools

A second trend that has paralleled the historical development of SWAT is the
creation of various Geographic [nformation System (GIS) and other interface
tools to support the input of topographic, land use, soil, and other digital data into
SWAT. The first GIS interface program developed for SWAT was SWAT/
GRASS, which was built within the GRASS raster-based GIS (Srinivasan and
Arnold, 1994). Haverkamp et at. (2005) have adopted SWAT/GRASS within the
[nputOutputSWAT (IOSWAT) software package, which incorporates the Topog-
raphic Parameterization Tool (TOPAZ) and other tools to generate inputs and
provide output mapping support for both SWAT and SWAT-G.

The ArcView-SWAT (AVSWAT) interface tool (Di Luzio et al, 2004a,
2004b) is designed to generate model inputs from ArcView 3.x GIS data layers
and execute SWAT2000 within the same framework. AVSWAT was incorpo-
rated within the U.S. Environmental Protection Agency (USEPA) Better Assess-
ment Science Integrating point and Nonpoint Sources (BASINS) software pack-
age version 3.0 (USEPA, 2006a), which provides GIS utilities that support auto-
matic data input for SWAT2000 using ArcView (Di Luzio et al., 2002). The most
recent version of the interface is denoted AVSWAT-X, which provides additional
input generaiion functionality, including soil data input from both the USDA-
NRCS State Soils Geographic (STATSGO) and Soil Survey Geographic
(SSURGQ) databases (USDA-NRCS, 2007a, 2007b) for applications of
SWAT2005 (Di Luzio et al., 2005; SWAT, 2007b). Automatic sensitivity, cali-
bration, and uncertainty analysis can also be initiated with AVSWAT-X for
SWAT2005. The Automated Geospatial Watershed Assessment (AGWA) inter-
face tool (Miller et al., 2007) is an alternative ArcView-based interface tool that
supports data input generation for both SWAT2000 and the KINEROS2 model,
including options for soil imputs from the SSURGO, STATSGO, or United Na-
tions Food and Agriculture Organization (FAO) global soil maps. Both AGWA
and AVSWAT have been incorporated as interface approaches for generaiing
SWAT2000 inputs within BASINS version 3.1 {Wells, 2006).

A SWAT interface compatible with ArcGIS version 9.1 (ArcSWAT) has re-
cently been developed that uses a geodatabase approach and a programming
structure consistent with Component Object Model (COM) protocol (Olivera et
al., 2006; SWAT, 2007a). An ArcGIS 9.x version of AGWA (AGWAZ) is also
being developed and is expected to be released near mid-2007 (USDA-ARS,
2007).

A variety of other tools have been developed to support executions of SWAT
sitnutations, including: (1) the interactive SWAT (i SWAT) software (CARD,
2007), which supports SWAT simulations using 2 Windows interface with an Ac-
cess database; (2) the Conservation Reserve Program (CRP) Decision Support
System (CRP-DSS) developed by Rao et al. (2006); (3) the AUTORUN system
used by Kannan et al. (2007b), which facilitates repeated SWAT simulations with
varations in selected parameters; and (4) a generic interface (ISWAT) program
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(Abbaspour et al., 2007). which automates parameter selection and aggregation
for tterative SWAT calibration simulations.

2.4 SWAT Applications

Applications of SWAT have expanded worldwide aver the past decade. Many of
the applications have been driven by the needs of various government agencies.
particularly in the ULS, and the European Union. that require direct assessments
of anthropogenic. climate change. and other mfluences on a wide range of water
resources or exploratory assessments of model capabilities for potential fulure ap-
plications.

P

Figure 2. Distribution of the 2,149 S-digit watersheds within the |8 Major Water Resource
Regions (MWRRsy that comprise the conterminous 1.5,

One of the first major applications performed with SWAT was within the Hy-
drologic Unit Maodel of the US. (HUMUS) modeling system (Arnold et al..
[999a). which was implemented to support USDA analyses of the LS, Resources
Conservation Act Assessment of 1997 for the conterminous US. The system was
used 1o simulate the hydrologic and/or pollutant loss impacts of agncultural and
municipal water use, tllage and cropping system trends. and other scenarios
within each of the 2,149 LS, Geological Survey (USGS) S-digit Hydrologic
Cataloging Unit (HCU) watersheds (Seaber et al.. 1987), referred to hereafter as
"B-digit watersheds”. Figure 2 shows the distribution of the 8-digit watersheds
within the 18 Major Water Resource Regions (MWRRs) that comprise the conter-
minous LS.
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SWAT is also being used to support the USDA Conservation Effects Assess-
ment Project, which is designed to quantify the environmental benefits of conser-
vation practices at both the national and watershed scales {Mausbach and
Dedrick, 2004). SWAT is being applied at the national level within a modified
HUMUS framework to assess the benefits of different conservation practices at
that scale. The model is also being used to evaluate conservation practices for wa-
tersheds of varying sizes that are representative of different regional conditions
and mixes of conservation practices.

SWAT is increasingly being used to perform TMDL analyses, which must be
performed for impaired waters by the different states as mandated by the 1972
U.S. Clean Water Act (USEPA, 2006b). Roughly 37% of the nearly 39,000 cuz-
rently listed impaired waterways still require TMDLs (USEPA, 2007); SWAT,
BASINS, and a variety of other modeling tools will be used to help determine the
pollutant sources and potential solutions for many of these forthcoming TMDLs.
Extensive discussion of applying SWAT and other models for TMDLs is pre-
sented in Borah et al. (2006), Benham et al. (2006), and Shirmchammadi et al.
(2006).

SWAT has also been used extensively in Europe, including projects supported
by wvarious European Commission (EC) agencies. Several models including
SWAT were used to quantify the impacts of climate change for five different wa-
tersheds in Europe within the Climate Hydrochemistry and Economics of Sur-
face-water Systems {(CHESS) project, which was sponsored by the EC Environ-
ment and Climate Research Programme (CHESS, 2001), A suite of nine models
including SWAT were tested in 17 different European watersheds as part of the
EUROHARP project, which was sponsored by the EC Energy, Environment and
Sustainable Development (EESD) Programme (EUROHARP, 2006). The goal of
the research was to assess the ability of the models to estimate nonpoint-source
pitrogen and phosphorus losses to both freshwater streams and coastal waters.
The EESD-sponsored TempQsim project focused on testing the ability of SWAT
and five other models to simulate intermiitent stream conditions that exist n
southern Europe (TempQsim, 2006). Volk et al. (2007) and van Griensven et al,
(2006a) further describe SWAT application approaches within the context of the
European Union (EU) Water Framework Direciive.

The following application discussion focuses on the wide range of specific
SWAT applications that have been reported in the literature. Some descriptions of
modified SWAT meodel applications are interspersed within the descriptions of
studies that used the standard SWAT model.

3. Specific SWAT Applications

SWAT applications reported in the literature can be categorized in several ways.
For this study, most of the peer-reviewed articles could be grouped into the nine
subcategories listed in Table |, and then further broadly defined as hydrologic
only, hydrologic and pollutant loss, or pollutant loss only. Reviews are not pro-
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vided for all of the articles included in the Table | summary; a complete Tist of
the SWAT peer-teviewed articles is provided at the SWAT web site (SWAT,
2007¢), which 1s updated on an ongoing basis.

Table 1. Overview of major application categories of SWAT studies reported in the literature."

Hydrologic
and Pollutant
Hydrologic Pollutant Loss
Primary Application Category Only Loss Only
Calibration and/or sensilivity analysis 15 20 2
Climate change impacts 22 8 --
GIS interface descriptions 3 3 2
Hydrologic assessments 42 -- -
Vanation in configuration or data input 21 15 -
effects
Comparisons with other models or tech- 5 7 1
niques
Interfaces with other models 13 15 6
Pollutant assessments -~ 57 6

! Includes studies describing applications of ESWAT, SWAT-G, SWIM, and other modified
SWAT models.

3.1 Hydrologic Assessments

Simulation of the hydrologic balance is foundational for all SWAT watershed ap-
plications and is usually described in some form regardiess of the focus of the
analysis. The majority of SWAT applications also report some type of graphical
and/or statistical hydrologic calibration, especially for streamflow, and many of
the studies also report validation results. A wide range of statisttes has been used
to evaluate SWAT hydrologic predictions. By far the most widely used statistics
reported for hydrologic calibration and validation are the regression correlation
coefficient (R*) and the Nash-Sutcliffe model efficiency (NSE) coefficient (Nash
and Sutcliffe, 1970). The R* value measures how well the simulated versus ob-
served regression line approaches an ideal match and ranges from 0 to 1, with a
value of 0 indicating no correlation and a value of | representing that the pre-
dicted dispersion equals the measured dispersion (Krause et al., 2005). The re-
gression slope and intercept also equal 1 and 0, respectively, for a perfect fit; the

slope and intercept are often not reported. The NSE ranges from - to | and
measures how well the simulated versus observed data match the 1:1 line
{(regression line with slope equal to 1). An NSE value of 1 again reflects a perfect
fit between the simulated and measured data. A value of 0 or less than 0 indicates
that the mean of the observed data is a better predictor than the model output. See
Krause et al. (2005) for further discussion regarding the R?, NSE, and other effi-
ciercy criteria measures.

An extensive list of R? and NSE statistics is presented in Table 2 for 115
SWAT hydrologic calibration and/or validation results reported in the literature.
These statistics provide valuable insight regarding the hydrologic performance of
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the model across a wide spectrum of conditions. To date, no absolute criteria for
judging model performance have been firmly established in the literature. How-
ever, Moriasi et al. (2007) proposed that NSE values should exceed 0.5 in order
for mode] resulis to be judged as satisfactory for hydrologic and pollutant loss
evaluations performed on a monthly time step (and that appropriate relaxing and
tightening of the standard be performed for daily and annual time step evatua-
tions, respectively). Assuming this criterion for both the NSE and r values at all
time steps, the majority of statistics listed in Table 2 would be judged as ade-
quately replicating observed streamflows and other hydrologic indicators. How-
ever, it is clear that poor results resulted for parts or all of some studies. The
poorest results generally occurred for daily predictions, although this was not uni-
versal (e.g. Grizzetti et al., 2005). Some of the weaker results can be attributed in
part to inadequate representation of rainfall inputs, due to either a lack of ade-
quate rain gauges in the simulated watershed or sub-watershed configurations that
were too coarse to capture the spatia) detail of rainfall inputs (e.g. Cao et al,,
2006; Conan et al,, 2003b; Bouraoui et al., 2002; Bouraoui ¢t al.,, 2005). Other
factors that may adversely affect SWAT hydrologic predictions include a lack of
maodel calibration (Bosch et al,, 2004), inaccuracies in measured streamflow data
{Harmel et al., 2006), and relatively short calibration and validation periods
(Muleta and Nicklow, 2005b).

3.1.1 Example Calibration/Validation Studies

The SWAT hydrologic subcomponents have been refined and validated at a vari-
ety of scales (Table 2). For example, Arnold and Allen (1996) used measured
data from three lllinois watersheds, ranging in size from 122 to 246 km?, to suc-
cessfully validate surface runoff, groundwater flow, groundwater ET, ET in the
soil profile, groundwater recharge, and groundwater height parameters. Santhi et
al. (2001a, 2006) performed extensive streamflow validations for two Texas wa-
tersheds that cover over 4,000 km®, Arnold et al. (1999b) evaluated streamflow
and sediment yield data in the Texas Gulf basin with drainage areas ranging from
2.253 to 304,260 km?. Streamflow data from approximately 1,000 stream monitoring
gages from 1960 to 1989 were used to calibraie and validate the model. Predicted av-
erage monthly streamflows for three major river basins (20,593 to 108,788 km®) were
5% higher than measured flows, with standard deviations between measured and pre-
dicted within 2%. Annual runoff and ET were validated across the entire continental
.S, as part of the Hydrologic Unit Mode] for the 17.S. (HUMUS) modeling system.
Rosenthal et al. (1995) linked GIS to SWAT and simulated 10 years of monthly
streamflow without calibration. SWAT underestimated the extreme events but pro-
duced overall accurate streamflows (Table 2). Bingner (1996) simulated runoff for 10
years for a watershed in northern Mississippi. The SWAT model produced reasonable
results in the simulation of runoff on a daily and annual basis from multiple subbasins
(Table 2), with the exception of a wooded subbasin, Rosenihal and Hoffman (1999)
successfully used SWAT and a spatial database to simulate flows, sediment, and nu-
trient loadings on a 9,000 km’ watershed in central Texas to locate potential water
quality menitoring sites. SWAT was also successfully validated for streamflow (Table
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2) for the Mili Creek watershed in Texas for 1965-1968 and 1968-1975 (Srinivasan et
al., 1998). Monthly streamflow rates were well predicted, but the model overesti-
mated streamflows in a few years during the spring/summer months. The overestima-
tion may be accounted for by variable rainfall during those months.

Table 2. Summary of reported SWAT hvdrolegic calibration and validation cocficient of determinauen (R'] and Nash-
Sukghffe modet efMigaeney (NSE) statistics
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Tabie 2 (con'd) Summary of reported SWAT hydrologic calibration and validation eoeffeciont of determmnation (RY) and
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Table 2 (contl). Summary of reported SWAT hydrologie ealibration and validation coeflicrnt of detenmnauon (RY) and
Nash-Sutcliffe model eIMiciency (NSE} statistics.
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Tabie 2 (cont'd). Summary of reported SWAT hydrologic calibration and vaixdation coetlicient of determination (&) and
Nash-Sutelilfe model eflicieney (NSE) statistics,
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Van Liew and Garbrecht (2003) evaluated SWAT™'s ability to predict stream-
flow under varying climatic conditions for three nested sub-watersheds in the 610
km?® Little Washita River experimental watershed in southwestern Oklahoma.
They found that SWAT could adequately simulate runoff for dry, average, and
wet climatic conditions in one sub-watershed, following calibration for relatively
wet years in two of the sub-watersheds. Govender and Everson (2005) report reia-
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Table 2 fcont'd) Summary of reporied SWAT hydrologic calibraison amd validation cocificient of deteraunation (R%3 and
Mush-Sutchitfe model efficiency (NSE) staliskics
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tively strong streamflow simulation results (Table 2) for a small (0.68 km?) re-
search watershed in Sounth Africa. However, they also found that SWAT per-
formed better in drier years than in a wet year, and that the model was unable to
adequately simulate the growth of Mexican Weeping Pine due to inaccurate ac-
counting of observed increased ET rates in mature plantations.

Qi and Grunwald (2003) point out that, in most studies, SWAT has usually
been calibrated and validated at the drainage outlet of a watershed. In their study,
they calibrated and validated SWAT for four sub-watersheds and at the drainage
outlet {Table 2). They found that spatially distributed calibration and validation
accounted for hydrologic patterns in the sub-watersheds. Other studies that report
the use of multiple gages to perform hydrologic calibration and validation with
SWAT include Cao et al. (2006), White and Chaubey (2005), Vazquez-Ambl ile
and Engel (2005), and Santhi et al. (2001a).

3.1.2 Applications Accounting for Base Flow and/or for Karst-Influenced

Systems
Arnold et al, (1995a) and Arnold and Allen (1999) describe a digital filter tech-
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nique that can be used for determining separation of base and groundwater flow
irom overall streamflow, which has been used to estimate base {low and/or
groundwater flow in several SWAT studies {e.g. Amold et al., 2000; Santhi et al.,
2001a; Hao et al., 2004; Cheng et al., 2006; Kalin and Hantush, 2006; Jha et al.,
2007}, Arnold et al. (2000) found that SWAT groundwater recharge and dis-
charge (base flow) estimates for specific 8-digit watersheds compared well with
filtered estimates for the 491,700 km® upper Mississippi River basin. Jha et al.
{2007) report accurate estimates of streamflow (Table 2) for the 9,400 km® Rac-
coon River watershed in west central lowa, and that their predicted base flow was
similar to both the filtered estimate and a previous base flow estimate. Kalin and
Hantush (2006) report accurate surface ronoff and streamflow results for the 120
km? Pocono Creek watershed in eastern Pennsylvania (Table 2); their base flow
estimates were weaker, but they state those estimates were not a performance cri-
teria. Base flow and other flow components estimated with SWAT by Srivastava
et al. (2006) for the 47.6 km® West Branch Brandywine Creek watershed in
southwest Pennsylvania were found to be generally poor (Table 2). Peterson and
Hamlett (1998) also found that SWAT was not able to simulate base flows for the
39.4 km® Ariel Creek watershed in northeast Pennsylvania, due to the presence of
soil fragipans. Chu and Shirmchammadi (2004) found that SWAT was unable to
simulate an extremely wet year for a 3.46 km? watershed in Maryland. After re-
moving the wet year, the surface runoff, base flow, and streamflow results were
within acceptable accuracy on a monthly basis. Subsurface flow results also im-
proved when the base flow was corrected.

Spruilt et al. (2000) calibrated and validated SWAT with 1 year of data each
for a small experimental watershed in Kentucky. The 1995 and 1996 daily NSE
values reflected poor peak flow values and recession rates, but the monthly flows
were more accurate (Table 2). Their analysis confirmed the results of a dye trace
study in a central Kentucky karst watershed, indicating that a much larger area
contributed to streamflow than was described by topographic boundaries. Coffey
et al. (2004) report similar statistical results for the same Kentucky watershed
{Table 2). Benham et al. (2006) report that SWAT streamflow results {Table 2)
did not meet calibration criteria for the karst-influenced 367 km” Shoal Creek wa-
tershed in southwest Missouri, but that visual inspection of the simulated and ob-
served hydrographs indicated that the system was satisfactorily modeled. They
suggest that SWAT was not able to capture the conditions of a very dry year in
combination with flows sustained by the karst features.

Afinowicz et al. (2005) modified SWAT in ordet to more realistically simu-
late rapid subsurface water movement through karst terrain in the 360 km® Gua-
dalupe River watershed in southwest Texas. They report that simulated base
flows matched measured streamflows after the modification, and that the pre-
dicted daily and monthly and daily results (Table 2) fell within the range of pub-
lished mode] efficiencies for similar systems. Eckhardt et al. (2002) also found
that their modifications for SWAT-G resulted in greatly improved simulation of
subsurface interflow in German low mountain conditions (Table 2).
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3.1.3 Soil Water, Recharge, Tile Flow, and Related Studies

Mapfumo et al. (2004) tested the model’s ability to simulate soil water patterns in
small watersheds under three grazing intensities in Alberta, Canada. They ob-
served that SWAT had a tendency to overpredict soil water in dry soil conditions
and to underpredict in wet soil conditions. Overall, the mode! was adequate in
simulating soil water patterns for all three watersheds with a daily time step.
SWAT was used by Deliberty and Legates (2003) to document 30-year (1962-
1991} long-term average soil moisture conditions and variability, and topsoil vari-
ability, for Oklahoma. The model was judged to be able to accurately estimate the
relative magnitude and variability of soil moistare in the study region. Soil mois-
ture was simulated with SWAT by Narasimhan et al. (2005) for six large river ba-
sins in Texas at a spatial resolution of 16 km® and a temporal resolution of one
week. The simulated soil moisture was evaluated on the basis of vegetation re-
sponse, by using 16 years of normalized difference vegetation index (NDVI) data
derived from NOAA-AVHRR satellite data. The predicted soil moistures were
well correlated with agriculture and pasture NDVI values. Narasimhan and Srini-
vasan (2005) describe further applications of a soil moisture deficit index and an
evapotranspiration deficit index.

Ammold et al. (2005) validated a crack flow model for SWAT, which simulates
soil moisture conditions with depth to account for flow conditions in dry weather.
Simulated crack volumes were in agreement with seasonal trends, and the pre-
dicted daily surface runoff levels also were consistent with measured runoff data
(Table 2). Sun and Cornish (2005) simulated 30 years of bore data for a 437 km?
watershed. They used SWAT to estimate recharge in the headwaters of the Liver-
pool Plains in New South Wales, Australia. These authors determined that SWAT
could estimate recharge and incorporate land use and land management at the wa-
tershed scale. A code modification was performed by Vazquez-AmbBi le and
Engel (2005) that allowed reporting of soil moisture for each soil layer. The soil
moisture values were then converted into groundwater table levels based on the
approach used in DRAINMOD (Skaggs, 1982). Tt was concluded that predictions
of groundwater table levels would be useful to include in SWAT.

Modifications were performed by Du et al. (2006) to SWAT2000 to improve
the onginal SWAT tile drainage function. The modified model was referred to as
SWAT-M and resulted in clearly improved tile drainage and streamflow predic-
tions for the telatively flat and intensively cropped 51.3 km* Walnut Creek water-
shed in central lowa (Table 2). Green et al. (2006) report a further application of
the revised tile drainage routine using SWAT2005 for a large tile-drained water-
shed in north central lowa, which resulted in a greatly improved estimate of the
overall water balance for the watershed (Table 2). This study also presented the
importance of ensuring that representative runoff events are present in both the
calibration and validation in order to improve the model’s effectiveness.

3.1.4 Snowmelt-related Applications
Fontaine et al. (2002) modified the original SWAT snow accumulation and snow-
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melt routines by incorporating improved accounting of snowpack temperature
and accumulation, snowmelf, and areal snow coverage, and an option to input
precipitation and temperature as a function of elevation bands, These enhance-
ments resulted in greatly improved streamflow estimates for the mountainous
5,000 km® upper Wind River basin in Wyoming (Table 2), Abbaspour et al.
{2007) calibrated several snow-relaied parameters and used four elevation bands
in their SWAT simulation of the 1,700 km® Thur watershed in Switzerland that is
characterized by a pre-alpine/alpine climate. They report excellent SWAT dis-
charge estimates.

Other studies have reported mixed SWAT snowmelt simulation results, in-
cluding three that reported poor resulis for watersheds (0.395 to 47.6 km?) in east-
ern Pennsylvania. Peterson and Hamlett (1998) found that SWAT was unable to
account for unusually large snowmelt events, and Srinivasan et al. (2005) found
that SWAT underpredicted winter streamflows; both studies used SWAT versions
that predated the modifications performed by Fontaine et al. (2002). Srivastava et
al. (2006) also found that SWAT did not adequately predict winter flows, Qi and
Grunwald found that SWAT did not predict winter season precipitation-runoff
events well for the 3,240 km’ Sandusky River watershed. Chanasyk et al. (2003)
found that SWAT was not able to replicate snowmelt-dominated runoff (Table 2)
for three small grassland watersheds in Alberta that were managed with different
grazing intensities. Wang and Melesse (2005) report that SWAT accurately simu-
lated the monthly and annual (and seasonal} discharges for the Wild Rice River
watershed in Minnesota, in addition to the spring daily streamflows, which were
predominantly from melted snow. Accurate snowmelt-dominated streamflow pre-
dictions were also found by Wang and Melesse (2006) for the Elm River in North
Dakota. Wu and Johnston (2007) found that the snow melt parameters used in
SWAT are altered by drought conditions and that streamflow predictions for the
901 km* South Branch Ontonagon River in Michigan improved when calibration
was based on a drought period {vs. average climatic conditions), which more ac-
curately reflected the drought conditions that characterized the validation period.
Statistical results for all these studies are listed in Table 2.

Benaman et al. {2005) found that SWAT2000 reasonably replicated stream-
flows for the 1,200 km® Cannonsville Reservoir watershed in New York (Table
2), but that the model underestimated snowmelt-driven winter and spring stream-
flows. Improved simulation of cumulative winter streamflows and spring base
flows were obtained by Tolston and Shoemaker (2007) for the same watershed
(Table 2) by modifying SWAT2000 so that lateral subsurface flow could occur in
frozen soils. Francos et al. (2001) also modified SWAT to obtain improved
streamnflow results for the Kerava River watershed in Finland (Table 2) by using a
different snowmelt submodel that was based on degree-days and that could ac-
count for variations in land use by sub-watershed. Incorporating modifications
such as those described in these two studies may improve the accuracy of snow-
melt-related processes in future SWAT versions,
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3.1.5 Irrigation and Brush Removal Scenarios

Gosain et al. (2003) assessed SWAT’s ability to simulate return flow after the in-
troduction of canal irrigation in a basin in Andra Pradesh, [ndia. SWAT provided
the assistance water managers needed 1 planning and managing their water re-
sources under various scenarios. Santhi et al. (2005) describe a new canal irriga-
tion routine that was used in SWAT. Cumulative irrigation withdrawal was esti-
mated for each district for each of three different conservation scenarios (relative
10 a reference scenanio). The percentage of water that was saved was also calcu-
lated. SWAT was used by Afinowicz et al. (2005) to evaluate the influence of
woody plants on water budgets of semi-arid rangeland in southwest Texas. Base-
line brush cover and four brush removal scenarios were evaluated. Removal of
heavy brush resulted in the greatest changes in ET (approx. 32 mm year over the
entire basin), surface runoff, base flow, and deep recharge. Lemberg et al. (2002}
also describe brush removal scenarios.

3.1.6 Applications Incorporating Wetlands, Reservoirs, and Other Impound-
ments

Amold et al. (2001) simulated a wetland with SWAT that was proposed to be
sited next to Walker Creek in the Fort Worth, Texas area. They found that the
wetland needed to be above 85% capacity for 60% of a 14-year simulation pe-
tiod, in order to continuously function over the entire study period. Conan et al.
{2003b) found that SWAT adequately simulated conversion of wetlands to dry
land for the upper Guadiana River basin in Spain but was unable to represent all
of the discharge details impacted by land use alterations. Wu and Johnston (2007)
accounted for wetlands and lakes in their SWAT simulation of a Michigan water-
shed, which covered over 23% of the watershed. The impact of flood-retarding
siructures on streamflow for dry, average, and wet climatic conditions in Qkla-
homa was investigated with SWAT by Van Liew et al. (2003b). The flood-
retarding structures were found to reduce average annual streamflow by about 3%
and to effectively reduce annual daily peak runoff events. Reductions of low
streamflows were also predicted, especially during dry conditions, Mishra et al.
(2007) report that SWAT accurately accounted for the impact of three checkdams
on both daily and monthly streamflows for the 17 km® Banha watershed in north-
east India (Table 2). Hotchkiss et al. (2000) modified SWAT based on U.S, Army
Corp of Engineers reservoir rules for major Missouri River reservoirs, which re-
sufted in greatly improved simulation of reservoir dynamics over a 25-year pe-
riod. Kang et al. (2006) incorporated a medified impoundment routine into
SWAT, which allowed more accurate simulation of the impacts of rice paddy
fields within a South Korean watershed (Table 2),

3.1.7 Green-Ampt Applications

Very few SWAT applications in the literature report the use of the Green-Ampt
infiltration option. Di Luzio and Arnold (2004) report sub-hourly tesults for two
different calibration methods using the Green-Ampt method (Table 2). King et al.
{1999) found that the Green-Ampt option did not provide any significant advan-
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tage as compared to the curve number approach for uncalibrated SWAT simula-
tions for the 21.3 km® Goodwin Creek watershed in Mississippi (Table 2}. Kan-
nan et al. (2007b} report that SWAT streamflow results were more accurate using
the curve number approach as compared to the Green-Ampt method for a small
watershed in the UK. (Table 2). However, they point out that several assump-
tions were not optimal for the Green-Ampt approach.

3.2 Pollutant Loss Studies

Nearly 50% of the reviewed SWAT studies (Table 1) report simulation results of
one or more pollutant loss indicator. Many of these studies describe some form of
verifying pollutant prediction accuracy, although the extent of such reporting is
less than what has been published for hydrologic assessments, Table 3 lists R?
and NSE statistics for 37 SWAT pollutant loss studies, which a%ain are used here
as key indicators of mode! performance. The majority of the R® and NSE values
reported in Table 3 exceed 0.5, indicating that the model was able to replicate a
wide range of observed in-stream pollutant levels. However, poor results were
again reported for some studies, especially for daily comparisons. Similar to the
points raised for the hydrologic results, some of the weaker results were due in
part to inadequate characterization of input data (Bouraoui et al., 2002), uncali-
brated simulations of pollutant movement (Birlund et al., 2007), and uncertainties
in observed pollutant levels (Harmel et al., 2006).
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Table 3, Summary of reported SWAT environmental indicator calebration and validation coefficient of determination (R”)
and Nash-Suteliffe modol efficiency (NSE) statssucs,
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Table 3 {(cont'd) Summary ol Teparted SWAT environmental ndicator caitbration and validation coetficsent ol determinauon.
(R} and Nash-Suteliffe model efficieney (NSE] statistics
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3.2.1 Sediment Studies

Several studies showed the robustness of SWAT in predicting sediment loads at
different watershed scales. Saleh et al. (2000) conducted a comprehensive SWAT
evaluation for the 932.5 kin® upper North Bosque River watershed in north- cen-
tral Texas, and found that predicted monthly sediment losses matched measured
data well but that SWAT daily output was poor (Table 3), Srinivasan et al. (1998)
concluded that SWAT sediment accumulation predictions were satisfactory for
the 279 km® Mill Creek watershed, again located in north-central Texas. Santhi et
al. (2001a) found that SWAT-simulated sediment loads matched measured sedi-
ment loads well (Table 3) for two Bosque River (4,277 km®) sub-watersheds, ex-
cept in March. Arnold et al. (1999b) used SWAT to simulate average annual sedi-
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ment loads for five major Texas river basins (20,593 to 569,000 km?) and con-
cluded that the SWAT-predicted sediment yields compared reasonably well with
estimated sediment yields obtained from rating curves.

Besides Texas, the SWAT sediment yield component has also been tested in
several Midwest and northeast U.S. states. Chu et al. (2004) evaluated SWAT
sediment prediction for the Warner Creek watershed located in the Piedmont
physiographic region of Maryland. Evaluation results indicated strong agreement
between yearly measured and SWAT-simulated sediment load, but simulation of
monthly sediment loading was poor (Table 3). Tolston and Shoemaker (2007)
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modified the SWAT2000 sediment yield equation to account for boih the effects
of snow cover and snow runoff depth (the latter is not accounted for in the stan-
dard SWAT model) to overcome snowmelt-induced prediction problems identi-
fied by Benaman et al. (2005) for the Cannonsville Reservoir watershed in New
York. They also reported improved sediment loss predictions (Table 3). Jha et al.
(2007) found that the sediment loads predicted by SWAT were consistent with
sediment loads measured for the Raccoon River watershed in Iowa (Table 3).
Arabi et al. (2006b) report satisfactory SWAT sediment simulation results for two
small watersheds in Indiana (Table 3). White and Chaubey (2005) report that
SWAT sediment predictions for the Beaver Reservoir watershed in northeast Ar-
kansas (Table 3) were satisfactory. Sediment results are also reported by Cotter et
al. (2003) for another Arkansas watershed (Table 3). Hanratty and Stefan {1998)
calibrated SWAT using water quality and quantity data measured in the Cotton-
wood River in Minnesota (Table 3). In Wisconsin, Kirsch et al. (2002) calibrated
SWAT annual predictions for two sub-watersheds located in the Rock River basin
(Table 3), which lies within the glaciated portion of south-central and eastern
Wisconsin. Muleta and Nicklow (2005a) calibrated daily SWAT sediment yield
with observed sediment yield data from the Big Creek watershed in southern Illi-
nois and concluded that sediment fit seems reasonable (Table 3). However, vali-
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dation was not conducted due to lack of data.

SWAT sediment simulations have also been evaluated in Asia, Europe, and
North Africa. Behera and Panda (2006) concluded that SWAT simulated sedi-
ment yield satisfactorily throughout the entire rainy season based on comparisons
with daily abserved data (Table 3) for an agricultural watershed located in eastern
India. Kaur et al, (2004) concluded that SWAT predicted annual sediment yields
reasonably well for a test watershed (Table 3) in Damodar-Barakar, India, the
second most seriously eroded area in the world. Tripathi et al. (2003) found that
SWAT sediment predictions agreed closely with observed daily sediment yield
for the same watershed (Table 3). Mishra et al. (2007) found that SWAT accu-
rately replicated the efiects of three checkdams on sediment transport (Table 3)
within the Banha watershed in noriheast [ndia, Hao et al. (2004) state that SWAT
was the first physically based watershed model validated in China’s Yellow River
basin. They found that the predicted sediment loading accurately matched loads
measured for the 4,623 km® Lushi sub-watershed (Table 3). Cheng et al. (2006)
successfully tested SWAT (Table 3) using sediment data collected from the 7,241
km® Heihe River, another tributary of the Yellow River. In Finland, Barlund et al.
(2007) report poor results for uncalibrated simulations performed within the Lake
Pyhijirvi watershed (Table 3). Gikas et al. (2005) conducted an extensive evalua-
tion of SWAT for the Vistonis Lagoon watershed, a mountainous agricultural wa-
tershed in northern Greece, and concluded that agreement between observed and
SWAT-predicted sediment loads were acceptable (Table 3). Bouraoui et al
(2005) evaluated SWAT for the Medjerda River basin in northern Tunista and re-
ported that the predicted concentrations of suspended sediments were within an
order of magnitude of comesponding measured values.

3.2.2 Nitrogen and Phosphorus Studies

Several published studies from the U.S. showed the robustness of SWAT in pre-
dicting nutrient losses. Saleh et al. (2000), Saleh and Du (2004), Santhi et al.
(2001a), Stewart et al. (2006), and Di Luzio et al. (2002) evaluated SWAT by
comparing SWAT nitrogen prediction with measured nitrogen losses in the upper
North Bosque River or Bosque River watersheds in Texas. They all concluded
that SWAT reasonably predicted nitrogen loss, with most of the average monthly
validation NSE values greater than or equal to 0,60 (Table 3). Phosphorus losses
were also satisfactorily simulated with SWAT in these four studies, with valida-
tion NSE values ranging from 0.39 to 0.93 (Table 3), Chu et al. (2004) applied
SWAT to the Warner Creek watershed in Maryland and reported satisfactory an-
nual but poor monthly nitrogen and phosphorus predictions (Table 3). Hanratty
and Stefan (1998) calibrated SWAT nitrogen predictions using measured data
collected for the Cottonwood River, Minnesota, and concluded that if properly
calibrated, SWAT is an appropriate model to use for simulating the effect of cli-
mate change on water quality; they also reported satisfactory SWAT phosphorus
results (Table 3).

In Towa, Chaplot et al, (2004} calibrated SWAT using 9 years of data for the
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Walnue Creek watershed and concluded that SWAT gave accurate predictions of
nitrate load (Table 3). Du et al. {2006} showed thai the modified tile drainage
functions in SWAT-M resulted in far superior nitrate loss predictions for Walnut
Creek (Table 3), as compared to the previous approach used in SWAT2000.
However, Iha et al. (2007) report accurate nitrate loss predictions (Table 3) for
the Raccoon River watershed in lowa using SWAT2000. In Arkansas, Cotter et
al. (2003) calibrated SWAT with measured nitrate data for the Moores Creek wa-
tershed and reported an NSE of 0.44. They state that SWAT’s response was simi-
lar to that of other published reports.

Bracmort et al. (2006) and Arabi et al. (2006b) found that SWAT could ac-
count for the effects of best management practices (BMPs) on phosphorus and ni-
trogen Josses for two small watersheds in Indiana, with monthly validation NSE
statistics ranging from 0.37 to 0.79 (Table 3). SWAT tended to underpredict both
mineral and toial phosphorus yields for the months with high measured phospho-
rus losses, but overpredicted the phosphorus yields for months with low measured
fosses. Cerucci and Conrad (2003) calibrated SWAT soluble phosphorus predic-
tions using measured data obtained for the Townbrook watershed in New York.
They reported monthly NSE values of 0.91 and 0,40, if the measured data from
February and March were excluded. Kirsch et al. (2002) reported that SWAT
phospherus loads were considerably higher than corresponding measured loads
for the Rock River watershed in Wisconsin. Veith et al, (2005} found that SWAT-
predicted losses were similar in magnitude to measured watershed exports of dis-
solved and total phosphorus during a 7-month sampling period from a Pennsylva-
nia watershed.

SWAT nutrient predictions have also been evaluated in several other coun-
tries. In India, SWAT N and P predictions were tested using measured data within
the Midnapore (Behera and Panda, 2006) and Hazaribagh {Tripathi et al., 2003)
districts of eastern India (Table 3). Both studies concluded that the SWAT model
could be successfully uvsed to satisfactorily simuolate nutrient losses. SWAT-
predicted ammonia was close to the observed value (Tabie 3) for the Heihe River
study in China (Cheng et al., 2006). Three studies conducted in Finland for the
Vantaanjoki River (Grizzetti et al., 2003; Bouraoui et al., 2004} and Kerava River
{Francos et al,, 2001) watersheds reported that SWAT N and P simulations were
generally satisfactory. Plus et al. (2006) evaluated SWAT from data on two rivers
in the Thau Lagoon watershed, which drains part of the French Mediterranean
coast. The best correlations were found for nitrate loads, and the worst for ammo-
nia loads (Table 3). Gikas et al. (2005) evaluated SWAT using nine gages within
the Vistonis Lagoon watershed in Greece and found that the monthly validation
statistics generally indicated good model performance for nitrate and total P
(Table 3). SWAT nitrate and total phosphorus predictions were found to be excel-
lent and good, respectively, by Abbaspour et al. (2007) for the 1,700 km” Thur
River basin in Switzerland. Bouraoui et al. (2005) applied SWAT to a part of the
Medjerda River basin, the largest surface water reservoir in Tunisia, and reported
that SWAT was able to predict the range of nitrate concentrations in surface wa-
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ter, but lack of data prevented in-depth evaluation.

3.2.3 Pesticide and Surfactant Studies

Simulations of iscaxflutole (and its metabolite RPA 202248) were performed by
Ramanarayanan et al. (2005) with SWAT for four watersheds in Jowa, Nebraska,
and Missouri that ranged in size from 0.49 to 1,434.6 km?. Satisfactory validation
results were obtained based on comparisons with measured data. Long-term .
simulations indicated that accumulation would not be a problem for either com-
pound in semistatic water bodies. Kannan et al. (2006) report that SWAT accu-
rately sirpulated movement of four pesticides for the Colworth watershed in the
U.K. The results of different application timing and split application scenarios are
also described. Two scenarios of surfactant movement are described by Kannan
et al. (2007a) for the same watershed. Prediction of atrazine greatly improved us-
ing SWAT-M as reported by Du et al. (2006) for the Walnut Creek watershed m
lowa (Table 3), which is a heavily tile-drained watershed. Vazquez-Amabile et al.
{2006) found that SWAT was very sensitive to the estimated timing of atrazine
applications in the 2,800 km® St. Joseph River watershed in northeast Indiana.
The predicted atrazine mass at the watershed outlet was in close agreement with
measured loads for the period of September through Apri during 2000-2003.
Graphical and statistical analyses indicated that the model replicated airazine
movement trends well, but the NSE statistics (e.g. Table 3) were generally weak.

3.2.4 Scenarios of BMP and Land Use Impacts on Poltutant Losses

Simulation of hypothetical scenarios in SWAT has proven to be an effective
method of evaluating alternative land use, BMP, and other factors on pollutant
losses. SWAT siudies in India include identification of critical or priority areas
for soil and water management in a watershed (Kaur et al., 2004; Tripathi et al.,
2003). Santhi et al. (2006) report the impacts of manure and nutrient related
BMPs, forage harvest managemeut, and other BMPs on water quality in the West
Fork watershed in Texas. The effects of BMPs related to dairy manure manage-
ment and municipal wastewater treatment plant effluent were evaluated by Santhi
et al. (2001b) with SWAT for the Bosque River watershed in Texas. Stewart et al,
{2006) describe modifications of SWAT for incorporation of a turfgrass harvest
routine, in order to simulate manure and soil P export that occurs during harvest
of turfgrass sod within the upper North Bosque River watershed in north-central
Texas. Kirsch et al. (2002) describe SWAT results showing that improved tillage
practices could result in reduced sediment yields of almost 20% in the Rock River
in Wisconsin. Chaplot et al. (2004) found that adoption of no-tillage, changes in
nitrogen application rates, and land use changes could greatly impact nitrogen
losses in the Walnut Creek watershed in central Jowa. Analysis of BMPs by Va-
ché et al. (2002) for the Walnut Creek and Buck Creek watersheds in [owa indi-
cated that large sediment reductions could be obtained, depending on BMP
choice. Bracmort et al. (2006) present the results of three 25-year SWAT scenario
simulations for two small watersheds in Indiana in which the impacts of no
BMPs, BMPs in good condition, and BMPs in varying condition are reported for
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streamflow, sediment, and total P. Nelson et al. (2005) report that large nutrient
and sediment loss reductions occurred in response to simulated shifts of cropland
into switchgrass production within the 3,000 km” Delaware River basin in north-
east Kansas. Benham et al. (2006) describe a TMDL SWAT application for a wa-
tershed in southwest Missouri. Frequency curves comparing simulated and meas-
ured bacteria concentrations were used to calibrate SWAT. The model was then
used to simulate the contributions of different bacteria sources to the stream sys-
tem, and to assess the impact of different BMPs that could potentially be used to
mitigate bacteria losses in the watershed.

3.3 Climate Change Impact Studies

Climate change impacts can be simulated directly in SWAT by accounting for:
(1) the effects of increased atmospheric CO, concentrations on plant development
and transpiration, and (2) changes in climatic inputs. Several SWAT studies pro-
vide useful insights regarding the effects of arbitrary CO; fertilization changes
and/or other climatic input shifts on plant growth, streamflow, and other re-
sponges, including Stonefelt et al, (2000), Fontaine et al. (2001), and Jha et al.
(2006). The SWAT results reported below focus on approaches that relied on
downscaling of climate change projections generated by general circulation mod-
els (GCMs) or GCMSs coupled with regional climate models (RCMs).

3.3.1 SWAT Studies Reporting Climate Change Impacts on Hydrology
Muttiah and Wurbs (2002) used SWAT to simulate the impacts of historical cli-
mate trends versus a 2040-2059 climate change projection for the 7,300 km? San
Jacinto River basin in Texas, They report that the climate change scenario re-
sulted in a higher mean streamf{low due to greater flooding and other high flow
increases, but that normal and low streamflows decreased. Gosain et al. (2006)
simulated the impacts of a 2041-2060 chmaie change scenario on the streamflows
of 12 major river basins in India, ranging in size from 1,668 to 87,180 km’, Sur-
face runoff was found to generally decrease, and the severity of both floods and
droughts increased, in response to the climate change projection.

Rosenberg et al. (2003) simulated the effect of downscaled HadCM2 GCM
{(Johns et al.,, 1997) climate projections on the hydrology of the 18 MWRRs (Fig.
2) with SWAT within the HUMUS framework. Water yields were predicted to
change from -11% to 153% and from 28% to 342% across the MWRRSs 1n 2030
and 2095, respectively, relative to baseline conditions. Thomson et al. (2003)
used the same HadCM2-HUMUS (SWAT) approach and found that three Fl
Nib! /Southern Oscillation (ENSQ) scenarios resulted in MWRR water yield im-
pacts ranging from -210% to 77% relative to baseline levels, depending on sea-
sonal and dominant weather patterns. An analysis of the impacts of 12 climate
change scenarios on the water resources of the 18 MWRRs was performed by
Thomson et al. (2005) using the HUMUS approach, as part of a broader study
that comprised the entire issue of volume 69 (number 1) of Climatic Change. Wa-
ter yield shifts exceeding 50% were predicted for portions of Midwest and
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Southwest U.S., relative to present water yield levels. Rosenberg et al. (1999)
found that driving SWAT with a different set of 12 climate projections generally
resulted in Ogallala Aquifer recharge decreases {of up to 77%) within the Mis-
souri and Arkansas-White-Red MWRRs (Fig. 2).

Stone et al. (2001) predicted climaie change impacts on Missouri River basin
(Fig. 2) water yields by inputting downscaled climate projections into SWAT,
which were generated by nesting the RegCM RCM (Giorgi et al., 1998) within
the CISRO GCM (Watterson et al., 1997} into the previously described version of
SWAT that was modified by Hotchkiss et al. (2000). A structure similar to the
HUMUS approach was used, in which 310 8-digit watersheds were used to define
the sub-watersheds. Water yields declined at the basin outlet by 10% to 20% dur-
ing the spring and summer months, but increased during the rest of the year. Fur-
ther research revealed that significant shifts in Missouri River basin water yield
impacts were found when SWAT was driven by downscaled CISRO GCM pro-
jections only versus the nested RegCM-CISRO GCM approach (Stone et al,
2003).

Jha et al. (2004b), Takle et al. (2003), and Jha et al. (2006) all report perfor-
ming GCM-driven studies for the 447,500 km® upper Mississippi River basin
(Fig. 2), with an assumed outlet at Grafton, Illinois, using a framework consisting
of 119 8-digit sub-watersheds and land use, soil, and topography data that was
obtained from BASINS. Jha et al. (2004b) found that streamflows in the upper
Mississippi River basin increased by 50% for the period 2040-2049, when cli-
mate projections generated by a nesied RegCM2-HadCM?2 approach were used to
drive SWAT. Jha et al. (2006) report that annual average shifts in upper Missis-
sippt River basin streamflows, relative to the baseline, ranged from -6% to 38%
for five 2061-2090 GCM projections and increased by 51% for a RegCM-CISRO
projection reporied by Giorgi et al. (1998). An analysis of driving SWAT with
precipitation outpui generated with nine GCM models indicated that GCM multi-
model results may be used to depict 20th century annual sireamflows in the upper
Mississippi River basin, and that the interface between the single high-resolution
GCM used in the study and SWAT resulted in the best replication of observed
streamflows (Takle et al,, 2003),

Krysanova et al. (2003) report the impacts of 12 different climate scenarios on
the hydrologic balance and crop vields of a 30,000 km® watershed in the state of
Brandenburg in Germany using the SWIM model. Further uncertainty analysis of
climate change was performed by Krysanova et al. (2007) for the 100,000 km®
Elbe River basin in eastern Germany, based on an interface between a down-
scaled GCM scenario and SWIM, Eckhardt and Ulbrich (2003) found that the
spring snowmelt peak would decline, winter flooding would likely increase, and
groundwater recharge and streamflow would decrease by as much as 50% in re-
sponse to two climate change scenarios simulated in SWAT-G. Their approach
featured variable stomatal conductance and leaf area responses by incorporating
different stomatal conductance decline factors and leaf area index (LAT) values as
a function of five main vegetation types; these refinements have not been adopted

38



in the standard SWAT model.

3.3.2 SWAT Studies Reporting Climate Change Impacts on Pollutant Loss
Several studies report climate change impacts on both hydrology and pollutant
losses using SWAT, including four that were partially or completely supported by
the EU CHESS project (Varanou et al., 2002; Bouraoui et al., 2002; Boorman,
2003; Bouraoui et al., 2004). Nearing et al. (2005) compared runoff and erosion
estimates from SWAT versus six other models, in response to six climate change
scenarios that were simulated for the 150 km® Lucky Hills watershed in south-
eastern Arizona. The responses of all seven models were similar across the six
scenarios for both watersheds, and it was concluded that climate change could po-
tentially result in significant soil erosion increases if necessary conservation ef-
forts are not implemented. Hanratty and Stefan (1998) found that streamflows
and P, organic N, mitrate, and sediment yields generally decreased for the 3,400
km’ Cottonwood River watershed in southwest Minnesota in response to a down-
scaled 2MC0O, GCM climate change scenario. Varanou et al. (2002) also found
that average streamflows, sediment yields, organic N losses, and nitrate losses de-
creased in most months in response to nine different climate change scenarios
downscaled from three GCMs for the 2,796 km® Pinios watershed in Greece.
Bouraoui et al. (2002) reported that six different climate change scenarios re-
sulted in increased total nitrogen and phosphorus loads of 6% to 27% and 5% to
34%, respectively, for the 3,500 km? Quse River watershed located in the York-
shire region of the U.K. Bouraoui et al. (2004) further found for the Vantaanjoki
River watershed, which covers 1,682 km? in southern Finland, that snow cover
decreased, winter runoff increased, and slight increases in annual nutrient losses
occurred In response to a 34-year scenario representative of observed climatic
changes in the region. Boorman (2003) evaluaied the impacts of climate change
for five different watersheds located in ltaly, France, Finland, and the UK., in-
cluding the three watersheds analyzed in the Varanou et al. (2002), Bouraoui et
al. (2002), and Bouraoui et al. (2004) studies,

3.4 Sensitivity, Calibration, and Uncertainty Analyses

Sensitivity, calibration, and uncertainty analyses are vital and interwoven aspects
of applying SWAT and other models. Numerous sensitivity analyses have been
reported in the SWAT literature, which provide valuable insights regarding which
input parameters have the greatest impact on SWAT output. As previously dis-
cussed, the vast majority of SWAT applications report some type of calibration
effort. SWAT input parameters are physically based and are allowed to vary
within a realistic uncertainty range during calibration. Sensitivity analysis and
calibration techniques are generally referred to as either manual or automated,
and can be evaluated with a wide range of graphical and/or statistical procedures.

Uncertainty is defined by Shirmohammadi et al. (2006) as “the estimated
amount by which an observed or calculated value may depart from the true
value.” They discuss sources of uncertainty in depth and list model algorithms,
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model calibration and validation data, input variability, and scale as key sources of
uncertainty. Several automated uncertainty analyses approaches have been developed,
which incorporate various sensitivity and/or calibration techniques, which are briefly
reviewed here along with specific sensitivity analysis and calibration studies.

3.4.1 Sensitivity Analyses

Spruill et al. (2000) performed a manual sensitivity/calibration analysis of 15
SWAT input parameters for a 5.5 km” watershed with karst characteristics in
Kentucky, which showed that saturated hydraulic conductivity, alpha base flow
factor, drainage area, channel length, and channel width were the most sensitive
parameters that affected streamflow. Arnold et al. (2000) show surface runoff,
base flow, recharge, and soil ET sensitivity curves in response to manuai varia-
ttons in the curve number, soil available water capacity, and sotl evaporation co-
efficient (ESCO) input parameters for three different 8-digit watersheds within
thetr upper Mississippi River basin SWAT study. Lenhart et al. {2002) report on
the effects of two different sensitivity analysis schemes using SWAT-G for an ar-
tificial watershed, in which an altemmative approach of varying 44 parameter val-
ues within a fixed percentage of the valid parameter range was compared with the
more usual method of varying each initial parameter by the same fixed percent-
age. Both approaches resulted in similar rankings of parameter sensitivity and
thus could be considered equivalent.

A two-step sensitivity analysis approach is described by Francos et al. (2003),
which consists of: (1) a ‘Morris’ screening procedure that is based on the one fac-
tor at a time (OAT} design, and (2) the use of a Fourier amplitude sensitivity test
(FAST) method, The screening procedure is used to determine the qualitative
ranking of an entire input parameter set for different model outputs at low compu-
tational cost, while the FAST method provides an assessment of the most relevant
input parameters for a specific set of model output. The approach is demonstrated
with SWAT for the 3,500 km® Ouse watershed in the U.K. using 82 input and 22
output parameters. Holvoet et al. (2005) present the use of a Latin hypercube
(LH) OAT sampling method, in which initial LH samples serve as the points for
the OAT design. The method was used for determining which of 27 SWAT hy-
drologic-related input parameters were the most sensitive regarding streamtlow
and atrazine outputs for 32 km® Nil watershed in central Belgium. The LH-OAT
method was also used by van Griensven et al. (2006b) for an assessment of the
sensitivity of 41 mput parameters on SWAT flow, sediment, total N, and total P
estimates for both the UNBRW and the 3,240 km® Sandusky River watershed in
Ohio. The results show that some parameters, such as the curve number (CN2),
were important in both waiersheds, but that there were distinct differences in the
influences of other parameters between the two watersheds. The LH-OAT
method has been incorporated as part of the automatic sensitivity/calibration
package included in SWAT2005.

3.4.2 Calibration Approaches
The manual calibration approach requires the user to compare measured and
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simulated values, and then to use expert judgment to determine which variables to
adjust, how much to adjust them, and ultimately assess when reasonable results
have been obtained. Coffey et al. (2004) present nearly 20 different statistical
tests that can be used for evaluating SWAT streamflow output during a manual
calibration process. They recommended using the NSE and R? coefficients for
analyzing monthly output and median objective functions, sign test, autocorrela-
tion, and cross-correlation for assessing daily output, based on comparisons of
SWAT streamflow results with measured streamflows (Table 2} for the same wa-
tershed studied by Spruill et al. (2000). Cao et al, (2006) present a flowchart of
their manual calibration approach that was used to calibrate SWAT based on five
hydrologic outputs and multiple gage sites within the 2,075 km® Motueka Rjver
basin on the South [sland of New Zealand. The calibration and validation resulis
were stronger for the overall basin as compared to results obtained for six sub-
watersheds (Table 2). Santhi et al. (2001a) successfully calibrated and validated
SWAT for streamflow and pollutant loss simulations (Tables 2 and 3) for the
4277 km’ Bosque River in Texas. They present a general procedure, including a
flowchart, for manual calibration that identifies sensitive input parameters (15
were used), realistic uncertainty ranges, and reasonable regression results (i.e. sat-
isfactory 1¥ and NSE values). A combined sensitivity and calibration approach is
described by White and Chaubey (2005) for SWAT streamflow and pollutant loss
estimates (Tables 2 and 3) for the 3,100 km?® Bear Reservoir watershed, and three
sub-watersheds, in northwest Arkansas. They also review calibration approaches,
including calibrated input parameters, tor previous SWAT studies.

Automated techniques inveolve the use of Monte Carlo or other parameter esti-
mation schemes that determine automatically what the best choice of values are
for a suite of parameters, usually on the basis of a large set of simulations, for a
calibration process. Govender and Everson (2005) used the automatic Parameter
Estimation (PEST) program (Doherty, 2004) and identified soil moisture vari-
ables, initial groundwater variables, and runoff curve numbers to be some of the
sensitive parameters in SWAT applications for two small South African water-
sheds. They also report that manual calibration resulted in more accurate predic-
tions than the PEST approach (Table 2). Wang and Melesse (2005) also used
PEST to perform an automatic SWAT calibration of three snowmelt-related and
eight hydrologic-related parameters for the 4,335 km® Wild Rice River watershed
in northwest Minnesota, which included daily and monthly statistical evaluation
(Table 2).

Applications of an automatic shuffled complex evolution (SCE} optimization
scheme are described by van Griensven and Bauwens (2003, 2005) for ESWAT
simulations, primarily for the Dender River in Belgium. Calibration parameters
and ranges along with measured daily flow and pollutant data are input for each
application. The automated calibration scheme executes up to several thousand
maodel runs to find the optimum input data set. Sirnilar automatic calibration stud-
ies were performed with a SCE algorithm and SWAT-G by Eckhardt and Arnold
{2001) and Eckhardt et al. (2005} for watersheds in Germany. Di Luzio and Ar-
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nold (2004) described the background, formulation and results (Table 2) of an
hourly SCE input-output calibration approach used for a SWAT application in
Oklahoma. Van Liew et al. (2005) describe an initial test of the SCE awtomatic
approach that has been incorporated into SWAT2005, for streamflow predictions
for the Little River watershed in Georgia and the Little Washita River watershed
in Oklahoma. Van Liew et al. (2007) further evaluated the SCE aigorithm for five
watersheds with widely varying climatic characteristics (Table 2), including the
same two m Georgia and Oklahoma and three others located i Arizona, Idaho,
and Pennsylvania.

3.4.3 Uncertainty Analyses

Shirmohammadi et al. (2006) state that Monte Carlo simulation and first-order er-
ror or approximation (FOE or FOA} analyses are the two most common ap-
proaches for performing uncertainty analyses, and that other methods have been
used, including the mean value first-order reliability method, LH stmulation with
constrained Monte Carlo simulations, and generalized likelihood uncertainty esti-
mation (GLUE). They present three case studies of uncertainty analyses using
SWAT, which were based on the Monte Carlo, LH-Monte Carlo, and GLUE ap-
proaches, respectively, within the context of TMDL assessments. They report that
uncertainty is a major issue for TMDL assessments, and that it should be taken
into account during both the TMDL assessment and implementation phases. They
also make recommendations to improve the quantification of uncertainty in the
TMDL process.

Benaman and Shoemaker (2004) developed a six-step method that includes
using Monte Carlo runs and an interval-spaced sensitivity approach to reduce un-
certain parameter ranges. After parameter range reduction, their method reduced
the model cutput range by an order of magmtinde, resulting in reduced uncertanty
and the amount of calibration required for SWAT. However, significant uncer-
tainty remamed with the SWAT sediment routine. Lin and Radcliffe (2006) per-
formed an mitial two-stage automatic calibration streamflow prediction process
with SWAT for the 1,580 km” Etowah River watersbed in Georgia in which an
SCE algorithm was used for automatic calibration of Jumped SWAT input pa-
raroeters, followed by calibration of heterogeneous inputs with a vartant of the
Marquardt-Levenberg method in which ‘regularization’ was used to prevent pa-
rameters taking on unrealistic values. They then performed a nonlinear calibration
and uncertainty analysis using PEST, in which confidence intervals were gener-
ated for annual and 7-day streamflow estimates. Their resulting calibrated statis-
tics are shown in Table 2. Muleta and Nicklow (2005b}) describe a study for the
Big Creek watershed that involved three phases: (1) parameter sensitivity analysis
for 35 input parameters, in which LH samples were used to reduce the number of
Monte Carlo simulations needed to conduct the analysis; (2) automatic calibration
using a genetic algorithm, which systematically determined the best set of input
parameters using a sum of the square of differences criterion; and (3) a Monte
Carlo-based GLUE approach for the uncertainty analysis, in which LH sampting
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is again used to generate input samples and reduce the computation requirements.
Uncertainty bounds corresponding to the 95% confidence limit are reported for
both streamflow and sediment loss, as well as final calibrated statistics (Tables 2
and 3). Arabi et al. (2007b) used a three-step procedure that included OAT and
interval-spaced sensitivity analyses, and a GLUE analysis to assess uncertainty of
SWAT water quality predictions of BMP placement in the Dreisbach and Smith
Fry watersheds in [ndiana. Their results point io the need for site-specific calibra-
tion of somme SWAT inputs, and that BMP effectiveness could be evaluated with
enough confidence to justify using the model for TMDL and similar assessments.

Additional uncertainty analysis insights are provided by Vanderberghe et al.
(2007) for an ESWAT-based study and by Huisman et al. (2004) and Eckhardt et
al. (2003), who assessed the uncertainty of soil and/or land use parameter varia-
fions on SWAT-G output using Monte Carlo-based approaches. Van Greinsven
and Meixner (2006) describe several uncertainty analysis tools that have been in-
corporated mto SWAT2005, including a modified SCE algorithm called
‘parameter solutions’ (ParaSol), the Sources of Uncertainty Global Assessment
using Split Samples (SUNGLASSES), and the Confidence Analysis of Physical
Inputs (CANOPI), which evaluates uncertainty associated with climatic data and
other inputs,

3.5 Effects of HRU and Sub-watershed Delineation and QOther Inputs on
SWAT Output

Several studies have been performed that analyzed impacts on SWAT output as a
function of: (1) variation in HRU and/or sub-watershed delineations, (2) different
resolutions in topographic, soil, and/or land use data, (3) effects of spatial and
temporal transfers of inputs, (4) actual and/or hypothetical shifts in land use, and
(5) variations in precipitation inputs or ET estimates. These studies serve as fur-
ther SWAT sensitivity analyses and provide insight into how the model responds
to variations in key inputs.

3.5.1 HRU and Sub-watershed Delineation Effects

Bingner et al. (1997), Manguerra and Engel (1998), FitzHugh and Mackay
(2000), Jha et al. (2004a), Chen and Mackay (2004), Tripathi et al. (2006), and
Muleta et al. (2007) found that SWAT streamflow predictions were generally in-
sensitive to variations in HRU and/or sub-watershed delineations for watersheds
ranging in size from 21.3 to 17,941 km® Tripathi et al. (2006) and Muleta et al.
(2007) further discuss HRU and sub-watershed delineation impacts on other hy-
drologic components. Haverkamp et al, (2002) report that streamflow accuracy
was much greater when using multiple HRUSs to characterize each sub-watershed,
as opposed to using just a singte dominant soil type and land use within a sub-
watershed, for two watersheds in Germany and one in Texas. However, the gap in
accuracy between the two approaches decreased with increasing numbers of sub-
watersheds.
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Bingner et al. (1997) report that the number of simulated sub-watersheds af-
fected predicted sediment yield and suggest that sensitivity analyses should be
performed to determine the appropriate level of sub-watersheds. Jha et al. (2004a)
found that SWAT sediment and nitrate predictions were sensitive to variations in
both HRUs and sub-watersheds, but mineral P estimates were not. The effects of
BMPS on SWAT sediment, total P, and total N estimates was also found by
Arabi et al. (2006b) to be very sensitive to watershed subdivision level, Tha et al.
(2004a) suggest setting sub-watershed areas ranging from 2% to 5% of the over-
all watershed area, depending on the output indicator of interest, to ensure accu-
racy of estimates. Arabi et al, (2006b) found that an average sub-watershed equal
to about 4% of the overall watershed area was required to accurately account for
the impacts of BMPs in the model.

FitzHugh and Mackay (2000, 2001) and Chen and Mackay (2004) found that
sediment losses predicted with SWAT did not vary at the outlet of the 47.3 km?
Pheasant Branch watershed in south-central Wisconsin as a function of increasing
numbers of HRUs and sub-watersheds due to the transport-limited nature of the
watershed. However, sediment generation al the HRU level dropped 44% from
the coarsest to the finest resolutions (FitzHugh and Mackay, 2000), and sediment
yields varied at the watershed outlet for hypothetical source-limited versus trans-
port-limited scenarios (FitzHugh and Mackay, 2001) in response to eight different
HRU/sub-watershed combinations used in both studies. Chen and Mackay (2004)
further found that SWAT’s structure influences sediment predictions in tandem
with spatial data aggregation effecis. They suggest that errors in MUSLE sedi-
ment estimates can be avoided by using only sub-watersheds, instead of using
HRUs, within sub-watersheds.

In contrast, Muleta et al. (2007) found that sediment generated at the HRU le-
vel and exported from the outlet of the 133 km’ Big Creek watershed in Illinois
decreased with increasing spatial coarseness, and that sediment yield varied signi-
ficantly at the watershed outlet across a range of HRU and sub-watershed deli-
neations, even when the channel properties remained virtually constant.

3.5.2 DEM, Soil, and Land Use Resolution Effects

Bosch et al. (2004) found that SWAT streamflow estimates for a 22.1 km” sub-
watershed of the Little River watershed in Georgia were more accurate using
high-resolution topographic, land use, and soil data versus low-resclution data
obtained from BASINS. Cotter et al. (2003) report that DEM resolution was the
most critical input for a SWAT simulation of the 18.9 km® Moores Creek water-
shed in Arkansas, and provide minimum DEM, land use, and soil resolution rec-
ommendations 10 obtain accurate flow, sediment, nitrate, and total P estimates. Di
Luzio et al. (2005) also found that DEM resolution was the most critical for SWAT
simulations of the 21.3 km® Goodwin Creek watershed in Mississippi; land use reso-
lution effects were also significant, but the resolution of soil inputs was not. Chaplot
(2005) found that SWAT surface runoff estimates were sensitive to DEM mesh size,
and that nitrate and sediment predictions were sensitive to both the choice of DEM
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and soil map resolution, for the Walnut Creek watershed in central lowa. The most ac-
curate results did not occur for the finest DEM mesh sizes, contrary to expectations.
Di Luzio et al. (2004b) and Wang and Melesse (2006} present additional results de-
scribing the impacts of STATSGO versus SSURGO soil data inputs on SWAT output.

3.5.3 Effects of Different Spatial and Temporal Transfers of Inputs
Heuvelmans et al. (2004a) evaluated the effects of transferring seven calibrated
SWAT hydrologic input parameters, which were selected on the basis of a sensi-
tivity analysis, in both time and space for three watersheds ranging in size from
51 to 204 km? in northern Belgium. Spatial transfers resulted in the greatest loss
of sireamflow efficiency, especially between watersheds. Heuvelmans et al.
{2004b) further evalvuated the effect of four parameterization schemes on SWAT
streamflow predictions, for the same set of seven hydrologic inputs, for 25 water-
sheds that covered 2.2 to 210 km? within the 20,000 km” Scheldt River basin in
northern Belgium. The highest model efficiencies were achieved when optimal
parameters for each individual watershed were used; optimal parameters selected
on the basis of regional zones with similar characteristics proved superior to pa-
rameters that were averaged across all 25 watersheds.

3.5.4 Historical and Hypothetical Land Use Effects

Miller et al. (2002) describe simulated streamflow impacts with SWAT in rte-
sponse to historical land use shifts in the 3,150 km® San Pedro watershed in
southern Arizona and the Cannonsville watershed in south-central New York.
Streamflows were predicted to increase in the San Pedro watershed due to in-
creased urban and agricultural land use, while a shift from agricultural to forest
land use was predicted to result in a 4% streamflow decrease in the Cannonsville
watershed. Hernandez et al. (2000} further found that SWAT could accurately
predict the relative impacts of hypothetical land use change in an 8.2 km? experi-
mental sub-watershed within the San Pedro watershed. Heuvelmans et al. (2005)
report that SWAT produced reasonable streamflow and erosion estimates for hy-
pothetical land use shifts, which were performed as part of a life cycle assessment
(LCA) of CO, emission reduction scenarios for the 29.2 km* Meerdaal watershed
and the 12.1 km® Latem watersheds in northern Belgium, However, they state that
an expansion of the SWAT vegetation parameter dataset is needed in order to
fuily support LCA analyses. Increased streamflow was predicted with SWAT for
the 59.8 km® Aar watershed in the German state of Hessen, in response to a grass-
land incentive scenario in which the grassland area increased from 20% to 41%
while the extent of forest coverage decreased by about 70% (Weber et al., 2001).
The impacts of hypothetical forest and other land use changes on total runoff us-
ing SWAT are presented by Lorz et al. (2007) in the context of comparisons with
three other models. The impacts of other hypothetical land use studies for various
German watersheds have been reported on hydrologic impacts with SWAT-G
{(e.g. Fohrer et al., 2002, 2005) and SWIM (Krysanova et al., 2005) and on nutri-
ent and sediment loss predictions with SWAT-G (Lenhart et al., 2003),
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3.5.5 Climate Data Effects

Chaptot et al. (2005) analyzed the effects of rain gage distribution on SWAT out-
put by simulating the impacts of climatic inputs for a range of | to 15 rain gages
in both the Walnut Creek watershed in central lowa and the upper North Bosque
River watershed in Texas. Sediment predictions improved significantly when the
densest rain gage networks were used; only slight improvements occurred for the
corresponding surface runoff and nitrogen predictions. However, Hernandez et al.
{2000) found that increasing the number of simulated rain gages from | to 10 re-
sulted in clear estimated streamflow improvements (Table 2). Moon et al. (2004)
found that SWAT’s streamflow estimates improved when Next-Generation
Weather Radar (NEXRAD) precipitation input was used instead of rain gage in-
puts (Table 2), Kalin and Hantush (2006) report that NEXRAD and rain gage in-
puts resulted in similar streamflow estimates at the outlet of the Pocono Creek
watershed in Pennsylvania (Table 2), and that NEXRAD data appear to be a
promising source of alternative precipitation data. A weather generator developed
by Schuof and Abbaspour (2007) that uses climatic data available at 0.5° intervals
was found to result in better streamflow estimates than rain gage data for a region
covering about 4 million km’® in Western Africa that includes the Niger, Volta,
and Senegal river basins. Sensitivity of precipitation inputs on SWAT hydrologic
output are reported for comparisons of different weather generators by Harmel et
al. (2000) and Watson et al. {(2005). The effects of different ET options available
in SWAT on streamflow estimates are further described by Wang et al. {2006)
and Kannan et al, (2007b).

3.6 Comparisons of SWAT with Other Models

Borah and Bera (2003, 2004) compared SWAT with several other watershed-
scale maodels. In the 2003 study, they report that the Dynamic Watershed Simala-
tion Model (DWSM) (Borah et al., 2004), Hydrologic Simulation Program - For-
tran (HSPF) model (Bicknel] et al., 1997), SWAT, and other models have hydrol-
ogy, sediment, and chemical routines applicable to watershed-scale catchments
and concluded that SWAT is a promising model for continuous simulations in
predominantly agricultural watersheds, In the 2004 study, they found that SWAT
and HSPF could predict yearly flow volumes and pollutant losses, were adequate
for monthly predictions except for months having extreme storm events and hy-
drologic conditions, and were poor in simulating daily extreme flow events. In
contrast, DWSM reasonably predicted distributed flow hydrographs and concen-
tration or discharge graphs of sediment and chemicals at small time intervals.
Shepherd et al. (1999) evaluated 14 models and found SWAT to be the most suit-
able for estimating phosphorus loss from a lowland watershed in the U.K.

Van Liew et al. (2003a) compared the streamflow predictions of SWAT and
HSPF on eight nested agricultural watersheds within the Little Washita River ba-
sin in southwestern Oklahoma. They concluded that SWAT was more consistent
than HSPF in estimating streamflow for different climatic conditions and may
thus be better suited for investigating the long-term impacts of climate variability
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on surface water resources. Saleh and Du (2004) found that the average daily
flow, sediment loads, and nutrient loads simulated by SWAT were closer than
HSPE to measured values collected at five sites during both the calibration and
verification periods for the upper North Bosque River watershed in Texas. Singh
et al. (2005) found that SWAT flow predictions were slightly better than corre-
sponding HSPF estimates for the 5,568 km® Iroquois River watershed in eastern
Illinois and western Indiana, primarily due to better simulation of low flows by
SWAT. Nasr et al. (2007} found that HSPF predicted mean daily discharge most
accurately, while SWAT simulated daily total phosphorus loads the best, in a
comparison of three models for three [rish watersheds that ranged in size from 15
to 96 km’. El-Nasr et al. (2005) found that both SWAT and the MIKE-SHE
model (Refsgaard and Storm, 1995) simulated the hydrology of Belgium’s Jeker
River basin in an acceptable way. However, MIKE-SHE predicted the overall
variation of river flow slightly better.

Srinivasan et al. (2005) found that SWAT estimated flow more accurately
than the Soil Moisture Distribution and Routing (SMDR) model {Comell, 2003)
for 39.5 ha FD-36 experimental watershed in east-central Pennsylvania, and that
SWAT was also more accurate on a seasonal basis. SWAT estimates were also
found to be similar to measured dissolved and total P for the same watershed, and
73% of the 22 fields in the watershed were categorized similarly on the basis of
the SWAT analysis as compared to the Pennsylvania P index (Veith et al., 2005).
Grizzetti et al. (2005) reported that both SWAT and a statistical approach based
on the SPARROW model (Smith et al., [997) resulted in similar total oxidized ni-
trogen loads for two monitoring sites within the 1,380 km” Great Quse watershed
in the U.K. They also state that the statistical reliability of the two approaches
was similar, and that the statistical model should be viewed primarily as a screen-
ing tool while SWAT is more useful for scenarios. Srivastava et al. (2006) found
that an artificial neural network {ANN) model was more accurate than SWAT for
streamflow simulations of a small watershed in southeast Pennsylvania.

3.7 Interfaces of SWAT with Other Models

Innovative applications have been performed by interfacing SWAT with other en-
vironmental and/or economic models. These interfaces have expanded the range
of scenarios that can be analyzed and allowed for more in-depth assessments of
questions that cannot be considered with SWAT by itself, such as groundwater
withdrawal impacts or the costs incurred from different choices of management
practices.

3.7.1 SWAT with MODFLOW and/or Surface Water Models

Sophocleus et al. {1999) describe an interface between SWAT and the MOD-
FLOW groundwater model (McDonald and Harbaugh, 1988) called SWATMOD,
which they used to evaluate water rights and withdrawal rate management scenar-
ios on stream and aquifer responses for the Rattlesnake Creek watershed in south-
central Kansas. The system was used by Sophocleus and Perkins (2000) to inves-
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tigate irrigation effects on streamflow and groundwater levels in the lower Re-
publican River watershed in north-central Kansas and on streamflow and ground-
water declines within the Rattlesnake Creek watershed. Perkins and Sophocleous
(1999) describe drought impact analyses with the same system. SWAT was cou-
pled with MODFLOW to study the 12 km® CofzDan watershed in Brittany,
France (Conan et al, 2003a). Accurate results were reported, with respective
monthly NSE values for streamflow and nitrate of 0.88 and (0.87.

Menking et al. (2003) interfaced SWAT with both MODFLOW and the
MODFLOW LAK?2 lake modeling package to assess how current climate condi-
tions would impact water levels in ancient Lake Estancia (central New Mexico),
which existed during the late Pleistocene era. The results indicated that current
net inflow from the 5,000 km® drainage basin would have to increase by about a
factor of 15 to maintain typical Late Pleistocene lake levels. Additional analyses
of Lake Estancia were performed by Mepking et al. {2004) for the Last Glacial
Maximum period. SWAT was interfaced with a 3-D lagoon medel by Plus et al.
(2006) to determine nitrogen loads from a 280 km® drainage area into the Thau
Lagoon, which lies along the south coast of France, The main annual nitrogen
load was estimated with SWAT to be 117 t year'; chlorophyll a concentrations,
phytoplankton production, and related analyses were performed with the lagoon
model, Galbiati et al. (2006) interfaced SWAT with QUAL2E, MODFLOW, and
another model to create the Integrated Surface and Subsurface model (1SSm),
They found that the system accurately predicted water and nutrient interactions
between the stream system and aquifer, groundwater dynamics, and surface water
and nutrient fluxes at the watershed outlet for the 20 km? Bonello coastal water-
shed in northern Italy.

3.7.2 SWAT with Environmental Models or Genetic Algorithms for BMP Anpalyses

Renschler and Lee (2005) linked SWAT with the Water Erosion Prediction Pro-
ject (WEPP) model (Ascough et al., 1997) to evaluate both short- and long-term
assessments, for pre- and post-implementation, of grassed waterways and field
borders for three experimenial watersheds ranging in size from .66 to 5.11 ha.
SWAT was linked directly to the Geospatial [nterface for WEPP {GeoWEPP),
which facilitated injection of WEPP ouiput as point sources into SWAT, The
long-term assessment results were similar to SWAT-only evaluations, but the
short-term results were not. Ceruccl and Conrad (2003) determined the optimal
riparian buffer configurations for 31 sub-watersheds in the 37 km® Town Brook
watershed in south-central New York, by using a binary optimization approach
and interfacing SWAT with the Riparian Ecosystem Model (REMM) (Lowrance
et al., 2000). They determined the marginal utility of buffer widths and the most
affordable parcels in which 1o establish riparian buffers. Pohlert et al. (2006) de-
scribe SWAT-N, which was created by extending the originat SWATZ2000 nitro-
gen cyeling routine primarily with algorithms from the Denitrification-
Decomposition (DNDC) model {Li et al., 1992). They state that SWAT-N wasg
able to replicate nitrogen cycling and loss processes more accurately than SWAT.
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Muleta and Nicklow (2005a) interfaced SWAT with a genetic algorithm and a
multi-objective evolutionary algorithm to perform both single and multi-objective
evaluations for the 130 km® Big Creek watershed in southern Iilinois. They found
that conversion of 10% of the HRUs into conservation programs (cropping sys-
tem/tillage practice BMPs), within a maximum of 50 genetic algorithm genera-
tions, would result in reduced sediment yield of 19%. Gitau et al. (2004) inter-
faced baseline P estimates from SWAT with a genetic algorithim and a BMP tool
containing site-specific BMP effectiveness estimates to determine the optimal on-
farm placement of BMPs so that P losses and costs were both minimized. The
two most efficient scenarios met the target of reducing dissolved P loss by at least
60%, with corresponding farm-level cost increases of $1,430 and $1,683, respec-
tively, relative to the baseline. SWAT was interfaced with an economic model, a
BMP tool, and a genetic algorithm by Arabi et al. (2006a) to determine optimal
placement for the Dreisbach and Smith Fry watersheds in Indiana. The optimiza-
tion approach was found to be three times more cost-effective as compared to en-
vironmental targeting strategies.

3.7.3 SWAT with Economic and/or Environmental Models

A farm economic model was interfaced with the Agricultural Policy Extender
(APEX) model (Williams and Izaurralde, 2006) and SWAT to simulated the eco-
nomic and environmental impacts of manure management scenarios and other
BMPs for the 932.5 km® upper North Bosque River and 1,279 km® Lake Fork
Reservoir watersheds in Texas and the 1622 km® upper Maquoketa River water-
shed in lowa {Gassman et al., 2002). The economic and environmental impacts of
several manure application rate scenarios are described for each watershed, as
well as for manure haul-oft, intensive rotational grazing, and reduced fertilizer
scenarios that were simulated for the upper North Bosque River watershed, Lake
Fork Reservoir watershed, and upper Maquoketa River watershed, respectively.
Osei et al. (2003) report additional stocking density scenario results for pasture-
based dairy productions in the Lake Fork Reservoir watershed, They concluded
that appropriate pasture nutrient management, including stocking density adjust-
ments and more efficient application of commercial fertilizer, could lead to sig-
nificant reductions in nutrient losses in the Lake Fork Reservoir watershed. Gass-
man et al, (2006) further assessed the impacts of seven individual BMPs and four
BMP combinations for upper Maquoketa River watershed. Terraces were pre-
dicted to be very effective in reducing sediment and organic nutrient losses but
were also the most expensive practice, while no-till or contouring in combination
with reduced fertilizer rates were predicted to result in reductions of all pollutant
indictors and also positive net returns.

Lemberg et al. {2002) evaluated the economic impacts of brush contrel n the
Frio River basin in south-central Texas using SWAT, the Phytomass Growth
Simulator (PHY GROW) medel (Rowan, 1995), and two economic models. [t was
determined that subsidies on brush control would not be worthwhile. Economic
evaluations of riparian buffer benefits in regards to reducing atrazine concentra-
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tion and other factors were performed by Qin and Prato (1998) using SWAT, a
budget generator, and an economic model for the 77.4 km* Goodwater Creek wa-
tershed in north-central Migsouri (riparian buffers were not directly simulated).
The implementation of riparian buffers was found to result in substantial net eco-
nomic return and savings in government costs, due to reduced CRP rental pay-
ments, Qiu (2005) used a similar approach for the same watershed to evaluate the
economic and environmental impacts of five different alternative scenarios.
SWAT was interfaced with a data envelope analysis linear programming model
by Whittaker et al. {(2003) to determine which of two policies would be most ef-
fective in reducing N losses 10 streams in the 259,000 km® Columbia Plateau re-
gion in the northwest U.S. The analysis indicated that a 300% tax on N fertilizer
would be more efficient than a mandated 25% reduction in N use. Evaluation of
different policies were demonstrated by Attwood et al. (2000) by showing eco-
nomic and environmental impacts at the U.S, national scale and for Texas by
linking SWAT with an agricultural sector model. Volk et al. (2007) and Turpin et
al. {2005) describe respective modeling systems that include interfaces between
SWAT, an economic model, and other models and data to simulate ditferent wa-
tershed scales and conditions in European watersheds.

3.7.4 SWAT with Ecological and Other Models

Weber et al. (2001) interfaced SWAT with the ecological model ELLA and the
Proland economic model to investigate the streamflow and habitat impacts of a
“gragsland incentive scenario” that resulted in grassland area increasing from
21% to 40%, and forest area declining by almost 70%, within the 59.8 km?* Aar
watershed in Germany. SWAT-predicted streamflow increased while Skylark
bird habitat decreased m response to the scenario. Fohrer et al. (2002) used
SWAT-G, the YELL ecological model, and the Proland to assess the effects of
land use changes and associated hydrologic impacts on habitat suitability for the
Yellowhammer bird species. The authors report eftects of four average field size
scenarios (0.5, 0.75, 1.0, and 2.0 ha) on land use, bird nest distribution and habi-
tat, labor and agricultural value, and hydrological response. SWAT is also being
used to simulate crop growth, hydrologic balance, scil erosion, and other environ-
mental responses by Chnstiansen and Altaweel (2006) within the ENKIMDU
modeling framework {named after the ancient Sumerian god of agricolture and
itrigation), which is being used to study the natural and societal aspects of Bronze
Age Mesopotamian cultures,

4, SWAT Strengths, Weaknesses, and Research Needs

The worldwide application of SWAT reveals that it is a versatile model that can
be used to integrate multiple environmental processes, which support more effec-
tive watershed management and the development of better-informed policy deci-
sions. The model will continue to evolve as users defermine needed improve-
ments that: (1) will enable more accurate simulation of currently supported proc-
esses, {2) incorporate advancements in scientific knowledge, or (3) provide new
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functionality that will expand the SWAT simulation domain. This process is
aided by the open-source status of the SWAT code and ongoing encouragement
of collaborating scientists to pursue needed model development, as demonstrated
by a forthcoming set of papers in Hydrological Sciences Journal describing vari-
ous SWAT research needs that were identified at the 2006 Model Developer’s
Workshop held in Potsdam, Germany. The model has also been included in the
Collaborative Software Developmeni Laboratory that facilitates development by
multiple scientists (CoLab, 2006).

The foundational strength of SWAT is the combination of upland and channel
processes that are incorporated into one simulation package. However, every one
of these processes is a simplification of reality and thus subject to the need for
improvement. To some degree, the strengths that facilitate widespread use of
SWAT also represent weaknesses that need further refinement, such as simplified
representations of HRUs. There are also problems in depicting some processes
accurately due to a lack of sufficient monitoring data, inadequate data needed to
characterize input parameters, or insufficient scientific understanding. The
strengths and weaknesses of five components are discussed here in more detail,
including possible courses of action for improving current routines in the model.
The discussion is framed to some degree from the perspective of emerging appli-
cations, e.g. bacteria die-off and transport. Additional research needs are also
briefly listed for other components, again in the context of emerging application
trends where applicable.

4.1 Hydrologic Interface

The use of the NRCS curve number method in SWAT has provided a relatively
easy way of adapting the model to a wide variety of hydrologic conditions. The
technique has proved successful for many applications, as evidenced by the re-
sults reported in this study. However, the embrace of the method in SWAT and
similar models has proved controversial due to the empirical nature of the ap-
proach, lack of complete historical documentation, poor results obtained for some
conditions, inadequate representation of “critical source areas” that generate pol-
lutant loss (which can occur even after satisfactory hydrologic calibration of the
model), and other factors (e.g. Ponce and Hawkins, 1996; Agnew et al., 2006;
Bryant et al., 2006, Garen and Moore, 2005).

The Green-Ampt method provides an alternative option in SWAT, which was
found by Rawls and Brakenseik (1986) to be more accurate than the curve num-
ber method and also to account for the effects of management practices on soil
properties in a more rational manner, However, the previously discussed King et
al. (1999) and Kannan et al. (2007b} SWAT applications did not find any advan-
tage to using the Green-Ampt approach, as compared to the curve number
method. These results lend support to the viewpoint expressed by Ponce and
Hawkins (1996) that alternative point infiltration techniques, including the Green-
Ampt method, have not shown a clear superiority to the curve number method.
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Improved SWAT hydrologic predictions could potentially be obtained
through modifications in the curve number methodology and/or incorporation of
more complex routines. Borah et al. (2007) propose inserting a combined curve
number-kinematic wave methodology used in DWSM into SWAT, which was
found to result in improved simulation of daily runoff volumes for the 8,400 km®
Little Wabash River watershed in Tlinois. Bryant et al. (2006) propose modifica-
tions of the curve number initial abstraction term, as a function of soil physical
characteristics and management practices, that could result in more accurate
simulation of extreme (low and high) runoff events. Model and/or data input
modifications would be needed to address phenomena such as vanable source
area (VSA) saturated excess runoff, which dominants runoff in some regions in-
cluding the northeast U.S., where downslope VSA saturated discharge often oc-
curs due to subsurface interflow over relatively impermeable material (Agnew et
al., 2006; Walter et al., 2000). Steenhuis (2007) has developed a method of re-
classifying soil types and associated curve numbers that provides a more accurate
accounting of VSA-driven runoff and pollutant loss for a small watershed in New
York. The modified SWAT model described by Watson et al. (2005) may also
provide useful insights, as it accounts for VSA-dominated hydrology in southwest
Victoria, Australia, by incorporating a saturated excess runoff routine in SWAT,

4.2 Hydrologic Response Units (HRUs)

The incorporation of nonspatial HRUs in SWAT has supported adaptation of the
model to virtually any watershed, ranging in size from field plots to entire river
basins. The fact that the HRUs are not landscape dependent has kept the model
simple while allowing soil and land use heterogeneity to be accounted for within
each sub-watershed. At the same time, the nonspatial aspect of the HRUs is a key
weakness of the model. This approach ignores flow and pollutant routing within a
sub-watershed, thus treating the impact of pollutant losses identically from all
landscape positions within a sub-watershed. Thus, potential pollutant attenuation
between the source area and a stream is also ignored, as discussed by Bryant et al.
(2006) for phosphorus movement. Explicit spatial representation of riparian
buffer zones, wetlands, and other BMPs is alsc not possible with the current
SWAT HRU approach, as well as the ability to account for targeted placement of
grassland or other land use within a given sub-watershed. Incorporation of greater
spatial detail into SWAT is being explored with the initial focus on developing
routing capabilities between distinct spatially defined landscapes {(Volk et al,,
2005), which could be further subdivided into HRUs.

4.3 Simulation of BMPs

A key strength of SWAT is a flexible framework that allows the simulation of a
wide variety of conservation practices and other BMPs, such as fertilizer and ma-
nuie application rate and timing, cover crops (perennial grasses), filter strips, con-
servation tillage, irrigation management, flood-prevention structures, grassed wa-
terways, and wetlands. The majority of conservation practices can be simulated in
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SWAT with straightforward parameter changes. Arabi et al. (2007a) have pro-
posed standardized approaches for simulating specific conservation practices in
the model, including adjustment of the parameters listed in Table4. Filter
sirips and field borders can be simulated at the HRU level, based on empirical
functions that account for filter strip trapping effects of bacteria or sediment, nu-
trients, and pesticides (which are invoked when the filter strip width parameter is
set input to the model). However, assessments of targeted filter strip placements
within a watershed are limited, due to the lack of HRU spatial definition in
SWAT. There are also further limitations in simulating grassed waterways, due to
the fact that channel routmg is not simulated at the HRU level. Arabi et al.
(2007a) proposed simulating grassed waterways by modifying sub-watershed
channel parameters, as shown in Table 4. However, this approach is usually only
viable for relatively small watersheds, such as the example they present in their
study.

Wetlands can be simulated in SWAT on the basis of one wetland per sub-
watershed, which is assumed to capture discharge and pollutant loads from a
user-specified percentage of the overall sub-watershed. The ability to site wet-
lands with more spatial accuracy within a sub-watershed would clearty provide
improvements over the current SWAT wetland simulation approach, although
this can potentially be overcome for some applications by subdividing a water-
shed into smaller sub-watersheds.

The lack of spatial detail in SWAT also hinders simulation of riparian buffer
zones and other conservation buffers, which again need te be spatially defined at
the landscape or HRU level in order to correctly account for upslope pollutant
source areas and the poliutant mitigation impacts of the buffers. The riparian and

Table 4. Propused key parameters o adust for acevunting of different corservation pracuce ellects n SWAT (source Araby
e al . CtETR)

Chaarpael Manning 805
Chansel  (hannet Abesmang Channel Filter  Bhltsde NEr Rumat? USLE USLE

Clhaped Channel Brebbsfiny Cover  Robghues Slope Stnp Slepe  Overland Qurse © 4
Tonseevation Peasice Depth  Welh  Fgtar  Fackr Coelt Seomenl, Wil Lowgth  Flow  Membo Peelor Faior
Conlurig X X
Figld bosder X
Fylier dryges X
Gragde sabilyyaiion strucksres N kN
Gragted warenyays hN X 3 X
Lmed ywatersays X X X I
Parsllcl tormaees x X p
Resichie niaay ovienl® X X i
Stream shanncl stabiiyalivn N x BN by
Sirip cropping X X X B
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wetland processes recently incorporated into the SWIM modet (Hatterman et al.,
2006) may prove useful for improving current approaches used in SWAT.

4.4 Bacteria Life Cycle and Transport

Benham et al. (2006) state that SWAT is one of two primary models used for wa-
tershed-scale bacteria fate and transport assessments in the U.S. The strengths of
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the SWAT bacteria component include: (1) simultaneous assessment of fecal
coliform (as an indicator pathogen} and a more persistent second pathogen that
possesses different growth/die-off characteristics, (2) different rate constants that
can be set for soluble versus sediment-bound bacteria, and (3) the ability to ac-
count for mulitiple point and/or nonpoint bacteria sources such as land-applied
livestock and poultry manure, wildlife contributions, and human sources such as
septic tanks. Jamieson et al. (2004} further point out that SWAT is ihe only model
that currently simulates partitioning of bacteria between adsorbed and non-
adsorbed fractions, however, they also state that reliable partitioning data is cur-
rently not available. Bacteria die-off is simulated in SWAT on the basis of a first-
order kinetic function (Neitsch et al., 2005a), as a function of time and tempera-
ture. However, Benham et al. (2006), Jamieson et al. (2004), and Pachepsky et al.
(2006) all cite several studies that show that other factors such as moisture con-
tent, pH, nutrients, and soil type can influence die-off rates. Leaching of bacteria
is also simulated in SWAT, although all leached bacteria are ultimately assumed
to die off. This conflicts with some actual observations in which pathogen move-
ment has been observed in subsurface flow (Pachepsky et al., 2006; Benham et
al., 2006), which is especially prevalent in tile-drained areas (Jamieson et al.,
2004). Benham et al. (2006), Jarieson et al. (2004), and Pachepsky et al, (2006)
list a number of research needs and modeling improvements needed to perform
more accurate bacteria transport simulations with SWAT and other models inclu-
ding: (1) more accurate characterization of bacteria sources, (2) development of
bacteria life cycle equations that account for different phases of die-oft and the
influence of multiple factors on bacteria die-off rates, (3) accounting of subsur-
face flow bacteria movement including transport via tile drains, and (4) depiction
of bacteria deposition and resuspension as function of sediment particles rather
than just discharge.

4.5 In-Stream Kinetic Functions

The ability to simulate in-stream water quality dynamics is a definite strength of
SWAT. However, Homn et al. (2004) point out that very few SWAT-related stud-
ies discuss whether the QUAL2E-based in-stream kinetic functions were used or
not. Santhi et al. (2001a) opted to not use the in-stream functions for their SWAT
analysis of the Bosque River in central Texas because the functions do not ac-
count for periphyion (attached algae), which dominates phosphorus-limited sys-
tems including the Bosque River. This is a common limitation of most water
quality models with in-stream components, which focus instead on just suspended
algae. Mighaccio et al. (2007) performed parallel SWAT analyses of total P and
nitrate (including nitrite) movement for the 60 km® War Eagle Creek watershed in
northwest Arkansas by: (1) loosely coupling SWAT with QUAL2E (with the
SWAT in-stream component turned off), and (2) executing SWAT by itself with
and without the in-stream functions activated. They found no statistical difference
in the results generated between the SWAT-QUALZ2E interface approach versus
the standalone SWAT approach, or between the two standalone SWAT simula-
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tions. They concluded that further testing and refinement of the SWAT in-stream
algorithms are warranted, which is similar to the views expressed by Horn et al,
(2004). Further investigation is also needed to determine if the QUAL2E modifi-
cations made in ESWAT should be ported to SWAT, which are described by Van
Griensven and Bauwens (2003, 2005).

4.6 Additional Research Needs

Development of concentrated animal feeding operati'on and related manure
application routines, that support simulation of surface and integrated ma-
nure application techniques and their influence on nutrient fractionation,
distribution in runoff and soil, and sediment loads. Current development is
focused on a manure cover layer.

All aspects of stream routing need further testing and refinement, includ-
ing the QUALZE routines as discussed above.

(mproved stream channel degradation and sediment deposition routines
are needed to better describe sediment transport, and to account for nutri-
ent loads associated with sediment movement, as discussed by Jha et al.
{2004a). Channel sediment routing could be improved by accounting for
sediment size effects, with separate algorithms for the wash and bed loads.
Improved flood plain depasition algorithms are needed, and a stream bank
erosion routine should be incorporated.

SWAT currently assumes that soil carbon contents are static. This ap-
proach will be replaced by an updated carbon cycling submodel that pro-
vides more realistic accounting of carbon cycling processes.

Improvements to the nitrogen cycling routines should be investigated
based on the suggestions given by Borah et al. (2006). Other aspects of the
nitrogen cycling process should also be reviewed and updated if needed,
including current assumptions of plant nitrogen uptake, Soil phosphorus
cycling improvements have been initiated and will continue. The ability to
simulate leaching of soil phosphorus through the scil profile, and in lat-
eral, groundwater, and tile flows, has recently been incorporated into the
model.

Expansion of the plant parameter database is needed, as pointed out by
Heuvelmans et al. (2003), to support a greater range of vegetation scenar-
ios that can be simulated in the model. In general, more extensive testing
of the crop growth component is needed, including revisions to the crop
parameters where needed.

Modifications have been initiated by McKeown et al. {2005) in a version
of the model called SWAT2000-C to more accurately simulate the hydro-
logic balance and other aspects of Canadian boreal forest systems includ-
ing: (1) incorporation of a surface litter layer into the soil profile, (2) ac-
counting of water storage and release by wetlands, and (3) improved simu-

75



lation of spring thaw generated runoff. These improvements will ulti-
mately be grafted into SWAT2005.

. Advancements have been made in simulating subsurface tile flows and ni-
trate losses (Du et al., 2005, 2006). Current research is focused on incor-
porating a second option, based on the DRAINMOD (Skaggs, 1982) ap-
proach, that includes the effects of tile drain spacing and shallow water ta-
ble depth. Future research should also be focused on controlled drainage
BMPs.

. Routines for automated sensitivity, calibration, and input uncertainty
analysis have been added fo SWAT (van Griensven and Bauwens, 2003),
These routines are currently being tested on several watersheds, including
accountiing of uncertainty encountered in measured water quality data, as
discussed by Harmel et al, (2006).

. The effects of atmospheric CO, on plant growth need to be revised to ac-
count for varying stomatal conductance and leaf area responses as a func-
tion of plant species, similar to the procedure developed for SWAT-G by
Eckhardt et al. (2003).

5. Conclusions

The wide range of SWAT applications that have been described here underscores
that the model is a very flexible and robust tool that can be used to simulate a va-
riety of watershed problems. The process of configuring SWAT for a given wa-
tershed has also been greatly facilitated by the development of GIS-based inter-
faces, which provide a straightforward means of trapslating digital land vse, to-
pographic, and soil data into model inputs. It can be expected that additional sup-
port tools will be created in the future to facilitate various applications of SWAT.
The ability of SWAT to replicate hydrologic and/or pollutant loads at a variety of
spatial scales on an annual or monthly basis has been confirmed in numerous
studies. However, the model performance has been inadequate in some studies,
especially when comparisons of predicted output were made with time series of
measured daily flow and/or pollutant loss data. These weaker results underscore
the need for continued testing of the model, including more thorough unceitainty
analyses, and ongoing improvement of model routines. Seime users have ad-
dressed weaknesses in SWAT by component modifications, which support more
accurate simulation of specific processes or regions, or by interfacing SWAT
with other models. Both of these trends are expected to continue. The SWAT
model will continue to evolve in response to the neads of the ever-increasing
worldwide user community and to provide improved simulation accuracy of key
processes. A major challenge of the ongoing evolution of the mode! will be meet-
ing the desire for additional spatial complexity while maintaining ease of model
use, This goal will be kept in focus as the model continues to develop in the fu-
ture.
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2.1 Modeling Blue and Green Water Availability in Africa

Jiirgen Schuoll, Karim C, Abbaspourl, Hong Yangl,
Raghavan Srinivasan’ and Alexander J.B. Zehnder’

Abstract

Despite the general awareness that in Africa many people and large areas are
suffering from insufficient water supply, spatially and temporally detailed infor-
mation on freshwater availability and water scarcity is so far rather limited. By
applying a semidistributed hydrological modet SWAT (Soil and Water Assess-
ment Tool), the freshwater components blue water flow (i.e. water yield plus deep
aquifer recharge), green water flow {i.e. actual evapotranspiration), and green wa-
ter storage (i.e. soil water) were estimated at a subbasin level with monthly reso-
lution for the whole of Africa. Using the program SUFI-2 (Sequential Unceriainty
Fitting Algorithm), the model was calibrated and validated at 207 discharge sta-
tions, and prediction uncertainties were quantified. The presented model and its
results could be used in various advanced studies on climate change, water and
food security, and virtual water trade, among others, The model results are gener-
ally good albeit with large prediction uncertainties in some cases. These uncer-
tainties, however, disclose the actual knowledge about the modeled processes.
The effect of considering these model-based uncertainties in advanced studies is
shown for the computation of water scarcity indjcators.

Keywords: SWAT, SUFI-2, soil water, prediction uncertainty, water scarcity,
water balance components

1. Introduction

On a continental and annual basis Affica has abundant water resources but the
problem is their high spatial and temporal variability within and between coun-
tries and river basins (UN-Water/Africa, 2006). Considering this variability, the
continent can be seen as dry with pressing water problems (Falkenmark, 1989;
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Vorgsmarty et al., 2005). Though of cnitical 1mportance, detailed information on
water resources and water scarcity is still limited in Africa (Wallace and Gregory,
2002).

Freshwater availability is a prerequisite for food security, public health, eco-
system protection, etc. Thus freshwater is important and relevant for achieving all
development goals contained in the United Nations Millennium Declaration
(http://www .un.org/millennium/declaration/ares552e.pdf). Two important targets
of the Declaration are to halve, by the year 2015, the proportion of people without
sustainable access to safe dnnking water and to halve the proportion of people
who suffer from hunger. These two targets are closely related to freshwater avail-
ability.

Up to now, studies of freshwater availability have predominantly focused on
the quantification of the *blue water’, while ignoring the ‘green water’ as part of
the water resource and its great importance especially for rainfed agriculture (e.g.
in sub-Saharan Africa more than 95% is rainfed (Rockstrém et al., 2007)). Two
of the few studies dealing with green water are Rockstrém and Gordon (2001)
and Gerten et al, (2005). Blue water flow, or the intermal renewable water re-
source (IRWR), is traditionally quantified as the sum of the water yield and the
deep aquifer recharge. Green water, on the other hand, originates from the natu-
rally infiltrated water, which is more and more being thought of as a manageable
water resource. Falkenmark and Rockstrom (2006) differentiate between two
components of the green water: green water resource (or storage), which equals
the moisture in the soil, and green water flow, which equals the sum of the actual
evaporation (the non-productive part} and the actual transpiration (the productive
part). In some references only the transpiration is regarded as the green water
component (e.g. Savenije, 2004). As evaporation and transpiration are closely
interlinked processes and evaporated water has the potential to be partly used ag
productive flow for food production, we prefer to consider the total actual
evapotranspiration as the green water flow.

Spatially and temporally detailed assessments of the different cormponents of
freshwater availability are essential for focating critical regions, and thus, the ba-
sis for rational decision-making in water resources planning and management.
There exist already a few global freshwater assessments based on (1) data gener-
alization (e.g, Shiklomanoy, 2000, Shiklomanov and Rodda, 2003), (2) general
circulation models (GCMs) (e.g. TRIP, Oki et al., 2001; Oki and Kanae, 2006),
and (3) hydrological models (e.g. WBM, Virosmarty et al., 1998, 2000; Fekete et
al., 1999; Macro-PDM, Arell, 1999, WGHM (WaterGAP 2), Alcamo et al,,
2003; Doll et al., 2003; LPJ, Gerten et al,, 2004; WASMOD-M, Widén-Nilsson et
al., 2007), GCMs with their strength on the atmospheric model component per-
form poorly on the soil water processes (Déll et al., 2003). All the above men-
tioned hydrological models are raster models with a spatial resolution of 0.5° but
show different degrees of complexities. These models either have not been cali-
brated {e.g. WBM) or only one (e.g. WGHM) or few parameters (e.g. WAS-
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MOD-M) have been checked and adjusted against long-term average runoffs, In
WGHM, for some basing one or two correction factors have been additionally ap-
plied in order to guarantee a maximum of 1% error of the simulated long-term an-
nual average runoff (D61l et al., 2003}. [ntra-annual runoft differences, which are
of key importance in many regions have been included in some studies (e.g.
Widén-Nilsson et al., 2007) but not used for calibration.

The existing global and continental freshwater assessment models have been
used for climate and socioeconomic change scenarios (Alcamo et al., 2007), wa-
ter stress computation (Vérosmarty et al., 2005), analysis of seasonal and interan-
nual continental water storage variations (Giintner et al., 2007), global water scar-
city analysis taking into account environmental water requirements (Smakhtin et
al., 2004), and virtual water trading (Islam et al., 2007) among others. Hence it is
important that these models pass through a careful calibration, validation, and un-
certainty analysis. Particularly in large-scale (hydrological) models, the expected
uncertainties are rather large. For this task, several different procedures have been
developed: e.g. Generalized Likelihood Uncertainty Estimation (GLUE) (Beven
and Binley, 1992), Bayesian inference based on Markov Chain Monte Carlo
(MCMCQC) (Vrugt et al., 2003), Parameter Solution (ParaSol) (van Griensven and
Meixner, 2006), and Sequential Uncertainty Fitting (SUFI-2) (Abbaspour et al.,
2007).

In this study, we modeled the monthly subcountry-based freshwater availabil-
ity for Africa and explicitly differentiated between the different freshwater com-
ponents: blue water flow, green water storage and green water flow. The model of
choice was “Soil and Water Assessment Tool” (SWAT) (Arnold et al., 1998) be-
cause of two reasens. First, SWAT has been already successfully applied for wa-
ter quantity and quality issues for a wide range of scales and environmental con-
ditions around the globe. A comprehensive SWAT review paper summarizing the
findings of more than 250 peer-reviewed articles is written by Gassman et al.
(2007). The suitability of SWAT for very large scale applications has been shown
in the “Hydrologic Unit Model for the United States™ (HUMUS) project (Amold
et al., 1999; Srinivasan et al.,, 1998). SWAT was also recently applied in the na-
tional and watershed assessments of the U.S. Department of Agriculture (USDA)
Conservation Effects Assessment Program (CEAP, http://www nres.usda.gov/
Technical/nri/ceap/index. html). The second reason for choosing SWAT for this
exclusive water quantity study was its ability to perform plant growth and water
quality modeling, a topic we plan to study in the future. An advantage of SWAT
is its modular implementation where processes can be selected or not. As proc-
esses are represented by parameters in the model, in data scarce regions SWAT
can run with a minimum number of parameters, As more is known about a re-
gion, more processes can be invoked for by updating and running the model
again.

The African model was calibrated and validated at 207 discharge stations
across the continent. Uncertainties were quantified using SUFI-2 program
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(Abbaspour et al,, 2007). Yang et al. (2008) compared different uncertainty
analysis techniques in connection to SWAT and found that SUFI-2 needed the
smallest number of model runs to achieve a similarly good solution and predic-
tion uncertainty. This efficiency issue Js of great nnportance when dealing with
computationally intensive, complex, and large-scale models. In addition, SUFI-2
is linked to SWAT (in the SWAT-CUP software) (Abbaspour et al., 2008)
through an interface that includes also the programs GLUE, ParaSel, and MCMC.

2. Materials and Methods
2.1 SWAT2005 model and ArcSWAT interface

To simulate the water resources availability in Africa, the latest version of the
semiphysically based, semidistributed, basin-scale model SWAT (Armeld et al,
1998) was selected (SWAT2005) (Neitsch et al., 2005). SWAT is a continuous
time model and operates on a daily time step. Only the hydrologic component of
the model was used in this study. In SWAT the modeled area is divided into mul-
tiple subbasins by overlaying elevation, land cover, soil, and slope classes. In this
study the subbasins were characterized by dominant land use, soil, and slope
classes. This choice was essential for keeping the size of the model at a practical
limit, For each of the subunits, water balance was simulated for four storage vol-
umes; snow, soil profile, shallow aquifer, and deep aquifer. In our case, poteniial
evapotranspiration was compuied using the Hargreaves method which requires
the climatic input of daily precipitation, and minimum and maximum tempera-
ture. Surface runoff was simulated using a modification of the SCS Curve Num-
ber (CN) rethod. Despite the empirical nature, this approach has been proven to
be successful for many applications and a wide variety of hydrologic conditions
(Gassman et al., 2007). The runoff from each subbasin was routed through the
river network to the main basin outlet using, in our case, the variable storage
method. Further technical model details are given by Arnold et al. (1998) and
Neitsch et al. (2005).

The preprocessing of the SWAT model input (e.g. watershed delineation, ma-
nipulation of the spatial and tabular data) was performed within ESRT AreGIS 9.1
using the ArcSWAT interface (Winchell et al,, 2007). In comparison to the Arc-
View GIS interface AVSWAT2000 (Di Luzio et al., 2001), ArcSWAT has no ap-
parent limitation concerning the size and complexity of the simulated area as it
was able to model the entire African continent.

2.2 The calibration and uncertainty analysis procedure-SUFI-2

The program SUFI-2 (Abbaspour et al., 2007) was used for a combined calibra-
tion and uncertainty analysis. In any (hydrological) modeling work there are un-
certainties in input (e.g. rainfail), in conceptual model (e.g. by process simplifica-
tion or by ignoring important processes), in mode] parameters (non-uniqueness)
and in the measured data (e.g. discharge used for calibration). SUFI-2 maps the
aggregated uncertainties to the parameters and aims to obtain the smallest pa-
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rameter uncertainty (ranges). The parameter uncertainty leads to uncertainty in
the output which is quantified by the 95% prediction uncertainty (95PPU) calcu-
lated at the 2.5% (L95PPU) and the 97.5% (US5PPU) levels of the cumulative
distribution obtained through Latin hypercube sampling. Starting with large but
physically meaningful parameter ranges that bracket ‘most’ of the measured data
within the 95PPU, SUFI-2 decreases the parameter uncertainties iteratively. After
each iteration, new and narrower parameter uncertainties are calculated (see
Abbaspour et al., 2007} where the more sensitive parameters find a targer uncer-
tainty reduction than the less sensitive parameters. In deterministic simulations,
output (i.e. river discharge) is a signal and can be compared to a measured signal
using indices such as R2, root mean square error, or Nash-Suteliffe. In stochastic
simulations where predicted output is given by a prediction uncertainty band in-
stead of a signal, we devised two different indices to compare measurement o
simulation; the P-factor and the R-factor (Abbaspour et al., 2007). These indices
were used to gauge the strength of calibration and uncertainty measures. The P-
factor is the percentage of measured data bracketed by the 35PPU. As all correct
processes and model inputs are reflected in the observations, the degree to which
they are bracketed in the 95PPU indicates the degree to which the model uncer-
tainties are being accounted for. The maximum value for the P-factor is 100%,
and ideally we would like to bracket all measured data, except the outliers, in the
95PPU band. The R-factor is calculated as the ratio between the average thick-
ness of the 95PPU band and the standard deviation of the measured data. It repre-
sents the width of the uncertainty interval and should be as small as possible. R-
factor indicates the strength of the calibration and should be close to or smaller
than a practical value of 1. As a larger P-factor can be found at the expense of a
larger R-factor, often a trade off between the two must be sought.

2.3 Database

The model for the continent of Africa was constructed using in most cases freely
availabte global information. The collection of the data was followed by an accu-
rate compitation and analysis of the quality and integrity. The basic input maps
included the digitat elevation model (DEM) GTOPO30, the digital siream nei-
work HYDRO1k (htip://edc.usgs.gov/products/elevation/gtope30/hydro/index.htmi},
and the land cover map Global Land Cover Characterization (GLCC) (hep:
edcspsl Zeruses.govielee/} both at a resolution of 1 km from U.S. Geological Survey
(USGS). The soil map was produced by the Food and Agriculture Organization of
the United Nations (FAO, 1995) at a resolution of 10 km, including almost 5,000
soil types and two soil layers. Because of the few and unevenly distributed
weather stations in Africa with often only short and erroneous time series, the
daily weather input (precipitation, minimwn and maximum temperature) was
generated for each subbasin based on the 0.5 grids monthly statistics from Cli-
matic Research Unit (CRU TS 1.0 and 2.0, hup://www.cru.uea.ac.uk/cru/data/hre.him).
We developed a semiautomated weather generator, dGen, for this purpose
{Schuol and Abbaspour, 2007). Information on lakes, wetlands and reservoirs was
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extracted from the Global Lakes and Wetlands Database (GLWD) (Lehner and
Daoll, 2004). River discharge data, which is essential for calibration and valida-
tion, were obtained from the Global Runoff Data Centre (GRDC, http://
grdc.bafg.de). More details on the databases are discussed by Schuol et al. (2008},

2.4 Model setup

The ArcSWAT interface was used for the setup and parameterization of the model.
On the basis of the DEM and the stream network, a minimum drainage area of 10,000
km® was chosen to discretize the continent into 1,496 subbasins. The geomorphology,
stream parameterization, and overlay of soil and land cover were automaticaily done
within the interface. To mitigate the effect of land cover change over time, and to de-
crease the computational time of the very large-scale model, the dominant soil and
land cover were used in each subbasin. The simulation period was from 1968 to 1995
and for these years we provided daily generated weather input. The first 3 years were
used as warm-up period to mitigate the unknown initial conditions and were excluded
from the analysis. Lakes, wetlands, and reservoirs, which affect the river discharge to
a great extent, were also included in the model. As detail informatien was lacking,
only 64 reservoirs with storage volumes larger than | km® were included (Fig. 1). In
this study, wetlands on the main channel networks as well as lakes were treated as res-
ervoirs. The parameterization was mostly based on information from GLWD-1
(Lehner and D31I, 2004).

2.5 Model calibration procedures

Model calibration and validation is a necessary, challenging but also to a certain de-
giee subjective step in the development of any complex hydrological model. The Af-
rican model was calibrated using monthly river discharges from 207 stations. These
stations were unevenly distributed throughout the continent {Fig. 1) and covered, in
most cases, only parts of the whole analysis period from 1971 to 1995. For this reason
it was inevitable to include different time lengths {minimum of 3 years) and time peri-
ods at the different stations in the calibration procedure, Consistently at all stations,
using a split-sample procedure, the more recent half of the discharge data were used
for calibration and the prior half were used for validation. In order to compare the
monthly measured and simulated discharges, | a weighted version of the coefficient
of determination (slightly modified; Krause et al., 2005) was selected as efficiency
criteria:

lo| R? if b <1
R >
‘ M

where the coefficient of determination R” represents the discharge dynamics, and b is
the slope of the regression line between the monthly observed and simulated runoff.
Including b guarantees that runoff under- or over-predictions are also reflecied.
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Figure 1. Location of the reservoirs included in the model and the four model areas used
in the third calibration procedure. Also shown are the discharge stations and their associ-
ated weights in the calibration.

A major advantage of this efficiency criterion is that it ranges from 0 to 1.
which compared to Nash-Suteliff coefficient with a range of - 10 1, ensures that
in a multisite calibration the objective function is not governed by a single or a
few badly simulated stations,

In order to obtain some knowledge of the uncertainty associated with the se-
leeted calibration method. three independent calibrations were performed. each
having a dilferent objective function. In the lirst procedure the objective Runction
was formulated as the n-staton-sum of dx
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(2)

In the second procedure, each station was weighted (w) depending on the con-
tributing area 4 in kr’ and the number of monthly observations s used for cali-
bration at a certain station i and the upstream stations j:

gzg(wi ‘(Di)

(3

where

(4)

The idea behind this weighting is that a runofY station with a long data series
and a large watershed without further stations upstream provides more informa-
tion for calibration and should have a larger weight than a station in a densely
gaged area or a station with a short time series. The weights ranged from 1 1o 61
for the furthest downstream station on Congo River at Kinshasa (Fig. 1),

In the third calibration procedure the region was divided into four modeling
zones and each zone was calibrated independently. The four model areas basi-
cally delineated the large river basins in the continent (Fig. 1) and included: Area
1, Niger, Chad, and North Africa with an area of 1.8 million km’ and 106 sta-
tions:; Area 2, Nile with an area of 6.1 million km® and 27 stations; Area 3, Congo
with an area of 4.8 million km” and 38 stations; and Area 4, Zambezi, South Af-
rica, and Madagascar with an area of 5.1 million km” and 36 stations. The zoning
was based on the intra-continental variations in the climate as well as the domi-
nant land covers and soil types.

The choice of the parameters initially included in the calibration procedures
was based on the experience gained in modeling West Africa (Schuol et al., 2008)
for which a detailed literature-based pre-selection as well as a sensitivity analysis
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has been performed. Some of the selected SWAT parameters (e.g. curve number)
are closely related to land cover, while some others (e.g. available water capacity,
bulk density) are related to soil texture. For these parameters a separate value for
each land cover/soll texture was selected, which increased the number of cali-
brated parameters substantially. The percentage of land cover and soil iexture dis-
tribution within Africa and the four sub-regions is listed in Table 1. In the course
of the iterative SUFI-2 calibration, not only the parameter ranges were narrowed,
but also the number of parameters was decreased by excluding those that turned

out to be insensitive.

Table 1. Soil texture and land cover distribution within the modeled A frican basin and the

four subareas.

Abbrev, Afrien Areal Area2  Areal  Aread [%]
[*] [%] [Yo] [#o]
Land cover
Bagren or sparsely vepetlated PBAVG 327 .6 356 - .G
1ryland cropland and pasiure CROY 43 03 0 RRY 125
Cropland/iprassland mosaic CRGR 1.3 - - - 73
Croplandwoudland mosaic CRAWO x4 i o6 A [t
Deciduous broadleaf forest FODR 32 - - 1i 8 62
lverereen broadieal furest FORR 86 1.9 467 06
Mhixed [orest FOMI (LN - - [4RY -
Lrrassland GRAS 3@ o7 20 (1l 140
Mixed grassland/shrubland MIGS [EX33 1.3 - - -
Savannab SAVA 3 268 Wz YR 395
Shrubland 3HRB o4 34 223 - 16.5
Water badies WATH PS 3 24 21
Herbaceots weitlund WETTR 0.0 - 0.2 - -
Soil
Clay [ 87 0¥ 125 2008 1.7
Clay-loam CL 11.3 178 0.4 34 4.8
L.oam 3 299 4249 30 97 19.0
Loamv-sand LS REUl 3 [FX3] 144 14
Sand 5 26 37 47 0o
Sandy-clav-loam S 19.0 118 17.1 324 250
Sandy-ioam R 23.5 18.8 107 19.2 432
Silt-loum k. 18] g -
Silty-clay iy 1.1} .4 - -
Table 2. Final statistics for the three calibration procedures.
& P-factor H-factor

Cal Val Cal Vai Cal. Val.
Praocedure 1 044 047 554 556 156 .48
Procedure 2 .44 N4 KA 3R: LA .49
Pracedure 3 48 0.48 608 93 52 1.43
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Table 3. The SWAT model parameters included in the final calibration procedures and
their initial and final ranges.

Farsmeter TeMial | 1° proc. final | 2 proc. 3 proc. Tinal rangs

e range range Tinal rarge Area 1 Areal Area 3 Area 4
Ny _ RSV ERCY N AP AS DSy £ 40000 . B 4046 biny

CNI__ CRDY 050015 D250.05 0300 LA . 0.28-0.) 0010
Nz RO D 5G06S 4544005 ) EELET . . 4 3 (1) O ALY
N1 FOEB” 050045 R E 0] D014 AA4%010 ~ 0.250,F0 -
N2 GRAS 5001 AL B RELS L 0. 38-002 - - AL A0y
CNZ__SAVA 0.50-0.13 05040200 B30 .30-0.35} 028000 ERLEE R O300 1S
UNZ SHRE R FELETI KRR . T LRI . AILOEE
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To account for the uncertainty in the measured discharge data, a relative error
of 10% (Butts et al., 2004) and an absalute measured discharge uncertainty of 0.1
m’ 5™ were included when calculating the P-factor, The absolute uncertainty was
wcluded in order to capture the dry periods of the many intermittent streams,
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3. Results and Analysis
3.1 Model calibration

The three calibration procedures produced more or less similar results for the
whole of Africa in terms of the values of the objective function E, the P-factor,
and the R-factor (Table 2). The final parameter ranges in the three procedures, al-
though different, were clustered around the same regions of the parameter space
as shown in Table 3. This is typical of a non-uniqueness problem in the calibra-
tion of hydrologic models. In other words, if there is a single model that fits the
measurements there will be many of them (Abbaspour, 2005; Abbaspour et al.,
2007). Yang et al. (2008) used four different calibration procedures, namely
GLUE, MCMC, ParaSol, and SUFI-2, for a watershed in China. All four pro-
duced very similar final results in terms of R, Nash-Sutcliffe (NS), P-fuctor and
R-fuctor while converging to quite different final parameter ranges. In this study
also, where only SUFI-2 was used with three different objective functions, all
three methods resulted in different final parameter values.

In the following, we used the results of the third approach, because dividing
Africa into four different hydrologic regions accounted for more of the spatjal
variability and resulted in"a slightly better objective function value.

In order to provide an overview of the model performance in different re-
gions, the P-factor (percent data bracketed) and the R-facior (a measure of the
thickness of the 95PPU band) at all the stations across Africa are shown for both
calibration and validation in Figure 2. In addition, the efficiency criteria, F, calcu-
lated based on the observed and the ‘best” simulation (i.e. simulation with the
largest value of the objective function), and also the NS coefficient are shown at
each station. Overall, in calibration (validation), at 61% (55%) of the stations
over 60% of the observed data were bracketed by the 95PPU and at 69% (70%)
of the stations the R-factor was below 1.5. The F value was at 38% (37%) of the
stations higher than 0.6 and the NS was at 23% (21%) of the stations higher than
0.7 In general, the model performance criteria were quite satisfactory for such a
large-scale application. Some areas of poorly simulated runoffs were the Upper
Volta, the East African Lakes region, and the Zambezi and Orange basin i the
South of Africa. The reasons for this might be manifold and are not always
clearly attributable. Of great importance are (1) over- or under-estimation in pre-
cipitation; (2} difficulties in simulating the outflow from lakes and wetlands; (3)
insufficient data on the management of the reservoirs; (4) the effect of smaller
lakes, reservoirs, wetlands, and irrigation projects that were not included; (5) sim-
plifications by using dominant soil types and land cover classes in the subbasins;
and (6) various water use abstractions, which were not included.

3.2 Quantification of biue and green water resources and their uncer-
tainty ranges

Using the calibrated model, the annual and monthly blue water flow (water yield
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plus deep aquifer recharge), green water flow (actual evapotranspiration), and
green waler storage (soil water) were calculated for each subbasin and summed
up for different countries or regions and also the whole continent. We compared
our model results with other studies for blue water flow only, as 1o the best of our
knowledge. the green water flow and storage were not explicitly quantified in the
other models.

Figure 2 (this page and next page). The P-facror ta.b), the R-factin (cd), the weighted co-
efficient ol determination @ (e.f). and the Nash-Sutelift coetTicient (a.h) of the calibration
(a.coe.g) and validation thyd, fhy at all 207 stations.
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Figure 3 shows the estimated annual blue water for the whole African conti-
nent averaged over the period 1971-1995 and the results of ten other existing
data-based (DB) or model-based (M) assessments. A direct one-to-one compari-
son of these values is not possible due o the different time periods and study-
specific assumptions. The intent of this comparison is to give an overview of the dif*
ferenves in the existing numbers that are used in various advanced studies. The varia-
ton n different estimates indicates the uncertainty associated in such caleulations,
which is captured almost entirely in our prediction uncertamty as shown in Figure 3,

On the country basis. the simulated long-term annual (averaged over [971-1995)
blue water flow availability i mm a' was compared with two other global assess-
ments: the FAO estimates (FAO, 2003) and the annual (averaged over 1961-19935)
simulation from WaterGATP 2.1e model (Fig. 4). The latter has been produced for the
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2005 Bovironmental Sustainability Index calculation (Esty et al., 2005). For the sake
of clarity in illustration, the very high FAO values for Liberia (2,077 mm a ") and Si-
erra Leone (2,206 mm a™) were not included in the figure (limited y axis range).

4700

1 SWAT_95PPU (M, this study)
m Widén-Nilsson et al., 2007 (M)

4400 |
_ BFAO, 2003 (DB)
‘g 00 et al, 2003 (M)
E 4100 1 geom‘ et al., 2001 (M)
S A Nijssan et al., 2001 (M)
% 3800 |- A Shikiomanov, 2000 {DB)
% ®Fekate et al., 1999 (M)

3500 - —

3200

Africa

@ Korzun et al., 1978 (DB)
- Baumgartner and Reichel, 1975 (DB)
i X Lvovitch, 1974 (DB)

Figure 3, The SWAT 95PPU range of the 1971 to 1995 annual average blue water flow

availability for the Aftican continent compared with ten other existing assessments.
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Figure 4. Comparison of the SWAT 95PPU ranges of the annual average (1971-1995)
blue water flow availability in the African countries with the results from the FAO assess-
ment and the WaterGAP model.
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Table 4. The average precipitation (model input) and the 35PPU ranges for the compo-
nents of freshwater availability in the African countries.
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Also not shown in the figure are the values for six African countries for which
WaterGAP produced negative values (as it considers evaporation losses from
lakes and wetlands even though they depend on inflow from other countries). In
general, the large differences between FAO and WaterGAP estimates indicate the
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uncertainty in the country-based blue water estimates. Overall, a large number of
these estimates fell within our prediction uncertainties. Althoogh the calculated
uncertainties may appear large, we maintain that the actual uncertainty may in-
deed be even larger because the coverage of the measured data in the 95PPU was
in some areas relatively small (small P-factor). To decrease model uncertainty, a
better description of the climate data, reservoir managerment, and water use would
be essential.

In Table 4 the annual average water availability in each country is shown in
km’® a”'. The subbasin-based precipitation and the 95PPU ranges for the blue wa-
ter flow, green water flow, and the green water storage were aggregated to obtain
country- and then continental-based values. The uncertainties (95PPU) in green
water flow estimates were generatly smaller than those of the blue water flow or
green water storage because of its sensitivity to fewer parameters. It should be
noted that the modeled green water storage was solely calibrated indirectly as
there were no soil moisture observations. This study explored the possibility of
using data from remote sensing sateflites, but so far only found monitored surface
soil moisture (top few centimeters) in areas without forest or sand dunes. The re-
lationship between these values and that of the root zone soil meisture is stiil un-
clear (Wagner et al., 2003, 2007).

Next to the above annual continental and country-based ¢stimates, this study
also provides monthly time series of freshwater components for each subbasin
with valuable information on both spatial and temporal distributions. Such infor-
mation has not been available at this detail for the whole continent. In Figures 5a-
Sc the Jong-term average annual freshwater components are shown in each sub-
basin. These figures show the local (sub-country) differences especially in large
countries with partly (semi-)arid climate. In areas like North Africa, the south of
Chad (Chari basin), or the Limpopo basin in the southeast of Africa, with scarce
blue water availability, there are considerable green water resources sustaining
ecosystems, rainfed agriculture and ultimately people’s lives.

Despite the spatial distribution, the intra- and inter-annual variability of the
freshwater availability is of great importance. Figure 6 shows the coefficient of
variation (CV) of the 1971-1995 annual values in each subbasin for the blue wa-
ter flow, the green water flow and the green water storage. In general the CV,
which is an indicator for the reliability of a freshwater source, varied noticeably
within the continent and was the lowest for the green water tflow, while it was the
largest for the blue water flow. The reason for this is that the supply of water for
evapotranspiration is limited by soil’s capacity to deliver water to the roots. This
capacity is within a narrow range between soil’s field capacity and wilting point.
The inter-annual variability of the blue water flow is especialiy large in the Sahel,
at the Homn of Africa, and in the southern part of Africa, areas which are known
for recurring severe droughts.
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Figure 5. The 1971 to 1993 annual average (a) blue water Tow, (b1 green water (low, and
{¢) green water stornge in all 1,496 modeled subbasins in Africa,

The intra-annual variability, presented by the 19711995 average monthly
93PPU bands ol the blue water fHlow, the green water [low and the green walter
storage 18 shown in Figure 7 for three coumries as an example, These countries,
all with different ¢chmatic conditions, are Niger in Western Alrica, Zimbabwe in
the Southern Alrica. and Gabon i Ceniral Alrica with an annual average precipi-
tation of 185 mim. 236 mm, and 403 mm, respectively. In order to see the relation
between the freshwater components and the water input, the figures also include
the average monthly precipitation, All values are shown m mm or mm month’
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and thus can be directly compared. The trends in blue water flow in different
courries become clearly apparent. Niger and Zimbabwe, in particular, show
large uncertainties for the wet months. It should be noted that the reported uncer-
tainties in the avernge monthly values combine both medeling uncenainties as
well as natural variability. Hence the reliability of the water resources decreases
as the uncertainties increase. The green water storage can potentially benetit the
agriculture im months with little or without precipitation.
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Figure 6. The cocfficient of varation (CV) of the average of the 95PPU ranges (Ave) of
the 1971 10 1995 modeled annual values of the (a) blue water flow. (b) green water Now,
and (¢} green water storage 0 cach subbasin,
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In Niger the soil water storage is depleted for about half of the year, while in
Gabon this volume persists much longer within the (much shorter) dry period.
This information is quite helpful in planning cropping season and helps to model
scenarios of changing cropping seasons and patterns and its impacts on green and
blue water flow and storage.
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Figure 7. Average (1971-1995) monthiy 95PPU ranges of the blue water flow (a.d,g), the
green water flow (b,eh), and the green water storage (c,f,i) in the countries Niger (a-c),
Gabon (d-f), and Zimbabwe (g-i).

It should be pointed out that for large countries, variations can be substantial
across subbasins. For example, in Niger the country-based annual average blue
water flow availability is 3 to 8 mm a™' but some subbasins in the south of the
country provide about 10 times more. While not shown in further detail, the
model can provide monthly information of the freshwater components for each of
the 1,496 subbasins in Africa and they will be published in a special report.
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4. Implications of the Model Results
4.1 Blue water scarcity indicators considering uncertainty

The model results of the temporal and spatial variations of the freshwater avail-
ability components and their uncertainty bands can be used in global and national
water planning and management, in advanced studies concerning the water and
food security, virtual water flow, and effects of land use and climate change
(UNESCO, 2006). This study briefly presents the use of the model results for wa-
ter scarcity analysis. While there exist a large number of water scarcity indicators,
one of the most widely used and accepted is the water stress threshold, defined as
1,700 m* capita” a”' (Falkenmark and Widstrand, 1992). This scarcity index does
not indicate that water is scarce for domestic purposes, but rather for irmgation
and thus for food production (Rijsberman, 2006). Yang et al. (2003) have found
that below a threshold of about 1,500 m® capit&f1 a’! the cereal import in a country
inversely correlates to its renewable water resources. Below this value different
degrees of water stresses (extreme stress: <500 m” capita” a”, high stress: <1,000
m’ capita” a”') can be defined (Falkenmark et al., 1989). A value between 1,700
and 4,000 m® capita’ a' is considered as just adequate (Revenga et al., 2000).
Varosmarty et al. (2000) have found in a global study that the number of people
exposed to high water stress (defined as withdrawal-to-availability-ratio larger
than 0.4) is three times larger if the analysis is based on geospatial data at a reso-
lution of 50 km instead of using national estimates, According to Rijsberman
(2006) one of the limitations of water scarcity indicators are the annual, national
averages that hide important scarcity at monthly and regional scales.

We computed the water availability per capita and water stress indicators not
only for each country but also for each of the 1,496 subbasins. The population es-
tinates were taken from the Center for International Earth Science Information
Network’s (CIESIN) Gridded Population of the World (GPW, version 3, http://
sedac.ciesin.columbia.edu/gpw). The data are for the year 2005 and has a spatial
resolution of 2.5 arcminute, which we aggregated for each subbasin. In order to
address uncertainty of future water stress estimates, Alcamo et al. (2007) com-
puted and compared globally three different indicators of water stress
(withdrawals-to availability ratio greater than 0.4, water availability per capita
less than 1,000 m® a”', and consumption to-Q90 ratio greater than 1). Although
there was a large overlap in the estimated areas with severe water stress, in many
regions the three indicators disagreed. Overall, using the water availability per
capita indicator resulted in the lowest values of affected area and number of peo-
ple with severe water stress. In this study we address uncertainty by calculating
the per capita water availability by using the lower (L95PPU), the upper
(U95PPU) and the average (Avg) 95PPU values of the blue water flow during the
simulation time period.

Looking at the water scarcity on a country basis, the use of the L95PPU blue
water flow values led to 29 countries with water stress (<1,700 m’ capita’ a™"),
while the use of the U95PPU values led to merely 16 affected countries (Table 5).
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Taking the average of the 95PPU range resulted in 20 vulnerable countries. In
countries where both L95PPU and U35PPU result in the same conclusion, the
risk situation is quite clear, However, in countries such as Burkina Faso, Ethiopia,
Ghana, Sudan, and Zimbabwe where only the use of the L95PPU blue water flow
values signalizes water scarcity, the situation demands more detailed studies. One
can conclude that in many of these countries, and in fact in larger countries n
general, it might be of great importance to analyze the water scarcity in a spatially
distributed manner on a sub-country level rather than consider the country as a whole.

Table 5. The country-based per capita blue water flow (BW) availability considering the
L95PPU and the U95PPU value of the annual average (1971-1995) BW and the population
in the year 2005. Gray shaded cells indicate water siress (< 1,700 m°cap”'yr"). The shading
of the country name cells comrespond to the estimated water stress based on the average
95PPU value of the blue water flow availability.

Country BW_LOSPPU  BW.USSPPL ] Country BW-L9SPPU  BW.UOSPPL
~ |mtieapiyr] [m*/capiyr] 8 . fm*icapiyr] [tn’/eapfyr}
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Cumeroon 12895 0420
Cent, AL Rep 35471 0364
Chad 1763 814
Congo D528 2947
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Dithouti 85 3076
Egypt. S 17564
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The computed blue water flow availability per capita in each of the 1,496 sub-
basins considering the extremities of the 95PPU range is shown in Figure 8. In
critical regions like the Sahel, the South and the East of Africa, the use of the
L95PPU and the UISPPU, respectively, lead to quite diftferent assessments of the
water scarcity-affected regions and ultimately to the number of the affected peo-
ple living there.
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Figure 8. The water scarcity in each modeled African subbasin represented by the mod-
eled 1971 to 1995 annual average blue water flow availability per capita (using population
of 2005) using {a) the fower (L95). {b) the upper (U95). and (¢} the average {Avye) value of
the 95PPL range,

4.2 Model-based uncertainty and natural variation in green water storage

Irrigation. water transfer. and virtual water transter on a regional, national, and
international level are common measures to deal with regional blue water scar-
city.
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Figure 9. The 1971-1995 average (Avg) (ab) and standard deviation (SD} {c.d) of the
number of months per vear where the green water storage {GW-S} is not depleted using the
lower (1L.95) and the upper (L195) value of the 93PPU range.

A better use of the green water, through a more efficient rainfed production.
can also partially overcome regional water short falls in countries like Nigeria or
South Africa. For the rainfed agriculture, the average (1971-1995) number of
months per year where soil water Is available (defined as =1 mm m™) is of utmost
importance. This s presented on a subbasin level in Figures 9a and 9b.

Because of the model-inherent uncertainties and natural varability, the border
of the areas where rainfed agriculture can be realized can shift remarkably. The
standard deviation (5D) of the months per year without depleted green waier stor-
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age is shown for the 1971-1995 period in Figures 9¢ and 9d. The areas with a
high 8I3 (e.g. the Sahel regions in Chad and Niger, Horn of Africa, South of Af-
rica) indicate unreliable green water storage availability that often leads to re-
duced crop yield and thus potentially to frequent famines. These areas must de-
velop irrigation systems or aliernative cropping practices for a sustainable agri-
culture,

5. Summary and Conclusion

In this study the well-established semi-distributed model SWAT, in combination
with the GI1S interface ArcSWAT and SUFI-2 calibration procedure, was success-
fully applied to quantify the freshwater availability for the whole African conti-
nent at a detailed subbasin level and monthly basis with uncertainty analysis.
Only globally readily available data sets and information were used for the model
setup as well as the model calibration and validation. Within the multisite and
multivariable SUFI-2 parameter optimization and uncertainty analysis procedure,
three different appreaches were performed, which provided valuable insight into
the effect of the calibration procedure on model results. The final model resulis
for the freshwater availability components, blue water flow, green water flow,
and green water storage were presented at different spatial (continent, countries,
and subbasins) and temporal (annual and monthly) resolutions. Particular atten-
tion was paid to clearly quantify and display the 95% prediction uncertainty of
the outputs, which turned out to be quite large in some cases. The effect of con-
sidering these uncertainty estimates in advanced studies was shown for the com-
putation of water scarcity indicators for each of the 1,496 subbasins.

Many of the difficulties and limitations within this continental modeling study
were data related and resulted from, among others, (1) limited and unevenly dis-
tributed rain gages and discharge stations with varying time series lengths, (2)
limited globally available knowledge of the attributes and especially the manage-
ment of the reservoirs, and (3) lack of data on soil meisture and/or deep aquifer
percelation, which made a desirable calibration/validation of these compoenents
umpossible. Technical modeling problems in need of further research and im-
provement were related to the inclusion of the lakes and their outflow to rivers.
These resulted in poorer model results in the area of the great lakes of East Af-
rica, This study did not include water use and especially irrigation in the mode!.
Compared to other continents like Asia, this was thought to be of lesser impor-
tance in this study.

Some interesting further development would be to (1) make use of the model
results in advanced studies on climate change, water and food security, as well as
virtual water trade, which, as it has been pointed out by Yang and Zehnder
(2007), are in great need of the estimates of spatially and temporally differenti-
ated freshwater components; (2) further improve the African model as new data
becomes available (e.g. remote sensing data); and (3) model the freshwater avail-
ability in the other continents, in order to finally obtain a global picture.
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Overall, this study provided significant insights into continental freshwater
availability on a subbasin level and with a monthly time step. This information
was very useful for developing an overview of the actual water resources status
and helped to spot regions where an in-depth analysis may be necessary. As
shown, the inherent uncertainties need to be considered, before general conclu-
sions are drawn.

Acknowledgment

This work was supported by grants from the Swiss National Science Founda-
tion (Project No: 200021-100076).

References

Abbaspour, K.C. 2005. Calibration of hydrologic models: When is a model calibrated?,
MODSIM 2005 International Congress on Modelling and Simulation Proceedings, 2449-
2455,

Abbaspour, K.C., I. Yang, 1. Maximov, R. Siber, K. Bogner, J. Mieleitner, J. Zobrist,
and R, Srinivasan. 2007a. Modelling hydrology and water quality in the pre-alpine/alpine
Thur watershed using SWAT, J. Hydrol., 333, 413-430.

Abbaspour, K.C., J. Yang, M. Vejdani, and S. Haghighat. 2007h. SWAT-CUP: cali-
bration and uncertainty programs for SWAT, 4™ International SWAT Conference Proceed-
ings, in press.

Aleamo, J., P. Déll, T. Henrichs, F. Kaspar, B. Lehner, T. Rosch, and S. Siebert
(2003). Development and testing of the WaterGAP 2 global model of water use and avail-
ability, Hydrol Sci. J.-J. Sci. Hydrol., 48(3), 317-337.

Aleamo, J., M. Flérke, and M. Miirker. 2007, Future long-term changes in global water
resources driven by socio-economic and climatic changes, Hydrol Sei. J.-J. Sci. Hydrol.,
52(2),247-275.

Arnell, N.W. (1999). Climate change and global water resources, Glob. Environ. Change -
Human Policy Dimens., 9, S31-849,

Arnold, J.G., R. Srinivasan, R.S. Muttiah, and J.R. Williams. 1998, Large area hydro-
logic modeling and assessment - Part 1: Model development, /. Am. Water Resour. Assoc.,
34(1), 73-89.

Arnold, J.G., R. Srinivasan, R.S. Muttiah, and P.M. Allen. 1999. Continental scale
simulation of the hydrologic balance, J. Am. Water Resour. Assoc., 35(5), 1037-1051.
Baumgartner, A., and E. Reichel. 1975, The world water balance, 182pp., Elsevier, Am-
sterdam.

Beven, K, and A. Binley. 1992. The future of distributed models - model calibration and
uncertainty prediction, Hydrol. Process., 6(3), 279-298.

Butts, M.B., J.T. Payne, M. Kristensen, and H. Madsen. 2004. An evaluation of the im-
pact of model structure on hydrological modeiling uncertainty for streamflow simulation,
J. Hydrol., 298(1-4), 242-266.

Di Luzio, M., R, Srinivasan, and J.G. Arnold. 2001. ArcView Interface for SWAT2000 -
User's Guide, Blackland Research Center, Texas Agricultural Experiment Station and
Grassland, Soil and Water Research Laboratory, USDA Agricultural Research Service,
Temple, Texas.

Doll, P., F. Kaspar, and B. Lehner. 2003. A global hydrological model for deriving wa-
ter availability indicators: Model tuning and validation, J. Hydrol., 270(1-2), 105-134.

121



Esty, D.C., M. Levy, T. Srebotnjak, and A. de Sherbinin. 2005. 2005 Environmental
Sustainability Index: Benchmarking National Environmental Stewardship, Yale Center for
Environmental Law & Policy, New Haven.

Falkenmark, M. 1989. The massive water scarcity now ihreatening Africe - Why isn't it
being addressed?, AMBIO, 18(2), 112-118.

Falkenmark, M., and J. Rockstrém. 2006. The new blue and green water paradigm:
Breaking new ground for water resources planning and management, J. Warer Resour.
Plan. Manage.-ASCE, 132(3), 129-132.

Falkenmark, M., and C. Widstrand. 1992, Population and water resources; A delicate
balance, Popul. Bull, 47(3), 1-36.

Falkenmark, M., J. Lundquist, and C. Widstrand. 1989. Macro-scale water scarcity re-
quires micro-scale approaches: Aspects of vulnerability in semi-arid development, Nat.
Resour. Forum, 13,258-267.

FAO (Food and Agriculture Organization). 1995. The digital soil map of the world and
derived soil properties, {CD-ROM), Version 3.5, Rome.

FAO (Food and Agriculture Organization). 2003. Review of the world water resources
by country, Water Report Nr. 23, Rome.

Fekete, B.M., C.J. Vérdsmarty, and W. Grabs. 1999. Global composite runoff fields of
observed river discharge and simulated water balances, Repart No. 22, Global Runoff Data
Centre, Koblenz, Germany.

Gassman, P.W,, M.R. Reyes, C.H. Green, and J.G. Arnold, 2007. The Soil and Water
Assessment Tool: Historical development, applications, and future research directions,
Trans. ASABE, 30(4), 1211-1250.

Gerten, D., S. Schaphoff, U. Haberlandt, W. Lucht, and S. Sitch. 2004, Terrestrial
vegetation and water balance - hydrological evaluation of a dynamic global vegetation
model, J. Hydrol., 286, 249-270.

Gerten, D., H. Hoff, A. Bondeau, W. Lucht, P. Smith, and S, Zaehle. 2005. Contempo-
rary "green" water flows: Simulations with a dynamic giobal vegetation and water balance
model, Phys. Chem. Earth, 30, 334-338.

Giintner A., J. Stuck, S. Werth, P. D6il, K. Verzano, and B. Merz. 2007. A global
analysis of temporal and spatial variations in continental water storage, Water Resour.
Res., 43(5), W05416.

Islam, M.S., T. Oki, S. Kanae, N. Hanasaki, ¥. Agata, and K. Yoshimura. 2007. A
grid-based assessment of global water scarcity including virtual water trading, Water Re-
sour. Manage., 21, 19-33.

Korzun, V.1, A.A. Sokolow, M.I. Budyko, K.P., Yoskresensky, G.P. Kalinin, A.A. Ko-
noplyanstev, E.S. Korotkevich, P.S. Kuzin, and M.I. L'vovich (Eds.). 1978. World wa-
ter balance and water resources of the earth, UNESCO, Paris.

Krause, P., D.P. Boyle, and F. Bise. 2005. Comparison of different efficiency criteria for
hydrological model assessment, Adv. Geosci., 3, 89-97.

Lehner, B., and P. Dill. 2004, Development and validation of a global database of iakes,
reservoirs and wetlands, . Hydrol., 296(1-4), 1-22.

L'vovitch, M.1. 1974, The water resources and rheir future (in Russian), Mysl' P. H, Mos-
cow; trans. ed. by R. Nace, American Geophysical Union, Washington, D.C., 1979.
Neitsch, S.L., J.G. Arnold, J.R. Kiniry, and J.R. Williams. 2005. Soil and Water As-
sessment Tool - Theoretical Documentation - Version 2005, Grassland, Soil and Water Re-
search Laboratory, Agricultural Research Service and Blackland Research Center, Texas
Agricultural Experiment Station, Temple, Texas.

Nijssen, B., G.M. O'Donnell, D.P. Lettenmaier, I). Lohmann, and E.F. Wood. 2001.
Predicting the discharge of global rivers, J. Clim., 14(15), 3307-3323.

122



Oki, T., and 8. Kanae. 2006. Global hydrological cycles and world water resources, Sci-
ence, 313, 1068-1072.

Oki, T., Y. Agata, S. Kanae, T. Saruhashi, D.W. Yang, and K. Musiake. 2001. Global
assessment of current water resources using total runoff integrating pathways, Hydrol. Sci.
J-J. Sci. Hydrol., 46(6), 983-095.

Revenga, C., J. Brunner, N. Henninger, K. Kassem, and R. Payne. 2000. Pilot analysis
of global ecosystems: Freshwater systems, World Resources Institute, Washington DC,
USA.

Rijsberman, F.R. 2006. Water scarcity: Fact or fiction?, Agricuir. Water Manag., 80, 5-
22 '

Rockstrom, J., and L. Gordon. 2001. Assessment of green water flows to sustain major
biomes of the world: lmplications for future ecohydrological landscape management,
Phys. Chem. Earth (B), 26(11-12), 843-851.

Rockstrém, J., M. Lannerstad, and M. Falkenmark. 2007, Assessing the water chal-
lenge of a new green revolution in developing countries, PNAS, [04(15), 6253-6260.
Savenije, H.H.G. 2004. The importance of interception and why we should delete the
term evapotranspiration from our vocabulary, Hvdrol. Process., /8, 1507-1511.

Schuol, J., and K.C. Abbaspour. 2007. Using monthly weather statistics to generate daily
data in a SWAT model application to West Africa, Ecol. Model., 201, 301-311.

Schuol, J., K.C. Abbaspour, R. Srinivasan, and H. Yang. 2007. Estimation of freshwa-
ter availability in the West African sub-continent using the SWAT hydrologic model, J.
Hydrol., in press.

Shiklomanov, L.A. (2000). Appraisal and assessment of world water resources, Water [nt.,
25(1), 11-32.

Shiklomanov, L.A., and J. Rodda (Eds.). 2003. World water resources at the beginning
of the 21" century, Cambridge Univ, Press, New York.

Smakhtin, V., C. Revenga, and P. Déll. 2004, Taking into account environmental water
requirements in global-scale water resources assessments, Comprehensive Assessment Re-
search Report 2, Colombo, Sri Lanka.

Srinivasan, R., T.S. Ramanarayanan, J.G. Arnold, and S.T. Bednarz. 1998. Large area
hydrologic medeling and assessment - Part 11: Model application, J. Am. Warer Resour.
Assoc., 34(1), 91-101.

UNESCO. 2006. Water a shared responsibility, The United Nations World Water Devel-
opment Report 2, UNESCO-WWAP.

UN-Water/Africa. 2006. African water development report 2006, Economic Commission
for Africa, Addis Ababa, Ethiopia.

van Griensven, A., and T. Meixner. 2006. Methods to quantify and identify the sources
of uncertainty for river basin water quality models, Water Sci. Technol., 53(1), 51-39.
Vordsmarty, C.J., C.A. Federer, and A.L. Schloss. 1998. Evaporation functions com-
pared on US watersheds: Possible implications for glohal-scale water balance and terres-
trial ecosystem modeling, J. Hvdrol., 207(3-4), 147-169.

Vorosmarty, C.J., P. Green, J. Salisbury, and R.B. Lammers. 2000, Global water re-
sources: Vulnerability from climate change and population growth, Science, 289, 284-288.
Virosmarty, C.J., E.M. Douglas, P.A. Green, and C. Revenga, 2005. Geospatial indica-
tors of emerging water stress: an application to Aftica, 4mbio, 34(3), 230-236.

Vrugt, J.A., H.V, Gupta, W. Bouten, and S. Sorooshian. 2003. A Shuffled Complex
Evolution Metropolis algorithm for optimization and uncertainty assessment of hydrologic
model parameters, Water Resour. Res., 39(8), 1201.

Wagner, W., K. Scipal, C. Pathe, D. Gerten, W. Lucht, and B. Rudolf. 2003, Evalua-
tion of the agreement between the first global remotely sensed soil moisture data with

123



model and precipitation data, /. Geophys. Res., 108(D19), 4611.

Wagner, W,, G, Blfschl, P. Pampaloni, J.-C. Calvet, B. Bizzarri, J.-P. Wigneron, and
Y. Kerr. 2007, Operational readiness of microwave remote sensing of soil moisture for
hydrologic applications, Nord, Hydrol., 38(1), 1-20.

Wallace J.S., and P.J. Gregory. 2002, Water resources and their use in food production
systems, Aguat. Sci., 64, 363-375.

Widén-Nilsson, E., S. Halldin, and C.-Y. Xu. 2007. Global water-balance modelling
with WASMOD-M: Parameter estimation and regtonalisation, J. Hydrol., 340, 105-118,
Winchell, M., R. Srinivasan, M. Di Luzio, and J.GG. Arnold. 2007. ArcSWAT interface
Jor SWAT2005 - User's Guide, Blackland Research Cenier, Texas Agricultural Experiment
Station and Grassland, Soil and Water Research Laboratory, USDA Agricultural Research
Service, Temple, Texas.

Yang, H,, and A.J.B. Zehnder. 2007. 'Virtual water' - an unfolding concept in integrated
walter resources management, Warer Resour. Res., 43(12), W12301.

Yang, H., P. Reichert, K.C. Abbaspour, and A.J.B. Zehnder. 2003. A water resources
threshold and its implications for food security, Environ. Sci. Technol., 37(14), 3048-3054.
Yang, J., P. Reichert, K.C. Abbaspour, H. Yang, and J. Xia, 2007. Comparing uncer-
tainty analysis techniques tor a SWAT application to the Chache basin in China, J, Hy-
drol., submitied.

124



2.2 Environmental and Ecological Hydroeinformatics to
Support the European Water Framework Directive for
River Basin Management

Ann van Griensven', L. Breuer’, M. Di Luzio®, V. Vandenberghe®,
P. Goethals®, T. Meixner?, J. Arnold” and R. Srinivasan®

Abstract

Research and development in hydroinformatics can play an important role in envi-
ronmental assessment by integrating physically-based models, data-driven models and
other Information and Communication Teols (ICT). An important tllustration is given
with the developments around the Soil and Water Assessment Tool (SWAT) to sup-
port the implementation of the EUU Water Framework Directive. SWAT operates on
the river basin scale, includes processes for the assessment of complex diffuse pollu-
tion and is open-source, which allows for site-specific modifications to the source and
easy linkage to other hydroinformatics tools. A crucial step in the worldwide applica-
bility of SWAT was the integration of the model into a GIS environment, allowing for
a quick model setup using digital information on elevation, weather, land use and
management and soil properties. Integration with model analysis tools assists in the
tedious tasks of model calibration such as parameter optimization, sensitivity and un-
certainty analysis and allows better understanding of the mode] to address scientific
and societal quesiions. Finally, further linkage of SWAT to ecological assessment
tools, land use prediction tools and tools for optimal experimental design shows that
SWAT can play an impertant role in mukti-disciplinary assessments.

KEYWORDS: Catchment modeling, eco-hydrology, environmental hydroinformat-
ics, model integration, SWAT, water framework directive

© 2009 World Association of Soil and Water Conservation, Soif and Wurer Assessment Tool (SWAT):
Global Applications, eds. Jeff Amold, Raghavan Srinivasan, Susan Neitsch, Chris George. Karim
Abbaspour, Philip Gassman, Fang Hua Hac, Ann van Griensven, Ashvin Gosain, Patrick Debels, Nam
Won Kim. Hirozki Somura, Victor Ella, Atlachai Jintrawet, Manuel Reyes, and Samran Sombatpanit,
pp. 125-144. This paper has been published by the Joumal of Hydroinformatics, Vol. 8 (2006), No. 4,
pp. 239-252 with permission from the copyright holders, International Water Association ([WA) Pub-
lishing. WASWC is grateful for the permission granted.

'UNESCO-IHE Water Education Instimte, Department of Hydroifrormatics and Knowledge Manage-
ment, P.0. Box 3015, 2601 DA DELFT, The Netherlands (Tel: ++31-15-2151812, Fax; ++31-15-
2122921 A.vanGrignsven(@unesco-ihe.org) and Ghent University, BIOMATH: Department of Ap-
plied Mathematics, Biometrics and Process Control, Coupure Links 633, B-9000 Ghent, Belgium

*Justus-Liebig-University Giessen, Institute for Landscape Ecology and Resources Manament (ILR),
Heinrich-Buff-Ring 26, 35392 Giessen, Germany (lutz.breuer@agrar.uni-giessen.de}

MTexas A&M University, Environmental Blackland Research and Extension Center, 720 E. Blackland
Road,, Temple, TX7650 (diluzio@bcr. tamus edu)

*Ghent University, BIOMATH: Department of Appiied Mathematics, Biometrics and Process Control,
Coupure Links 653, B-9000 Ghent. Belgium (Meronique. Vandenberghe@Upent.be) (Cont. rext page)

125



1. River Basin Modeling for the Water Framework Directive

A worldwide increase in consumption of water has led to problems such as
water scarcity and water pollution. A decrease in quantity and quality threatens
human health and also impacts the environment and aquatic ecology. This aware-
ness has induced more stringent legislation such as the European Water Frame-
work Directive (WFD) (EU, 2000}, The WFD does not prescribe fixed measures
or best practices, but promotes to elaborate a river basin specific planning where
the different functions of water bodies, all sources of pollution and an active in-
volvement of all stakeholders are integrated at the river basin scale with targets
set to the desired ecological quality. The WFD imposes a planning process that
consists of an 1dentification of the system with an impact-effect analysis, the set-
up of a program of measures and the implementation and evaluation of the latter,
supported by monitoring programs for water physicochemistry and ecology. This
process requires the integration, synthesis, analysis and communication of large
amounts of information and knowledge on the geophysical, biological, social and
economical aspects to aid in decision-making.

Although many environmental modeling methods exist, their practical appli-
cation to support river management is rather limited (van Griensven and Vanrol-
leghem, 2006). In particular for river restoration management, there is a need for
tools to guide the investments needed to meet the ecological status targeted by the
European Water Framework Directive.

Recently, several practical concepts and software systems have been devel-
oped related to environmental decision support, e.g. Rizolli and Young (1997),
Pagpio et al. (1999), Reed et al. (1999), Young et al, (2000), Booty et al. (2001),
Lam and Swayne {2001}, Argent (2004), Lam et al. (2004) and Voinov et al.
(2004). From a technical point of view, one can opt to build a new medel for each
application or to utilize existing models where possible. The first approach has
the benefit of control in the models design and linkage, but requires a long model
development period. The second approach saves on development time, but re-
quires additional work to link existing models (Lam et al., 2004).

However, when suitable models are already available, it is probably the betier op-
tion. The use of the linked models can also be a good start to learning what processes
are of major importance for the different simulations and which can be neglected.
Since watersheds form the physical borders for river basin management, catch-
ment modeling is the most appropriate frame for integrated modeling.
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Even though there exist several catchment tools and models in today’s scien-
tific community, their application has focused on scientific and not societal ques-
tions, There is a need to simplify some of these tool sets, for example by the de-
velopment of decision support systems. In addition, it is of crucial importance to
improve the dissemination of these tools to decision-makers and stakeholders by
education and training,

About 50 peer-reviewed papers discussed the application of SWAT on pollu-
tion loss studies for a wide range of small and large river basins (Gassman et al.,
2005). Several of these studies refer to the application of SWAT with regard to
the U.S. water quality legislation such as for Total Maximum Daily Load
(TMDL) analysis or Best Management Practices (BMP). With the European Wa-
ter Framework Directive in mind, SWAT was applied in the framework of several
EU research projects on catchment modeling (Fig. 1), such as in CHESS (2001)
to investigate the effect of climate change on water quality in European rivers, in
TempQSim (2004) for the analysis of Mediterranean and semi-arid catchments
with intermittent flow regimes, in EuroHarp (2004) for nutrient modeling studies
and in BMW (2004) for the use in integrated modeling assessment. In the latter
project, SWAT was successfully evaluated against the qualitative diffuse pollu-
tion benchmark criteria for the application of models for the Water Framework
Directive, where it received ‘good’ classification for 70% of the questions asked
and at no point during the assessment was it ‘not recommended’ for use (Dilks et
al., 2003). SWAT has been applied in Europe for sediment, nitrogen or phospho-
rus predictions, among many others, in several watersheds in Finland (Frances et
al., 2001; Grizetti et al., 2003), several watersheds in Belgium {van Griensven
and Bauwens, 2005), in the U.K. (Dilks et al., 2003), for large-scale applications
in Eurepe (Bouraoui et al., 2005) and on low mountain range catchments in cen-
tral Germany within the framework of the Joint Research Project SFB299 (Fohrer
et al., 2002, 2003).

This paper describes initiatives with the Soil and Water Assessment Tool
(SWAT) (Arnold et al,, 1998) that were done over the last decade. SWAT ap-
pears to be a proper instrument for the assessment and prediction of point and dif-
fuse pollution in river basins (Jayakrishnan et al.,, 2005). Since it has an open-
sources policy, SWAT has a high level of flexibility for apptication by allowing
the users to do case-specific adaptation to the source code and for linking it to
other models and modeling tools.

2, SWAT

SWAT 15 a conceptual model that operates on a daily time step. The objec-
tives in model development were to predict the impact of management on water,
sediment and agricultural chemical yields in large basins. To satisfy these objec-
tives, the model (a) uses readily available inputs for large areas; (b) is computa-
tionally efficient to operate on large basins in a reasonable time, and (¢) is con-
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tinuous temporally and capable of simulating long periods for computing the ef-
fects of management changes.

i

o

®  Ongoing modelling at
large scale (JRC)

®  SWAT applications within
the EUROHARP project

SWAT applications within
the CHESS project

Figure 1. Applications of SWAT medel in EU funded projects.

A command structure is used for routing runofl” and chemicals through a wa-
tershed similar 1o the structure for routing fows through streams and reservoirs,
adding flows, and inputting measured data on point sources (Fig. 2). Using the
routing command language. the model can simulate a basin sub-divided o grid
cells or sub-watersheds. Additional commands have been developed 1o allow
measured and pomt source data 10 be mpul to the mode! and routed with simu-
lated flows.

Model subbasin components can be divided as follows: hydrology. weather,
sedimentation. soil lemperature, crop growth. nutnents, pesticides and agricul-
wral management. Mydrological processes simulated include surface runoff esti-
mated using the SCS curve number or Green and Ampt infiltration equation; per-
colation modeled with a layered storage rouling lechnique combined with a crack
flow maodel: Jateral subsurface flow; groundwater flow 1o streams from shallow
aguifers. potential evapotranspiration by the Hargreaves, Priestley-Tavlor or Pen-



man-Monteith methods; snowmelt; transmission losses from streams; and water
storage and losses from ponds (Arnold et al., 1998; Arnold and Fohrer, 2005).

Channel routing is simulated using either the variable-storage method or the
Muskingum method; both methods are variations of the kinematic wave model
{Chow et al., 1988). The channel sediment routing equation uses a modification
of Bagnold’s sediment transport equation (Bagnold, 1977) that estimates the
transport concentration capacity as a function of velocity. The model either de-
posits excess sediment or re-entrains sediment through channel erosion depending
on the sediment load entering the channel,
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Figure 2. Overview of the modules in SWAT.

SWAT simulates the complete nutrient cycle for nitrogen and phosphorus.
The nitrogen cycle is simulated using five different pools; two are inorganic
forms (ammonium and nitrate) while the other three are organic forms: fresh, sta-
ble, and active. Similarly, SWAT monitors six different pools of phosphorus in
soil; three are inorganic forms and the rest are organic forms, Mineralization, de-
composition, and mmmobilization are important parts in both cycles, These proc-
esses are allowed to occur only if the temperature of the soil layer is above 0°C.
Nitrate export with runoff, lateral flow, and percolation are estimated as products
of the volume of water and the average concentration of nitrate in the soil layer.
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Organic N and organic P transport with sediment is calculated with a loading
function developed by McElroy et al. (1976) and modified by Williams and Hann
(1978) for application to individual runoff events. The loading function estimates
daily organic N and P runoff loss based on the concentrations of constituents in
the top soil layer, the sediment yield, and an enrichment ratio. The amount of
soluble P removed in runoff is predicted using labile P concentration in the top 10
mm of the soil, the runoff volume and a phosphorus soil partitioning coetficient.
In-stream nuirient dynamics are simulated in SWAT using the kinetic routines
from the QUALZE in-stream water quality model (Brown and Bamnwell, 1987).

3. AVSWAT: Integration of SWAT in GIS

An extension of ArcView” 3.x Geographical Information System (GIS) software
was developed to support the SWAT model (I Luzio et al., 2004a). This GIS
software, named AVSWAT, provides a complete set of user-friendly and interac-
tive input/output tools designed to help the user in performing numerous tasks,
such as: delineating, segmenting and dimensioning the watershed from a digital
description of the landscape (DEM, Digital Elevation Madel), importing, format-
ting and processing the supporting data (i.e. land use and soil maps, weather sta-
tion time series), formulating management scenarios and performing basic cali-
brations, analyzing and displaying output data from the SWAT model simulations
(Fig. 3).

AVSWAT was developed using AVENUE, the ArcView 3.x’s object oriented
programming language. ArcView Spatial Analyst extension was used to apply
fundamental spatial analysis procedures for raster data, whereas ArcView alone
provides spatial analysis capabilities using vector data. ArcView’s Dialog De-
signer extension was used to embed plug-in controls, such as menus, buttons/
tools, and ultimately build several dialog interfaces to help users accomplish a
number of interactive tasks, Due to the implementation of standard format data
sets, the applications of AVSWAT are not limited to a particular geographic loca-
tion, thereby allowing applications around the world.

The current development of the GIS software, now named AVSWATX, pro-
vides users with an additional level of customized software tools (i.e. extension of
an extension) that are designed to accomplish specific tasks. One such example
(D1 Luzio et al,, 2004b} was developed to acquire, process and utilize Soil Survey
Geographic (SSURGOQ) (USDA, 1995) data sets, a more detailed alternative to
State Soil Geographic (STATSGO) (USDA, 1994) in the U.S. While a number of
additional extensions are being developed, recent fundamental additions include:
(a) a *splitting’ tool that allows to disaggregate land use maps at the sub-pixel
level to overcome the limitations of the readily available data sets, (b) a set of
user-friendly dialogs, which expedite the input-output management required by
embedded procedures for the sensitivity analysis, automatic calibration and un-
certainty analysis of the model, and which are described in the next section.
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4. Integration with Tools for Optimization and Model Analysis

Due to their complexity, water quality models require specific methods so that
their structure and predictive accuracy and precision can be assessed (Fig. 4).
Any compulational assessment of water quality models must take into account
three salient features of water quality models: the immense number of parame-
ters, the general lack of data available for model calibration and assessment and
the fact that we know our models are far from perfect and have structural prob-
lems in simulating complex natural processes, All three of these problems inter-
seel with the further problem that water guality models are computationally inten-
sive, For that reason, automated methods for model analysis and parameter calibra-
tion were designed for the SWAT model (e.g van Griensven and Bauwens, 2003b;
Eckhardt et al., 2003; Hwsman ¢t al.. 2003). Recently. several other wools were devel-
oped directly within the SWAT model 10 enable execution of answers to aforemen-
tioned three problems. First a simple vet robust sensitivity analysis tool “Latin Hyper-
cube - One Factor at a Time™ (LH-QAT) (van Griensven el al.. 2006) was developed
for reducing the high number of model parameters by defining the most sensitive
ones. The method was designed to handle a large number of parameters and parameter
non-finearities. LH-OAT combines the robustness of Latin Hypercube sampling that
ensures that the full range of all parameters is being sampled in a computationally et-
ficient manner. The One Factor at o Time design assures that the changes in the model
output can be unambiguously atiributed to the parameter that was changed.
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Figure 3. SWAT view in the AVSWAT-X interface.
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Second, a parameter calibration and parameter uncertainty assessment algo-
rithm was developed that has special equations to deal with multi-objective prob-
lems m an efficient way. The algorithm ‘ParaSol’ {Parameter Solunions) {(van
Griensven and Meixner, 2006) was developed to perform optimization and model
parameter for complex models with mulliple output variables such as SWAT. The
ParaSol methed caleulates objective functions based on model outputs and obser-
vatlon time series. |t aggregates these objective functions to a global optimization
criterion. The objective function, OF, or the global optinization criterion, GOC,
are minimized using the SCE-UA {citation) algorithm. Finally, ParaSol performs
a statistical analysis 1o calculale the parameter uncertainty and corresponding un-
certainy on the model tesulis. [n addition, a tool was developed to do some addi-
tional model verification vsing Split-Sample sirategy in order to account for re-
maining upcertainties present in a water quality model using the model bias as a
simple assessment ool (SUNGLASSES).
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S. Multi-disciplinary Integration

5.1 Linkage to ecological modeling

Model integration with ecological tools is facilitated by the use of simplified and
inter-tuned models. So far, mainly data driven methods (e.g. artificial neural net-
works and classification trees) are preferred in this context, given their time effi-
cient development (Goethals, 2005). However knowledge based methods (e.g.
fuzzy logic, Bayesian belief networks) can be of considerable importance, in par-
ticular when enough data of good quality are missing to develop data driven mod-
els (Adriaenssens et al., 2004).

A practical example of coupling SWAT results to ecological modeling is pre-
sented by Vandenberghe et al. (2005). This research was performed on the River
Dender in Flanders. The River Dender is highly affected by nutrient inflow from
agricultural and wastewater discharges from industries and households. Addition-
ally, habitat modifications were established to ease flood coontrol and goarantee
boat traffic. These modifications have had a severe impact on the habitat charac-
teristics and induced a completely different fish community compared to natural
conditions. To gain a better understanding of these combined effects, water qual-
ity models of Dender River were developed in ESWAT, a SWAT2000 version
that was extended with hourly hydrological and water quality processes (van
Griensven and Bauwens, 2001). Pollution is estimated for the upstream boundary
using daily water quality data for dissolved oxygen (DQ), biological oxygen de-
mand (BOD), vitrate (NO5"), and ammonia (NH,"). Point poltution inputs com-
prise wastewater treatment plants outlets, industries and untreated househeld ef-
fluents. Land management and agricultural processes are taken into account to
calculate diffuse pollution to the river.

The outputs of the model were used for an ecological data driven models to
predict presence or absence of fish species. These latter models allow predicting
communities on the basis of the outcomes of the water quality model simulations
and habitat data. For this purpose, classification trees were constructed on the ba-
sis of the Weka software (Witten and Frank, 2000} using an algorithm to grow a
classification tree. A dataset was constructed on the basis of electrofishing data,
collected in rivers of Flanders. In total, 168 measurements were used, of which in
50% of the cases pike was present. A training set of 112 instances was used for
classification tree development, while 56 instances served for validation of the
maodel. In bath subsets 50% of the instances were characterized by the presence
of pike. In addition to the presence/absence of pike, eight variables (river charac-
teristics) were available that served for the prediction of pike: width, slope, depth,
electrical conductivity, dissolved oxygen, pH, and water temperature.

The reliability of the model was proven by the prediction assessment in the
validation dataset. About 71% of the instances was correctly predicted (CCl of 71
and Cohen’s Kappa of 0.43). The tree consisted of the following rule set as
shown in Figure 5.
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The results of the coupled models showed that long periods in DO concentra-
tion were below critical value of pike. Pike is thus endangered based on the water
quality mainly related to algae blooms, as a result of nutrient inflow. On top of
this also the habitat quality is very poor in the stem river, while the tributaries are
characterized by a very bad water quality. The remaining pike population is based
on fish stockings, but when water quality is not improved, these activities seem to
be useless. As such, the coupled models are very useful instruments to find the
causes of ecosystem deterioration and also to test the potential effect of different
restoration options.

WIDTH <=2.54
SLOPE <=0.8 : PIKE PRESENT
SLOPE >0.8 : PIKE ABSENT
WIDTH > 2.54
SLOPE <=0.3 : PIKE PRESENT
SLOPE »0.3
EC <= 419 : PIKE PRESENT
EC> 419
EC <=607 : PIKE ABSENT

EC > 607
DO <=7.1 : PIKE ABSENT
DO > 7.1
DEPTH <= 0.5

SLOPE <= 2.1: PIKE PRESENT
SLOPE > 2.1: PIKE ABSENT
DEPTH > 0.5 PIKE PRESENT

Figure 5. Classification tree model for pike in Dender River.

5.2 Integrated modeling of landscape services

Landscapes provide a wide range of services, comprising employment, economic
income, habitat, water supply, or food production amongst many others (Costanza
et al., 1997), Within the framework of the collaborative research centre SFB 299
(http://www.sth299 de), the Integrated Tool for Ecological and Economical Mod-
eling (ITE*M) has been developed to investigate landscape services for the pe-
ripheral Dill catchment (692 km®) in central Germany. [TE*M comprises of sev-
eral models addressing agro-economy (ProLand), agricultural policy (CHOICE)
and environmental services with respect to the risk of heavy metals in soil
(ATOMIS), water quantity and quality (SWAT), as well as faunal and floristic di-
versity (ANIMO, Prof) (Fig. 6).

134



5.2.1 The Agro-economic model ProLand

ProLand (Prognosis of Land us¢) assumes that land vse patierns are a function of
climate, so) type, biological, cconomic and social conditions {Weinmann et al.,
2005). Spatial distribution of these data lorm the basis for the allocation of land
use systems, wssuming land rent maximizing behavior of the land user for any
parcel of land. Land rent is defined as the sum of monetary yields including all
subsidies minus input costs, depreciation, taxes and opporlunity cosls for em-
ployed capital and labor. As a result, two different types of model outputs are de-
rived: {i) maps of the potential spatial land use distribution and (i) sets of aggre-
gated key indicators to characlerize the cconomic performance of land use.

Common database Landscape services
Climate, soil, management...

ProlLang———— — added valugfincomefiabor

leisure
cullural heritage
flood protection

Land use and diversily
management
A erpsian protreclion

[V

soil protection

water qualityfquanlity

I
w
v

Cost benefit evaluation

Figure 6. Model and database structure of ITE'M,

5.2.2 The eco-hydrologic model SWAT-N

A modified version of SWAT is applied to predict hydrological and mirogen
fluxes on the landscape scale (SWAT-N, Pohlert et al., 2006). The hydrological
components differ in the way of representing interflow by (i) simulating soil ani-
sotropy and (i) parameterisiog the deepest soil horizon to account for the fissured
rock aquifer characteristic in the Dill catchimeni. To improve (he simulations of N
wrnover and exporl in the Dill catchment, SWAT was coupled to the mineraliza-
tion and nitrification modvies of the biogeochemisiry medel DNDC and to the
denitrification module of CropSyst.

5.2.3 The biodiversity models ANIMO and ProF
The spatially expheit landscape mode! ANIMO (Steiner and Kéhler, 2003), a cel-
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lular automaton, quantifies the effect of land use change on regional diversity.
The model assumes that each habitat (land use) has its own species inventory de-
pending on environmental, regicnal and historical constraints. An intrinsic spe-
cies pool is determined with its portions of habitat generalists and specialists, Sin-
gle cells interact with neighboring cells in the way that habitat generalists dis-
perse inte surrounding cells, whereas habitat specialists remain static. The num-
ber of species in a cell (a-diversity) 1s affected by the species inventory surround-
ing the cell (habitat dissimilarity, b-diversity). The overall g-diversity of a land-
scape is the product of a- and b-diversity.

To assess flonistic diversity the habitat model ProF (Prognosis of Floristic
richness) is applied. ProF is a probabilistic GIS tool that is based on the mosaic
concept. It assumes that species richness is determined by habitat variability and
heterogeneity and the proportion of natural, semi-natural and anthropogenic vege-
tation (Waldhart et al., 2004).

5.2.4 The heavy metal accumulation soil model ATOMIS

The Assessment Tool for Metals in Soils (ATOMIS, Reiher et al., 2004) provides
site-specific estimates of the fate of heavy metals such as Ni, Cu, Zn, Cd, and Pb
in top soils. Metal input by land management is derived from Proland data,
whereas atmospheric input is taken from precipitation measurements. Metal con-
centrations in soil solution are calculated using general purpose Freundlich iso-
therms, considering soil sorption characteristics such as pH, SOC, clay and heavy
metal content. ATOMIS identifies areas where geologic background in combina-
tion with site characteristics leads to potential enrichment of heavy metals due to
agricultural land use and management. SWAT-N estimates on mean annual per-
colation rates from the top soil horizon and mean annual evapotranspiration rate
are used as input for ATOMIS. Sustainability of land use and management op-
tions can be assessed by comparning the predicted future total metal concentrations
to legally specified threshold values. ATOMIS outputs can finally be used by
ProLand to calculate opportunity costs in terms of sustainable heavy metal crite-
ria.

5.2.5 Trade-off and win-win situations

Integrating the results obtained by ITE’M can assist in the definition of sustain-
able land use concepts. Based on the same spatial land use and management in-
formation provided by ProLand the remaining members of ITE*M predict combi-
nations of ecological landscape services such as faunal and floristic diversity, N
export from rivers, groundwater recharge, or metal accumulation in soils. In cotn-
bination with the economic services simulated by ProLand, trade-offs and win-
win situation on land use and management can be predicted, as is shown in Figure
7 for the Aar catchment, a 60 km” subcatchment of the Dill catchment. The basis
of this evaluation is an extensification of pasture management, the so-called suck-
ler cow land management scenario. In this scenario, cows and their offspring are
kept on the meadows all year round to save infrastructural farmstead costs and la-
bor. In the present case study, the increase in economic value is accompanied by
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a slight increase in floristic diversity simulated by ANIMO and an almost con-
stant groundwater recharge as predicted by SWAT (Fig. 7). The relative optima
of economic and ecological services can be depicted at an added value of €3.02
Millions. This value is equivalent to a reduction in land cover of dairy pasture by
-2.5% and cropland by -5.5% as well as an increase of 8% in extensive suckler
cow management of the total fand area as predicted by ProLand. In addition to
this, ProLand not only calculates the overall changes in land management, but
also provides spatially explicit information where these changes are best to real-
ize.
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Figure 7. Ecological-economic trade-offs for optimized suckler cow management as pre-
dicted by the agro-economic model ProLand, the biodiversity model ANIMO and SWAT
(Breuer et al. 2004). Suckler cow management presents an exfensive pasture management
system where cows and their offspring are kept ouiside all year around to save labour and
infrastructural farmstead costs. Floristic y-diversity defines overall landscape diversity. See
text for additional comments on the modeis and the technique of trade-offs estimation.

Further case studies of the overall model framewotk are presented in Fohrer et
al. (2005) and Weber et al. (2001). ITE’M is generally an open concept that links
models from several disciplines. Hence, the current estimates of landscape ser-
vices are limited by the selection of ITE°M model members.

5.3 Optimal Experimental Design

Optimal sampling design techniques aim at the identification of sampling
schemes to improve different aspects of the mathematical modeling process, ac-
cording to explicitly stated objectives (Dochain and Vanrolleghem, 2001; De
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Pauw and Vanrolleghem, 2004).

Vandenberghe et al. (2002) developed a methodology for an Optimal Experi-
mental Design (OED) for the water quality variables in a tiver with the purpose to
increase the precision of the parameters for the water quality module using
SWAT. Different experiments {sampling schemes) will reveal more or less infor-
mation and more or less parameter reliability, e.g. schemes that lack dynamics
will provide less information than schemes with more dynamics. The method
used is the D-optimal experimental design (Goodwin and Payne, 1977, Walter
and Pronzato, 1999), which is the most general method for minimizing the error
on all estimated parameters.

In a D-optimal experimental design, the precision of the parameters is as-
sessed by considering the determinant of the inverse of the covariance matrix of
the parameter estimates (C) or Fisher Information Matrix (FIM) (Godfrey and
Distefano, 1985).

c)=c(s’s ' FIM@p)=C"'(b)

with b representing the model parameter vector, O a diagonal matrix, the ele-
ments being the squares of the observation weights and 5 the sensitivity matrix of
the outputs to the parameters in comparison to the observations. Calculation of
the covariance matrix based on the Jacobian matrix instead of the Hessian is ac-
ceptable when assuming linearity and having constant standard deviations on the
observations (Bard, 1974). The determinant of the FIM, Det(FIM) is inverse pro-
portional to the volume of the confidence region. Thus, by maximizing Det(FIM),
the volume of the confidence ellipsoids, and, correspendingly, the geometric av-
erage of the parameter errors is minimized. D-optimal experiments also have the
advantage of being invariant with respect to any scaling of the parameters
{Petersen, 2000). An extra aspect to be considered here is that for non-linear mod-
els the FIM 1s parameter dependent. The QED technique thus requires an initial
data set to calibrate the model. Non-accurate parameter estimates may therefore
lead to an inefficient experimental layout. This means that for the processes re-
lated to the non-accurate parameters better measurements could be identified. The
design can only be approached by an iterative process of data collection and de-
sign refinement, known as a ‘sequential design’ (Casman et al., 1988). Figure 8
shows the iterative scheme that is used to find the optimal measurements starting
with a model that is calibrated with the currently available data. Next the different
steps are explained in more detail.

The methodology has been applied for an OED at the Dender river whereby
the frequency of the sampling and the period of sampling, the data type (only DO
or combined DO-NO;, DO-NO3-BOD or DO-NO;-BOD-NH,) and sample loca-
tions (4 possible combinations of 3 possible locations: upstream, halfway, down-
stream} are considered as parameters for the sampling layout. The best way to
take samples is (a) on an hourly time basis (Fig. 9 left), (b) over nearly the whole
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vear (8,730 sumples) (Fig. 9 right). (¢) in two locations (data not shown) and (d)
of the four variables (data not shown). Whereas in general, low uncertainties are
corresponding 10 a lot ol samples (as expeeted), it can be depicted that other sam-
pling schemes could be defined that provide a quasi similar accuracy, with fewer
number of samples or at a lower frequency. The application of optimal experi-
mental design for guiding monitoring campaigns can thus point out hetter moni-
toring strategies and will eventually make the monitoring more effective with less
cost

Figure 8. Optimal experimental design lor river water quality modeling (PEST = Parame-
ter ESTimation model: Doherty, 2000},
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Figure 9. The mverse ol the Dey(TIM) as a Tunction of the sampling interval tleft) and the
total number of samples (right) (relatively bad sirategies are marked with 5),

6. Conclusions and Perspectives

SWAT has been successfully applied worldwide to address water quantity and
guality 1ssues. In general the model (along with uselul GIS interfaces 1o process
the readily available inputs) have yielded better watershed science and manage-
ment, However the model and the input processing GIS interface wols alone were
only the first step in the hydroinformatics for a decision-maker within the context
of the WED. In this paper, the SWAT and associated tools have been demon-
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strated to be the tool to support the WFD and the explanatory guidance docu-
ments:

To do water management at the level of river basin. SWAT operates on
river basin scale, includes processes for the assessment of the complex
diffuse pollution and there js hence a sound basis to use SWAT as a
frame for integrated modeling,

To promote integrated management. Because SWAT is open-sources, it
allows for site-specific modifications to the sources or easy linkage to
other hydroinformatics tools.

To account for uncertainties. SWAT incorporates algorithms for model
analysis that enables the estimation of the model uncertainties and to the
evaluation of the fit-to-purpose of the model.

To support monitoring, A joint use of monitoring and modeling is stimu-
lated by a linkage of SWAT to Optimal Experimental Design methodol-

ogy

To set the targets at the ecological quality. This is illustrated with the ex-
amples of linkage to ecological assessment tools

To support public participation, An important development around SWAT
is the integration into GIS post-processing tool AVSWAT that provides
maps with results.

However, applications in Europe can also be hampered by difficulties in the
data availability or the lack of regional databases. Recently, the development of
some Eurcpean databases has been started (Breuer et al., 2003; Breuer and Frede,
2006). Therefore, an integrated data and modeling tool, such as the ‘BASINS’
modeling environment for the U.S. (Di Luzio, 2002), would be of great necessity.
In such a modeling environment several homogenized data on land use, soil, cli-
mate, river networks, discharge, point sources should be provided and formatted
for a direct use, With respect to the European multi-national structure, the differ-
ent data policies, as well as its multi-facet ways of soil and land use classification,
one of the main difficulties lies in the data homogenization itself. Also, some
more developments would enhance external use or consulting of the SWAT
model results. Important benefit could be taken from a further integration into an
internet interface to allow for simulations of the web or web-based post-
processing of the model results. Finally, an open-source of not only the SWAT
model but also the GIS interface would help in further integration to other tools
or would offer more flexibilities for case-dependent developments in model
codes.
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2.3 Nonpoint Source Pollution Responses Simulation
for Conversion of Cropland to Forest in Mountains
by SWAT in China

Wei Ouyang', Fang-Hua Hao, Xue-Lei Wang
and Hong-Guang Cheng

Abstract

Several environmental protection policies have been implemented to prevent soil ero-
sion and nonpoint source (NPS) pollution in China. After severe Yangtze River floods, the
“‘conversion cropland to forest policy’ (CCFP) was carried out throughout China, espe-
cially in the middle and upper reaches of Yangtze River. The research area of the current
study 1s located in Bazhong City, Sichuan Province in Yangtze River watershed, where
sotl erosion and NPS pollution are serious concerns. Major NPS pollutants include nitro-
gen (N) and phosphorus (P). The objective of this study is to evaluate the long-term impact
of implementation of the CCFP on streamflow, sediment yields, and the main NPS pollut-
ant loading at watershed level. The Soil and Water Assessment Tool (SWAT) is a water-
shed environmental model and is applied here to simulate and quantify the impacts. Four
scenarios are constructed representing different patterns of conversion from cropland to
forest under various conditions set by the CCFP. Scenario A represented the baseline, ie.
the cropland and forest area conditions before the implementation of CCFP. Scenario B
represents the condition under which all hillside cropland with slope larger than 25° was
converted into forest, In scenarios C and D, hillside croplands with slope larger than 13°
and 7.5° were substituted by forest, respectively. Under the various scenarios, the NPS pol-
lution reduction due to CCFP implementation from 1996-2005 is estimated by SWAT, The
results are presented as percentage change of water flow, sediment, organic N, and organic
P at watershed level. Furthermore, a regression analysis is conducted between forest area
ratic and ten vears’ average NPS load estimations, which confirmed the benefits of imple-
menting CCFP in reducing nonpoint source pellution by increasing forest in mountainous
areas. The reduction of organic N and organic P is significant (decrease 42.1% and 62.7%,
respectively) at watershed level. In addition, this study also proves that SWAT modeling
approach can be used to estimate NPS pollutants’ impacts of land use conversions in large
watershed.

Keywords: Nonpoint source pollution, conversion of cropland to forest, SWAT, simula-
tion, China
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1. Introduction

Watershed environmental issues, especially water quality and soil erosion are be-
coming an increasing concern in China and other parts of the world (Wang et al.,
2006; Chen et al, 2006). The soil losses and nonpoint source (NPS) pollutants
formations in the middle and upper reaches of Yangtze River in central China are
highly vulnerable. Destruction of vegetation has led to soil erosion and NPS pol-
lutions in the upper reaches. In the past 30 years, the forest cover has been re-
duced to half, while the area exposed to severe erosion doubled in size (Yin and
Changan, 2001; Zhang, 2003). Soil erosion on cultivated land not only results in
on-site soil degradation and NPS pollutions, but also causes off-site problems re-
lated to downstream sedimentation and water poilution (Zhang et al., 2003; Mar-
tin et al., 2006). After Yangtze River floods in 1998, there was wide agreement
that agricultural production on sloping land in upper and middle reaches of Yang-
tze River was one of the most important causes of rapid runoff and soil erosion in
the basin and a major contributor to flooding (Eckhardta and Ulbrich, 2003).
Since 1999, for preventing soil erosion and water poliution, the Chinese govern-
ment has carried out the so-called “Conversion Cropland to Forest Pol-
icy” (CCFP), which encourages the farmers to return hillside crop cultivation to
grassland and forest with detailed compensation and subsidy schemes, From the
beginning of the 21% century, 14.7 million ha of cropland have been converted to
forest (Zhang et al., 2003). Despite enormous scales of CCFP, to date, there have
been few assessments of the policy impact on regional sediments and NPS pollu-
tion (Wanga et al., 2006). In this article, we estimate not only the envirenmental
effects of CCEFP in preventing soil erosion and NPS pollutants, but also formulate
the regression equations between forestry area ratio and envi-ronmental index.
Then, the regional sediment, organic nitrogen (N), and organic phosphorus (P) can be
effectively estimated with forestry ratio.

To assess the effects of CCFP, field experiments or long-term monitoring is
very expensive and time consuming. During the repeated monitoring process,
there are uncertainties associated with the results and is very difficult without ad-
ditional resources. Watershed soil erosion and NPS pollution loading are gener-
ally a combined result of many influencing factors including climate, land cover,
topography, land use and soil conditions that characterize the watershed (Tripathi
et al,, 2003). When implementing CCFP, it is quite difficult to assess the environ-

'W. Ouyang, F.-H. Hao, H.-G. Cheng: School of Environment, State Key Laboratory of Water Envi-
ronment Simulation, Beijing Normal Universily, Beijing 100875, China ¢-mail; fanghua@bnu.edu.cn;
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W. Ouyang: International Instituie for Geo-Information Science and Earth Observation (ITC), En-
schede, Netherlands

X.-L. Wang: School of Geography, State Key Laboratory of Remote Sensing Science, Beijing Normal
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mental quality improvements by extensive sampling and monitoring data. Under
these conditions, application models become useful and efficient. The Soil and
Water Assessment Tool (SWAT) is a watershed simulation model system and
can be applied to quantify environmental impacts of CCFP in watershed scale
(Behera and Panda 2006). During simulation, the climate, land use, soil, topogra-
phy, and geological variances are all taken into considerations (Amold and
Fohrer, 2005), SWAT has been applied by several authors to study impacts of
watershed environmental policies in different perspective. Zhang and Jogensen
(2005), for example, have applied the model to assess regional point and NPS
poltution reductions for best management practices in Denmark. Attwood et al.
(2000) have used SWAT to evaluate the impacts of natural resource policy in
terms of environmental and economic implications at differing spatial scales.

For the advantages of SWAT model system, it can be used for regional envi-
ronmental benefits assessment for CCFP implementations. The research motiva-
tion is to identify the reductions of NPS pollution with SWAT model, which is
the foundation for conversion of cropland to forest policy decision-making. The
objectives of this article, therefore, are to: (1) estimate NPS pollutant loading in
this typical study area with support of SWAT model, (11) suggest approach to es-
timate CCFP long-term benefits for regional NPS pollution reduction at water-
shed level, and (11} analyze the linkage and correlation between NPS pollution
load change and the various CCFP implementation levels,

2. Methods
2.2 Model description

The watershed water quality model, SWAT, was developed by the United
States Department of Agriculture (USDA) (Amold et al., 1998). The Soil and
Water Assessment Tool was selected for this study because of its ability to simu-
late land management processes and hydrological responses in larger watershed.
The Soil and Water Assessment Tool is a semi-distributed watershed model with
a GIS interface that outlines the subbasins and stream networks from a digital
elevation model (DEM) and can calculate daily water balances from meteorologi-
cal, soil and land use data. The surface runoff is predicted at a daily step by a
modification of soil conservation service (SCS) curve number method and the
peak runoff rate is estimated according to rational formula. The erosion and sedi-
ment yields are estimated in each subbasin with modified universal soil loss
equation (Ramanarayanan et al., 1996). SWAT applies a multilayer storage rout-
ing technique to partition drainable soil water content for each layer into compo-
nents of lateral subsurface flow and percolation into the layer below.

The SWAT model is built to simulate the physical processes of pollutant in
watershed as realistically as possible. Most model inputs are physically based.
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However, it 1s important to note that SWAT is not a parametric model with a for-
mal optimization to fit any data. In-stream nutrient dynamics have been incorpo-
rated into SWAT using kinetic routines from in-stream water quality model. The
N processes, soil pools, plant supply, and demand of N can also be simulated by
SWAT. The N Circle, with plant biomass, N transported with runoff, lateral flow,
and percolation, can have different N forroations estimated daily, The Soil and
Water Assessment Tool can also model P circle and formations in similar ap-
proach to N. While predicting the amount of soluble P removed in runoff, the la-
bile P concentration in topsoil, rmunoff volume, and P soil-partitioning factor are
all considered. Sediment trangport of P is simulated with a loading function, as is
organic N transport (Santht et al,, 2006).

Table 1. Data type scale and data description/properties.

Dala type Scale Dala description/propenties

“Fopagraphy 1:200 00 devation, overfand and charmed dlopes, lenghy

Land wse 1:1000 000 Land yse clasifications, sea sl gement inf

Snils geographic dueabasss 1:460 000 Soal pliysacal snd ehemical peopertics,

Wealher 7 stationg Daily previgesation and eeyeratiere

Land masagement informanoa . Featilizer sppleation. plantizg amt kasvesting infosmation

Table 2. The geographical features of seven weather stations.

1D NAME Lat (%) Long (°} Elevation{m}
1 GUANYUAN 32.48 105.90 1935.00
2 WANYUAN 32.01 108.03 674.00
3 LINZHONG 31.51 105.95 1826.00
4 BAZHONG 31.90 106.70 1777.00
5 DAXIAN 31.20 107.50 1445.00
6 NANCHONG 30.70 106.10 1097.00
7 SUINING 30.50 105.55 355.00

The Soil and Water Assessment Tool was applied all over the world with di-
verse missions. The basic function is to estimate regional NPS pollution load. In
recent years, more applications have been focused on regional managements and
pollutant source identifications based on simulation results. Under assumed con-
dition, it can assess regional NPS pollution load changes induced by, for example,
climate change. Agriculture has been identified as the major contributor of NPS
pollution of water resource (Cheng et al. 2007). Simoulation of agricultural NPS
pollutions in relation to crop patterns is one of the strong traits of SWAT.
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2.2 Study area

The study area of Bazhong City, Sichuan Province is located in central China and
in upper stream of the Yangtze River basin (Fig, 1). There are 65,959 km® culti-
vated land and 70% of them are cultivated sloping land. The soil erosion area in
Sichuan is 199,800 km?, which is 40.87% of the total soil erosion area in Yangtze
River watershed. There are about 600 million tons of sediments transported from
Sichuan into Yangtze River every year. In this area, the natural vegetation has
been destroyed by tillage, grazing, and deforestation, which led to soil erosion
and ecosystem degradation; therefore, this region is the core area to implement
CCFP. Also, 34% of high to medium productivity hillside cropland has been con-
verted to forest or grassland in the last several years.

The climate of Bazhong City is moderate, with the highest temperature at
40.2°C occurring in July and the lowest average monthly temperature is -4.7°C in
January. The average annual temperature is 16.0-16.9°C and average yearly pre-
cipitation is 1120.7-1203.1 mm. The whole research area is 960,154 ha and the
mean elevation is 773 m. The terrain is higher in the north and the maximum and
minimum altitude is 2,464 m and 332 m, respectively. The various land uses in
this watershed are: agricultural land (dry land and garden land) (48.0%), mixed
forest (9.94%), range-grasses (8.12%), rice (paddy) (6.54%), honey mesquite
(5.21%), sesbania (3.87%), and range-brush (0.05%). The main land use is for ag-
ricultural. The paddy is defined as a separate fand use type because of its small
area and lower slope distributions. Most of the soils are purple soil and lateritic
red soil.

2.3 Model inputs

The ArcView Geographic [nformation System interface of AVSWAT model was
used to develop input files. The 1:200,000 geographic database with topography,
land use, and soils were constructed (Table 1). The watershed climate condition
was simulated from 1996 through 2005 using daily historical weather information
collected from seven weather stations in Sichuan Province around the study area
(Table 2). The SWAT delineates watershed into sub-watersheds based on topog-
raphy. The land use and soil map in this region was overlaid on subbasins. The
fand use was classified in seven types and codes of each land use were listed in Table
3

In the research watershed, there are five types of soils. The dominant soil
types in Bahe River watershed are purple soil and lateritic red soil. The purple
soil occupies more than half of the area and lateritic red soil dominates another
41.71% in the north part of the watershed (Fig. 2). The main soil properties are
listed in Table 4. The typical management practices information, such as cropping
schemes, fertilizer application, and tillage operation were gathered from farmer
surveys and local administrative agents.
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Table 3. The land use type area and percentage in study area.

LANDUSE Area ¢(ha) %

Range-Brush (RNGB) 522.0 0.05
Range-Grasses (RNGE) T7958.3 §.12
Honey Mesquite (MESQ) 50041.5 5.21
Mixed Forest (FRST) 954707 9.94
Agricultoral Land (AGRC) 636190.9 66.26
Sesbania (SESB) 371832 3387
Rice (RICE) 62787.8 6.54

Table 4. Soil properties under different soil series of Bahe River watershed.

Soil Type Atca s Asgd Depth  Conse  Fune Sie Ciay  Organic ™M Tr% TRM
% o wandi®%  aandfc % % carbonit

Letteritie red Sou 404 417 il 6.58 3 Dé Wos  AoH a2 0.040 [el12%] 1.30

Felfow Soil 1231%4 110 100 W i Jaza 1480 278 146 [ERix2] 1.84

Vellow brown Seil 90465 103 ) 0.3 Wi iz WS 382 0206 Y ) 230

Carbonaie purpls Soil S1B97 6 350 1 620 11.30 4250 4000 20M 012 BOSH 192

Pairple Sodb PSS e 95 L] Hib? e 40T 1M [H ] 0027 1.65

Table 5. The SWAT model parameters adjusted during calibration for streamflow.

Paramaler Default valge Calibraton vafne
N2 1 w7

EPCO 1.0 0.5

ESCO 0895 0.58

REVAPMN 1.0 0.65

W _REVAP Doz 01

GW _DELAY n 45

Table 6. The SWAT model parameters adjusted during calibration for stream sediment

and nutrient loads.

Parameter Default value Calibration valug
SLOPE 0.129 0.100
SLSUBBSN 24,390 7.000
SOL_ORGN 0 4000
SOL_ORGP 0 2640
ERORGN 0.0 4.0
NPERCO 0.20 0.30
USLE K1} Various ~20%
SOL Z1 1016 630
REDIN ] 4000
RCN 1.0 04

BIOMIX 0.3 0.40
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2.4 Model calibration

With reference to actual historical monitoring data on streamflow and water qual-
ity, AVSWAT model was calibrated (Arnold et al., 1995). The calibration simula-
tion period for flow and water quality was started from January to December
2004, The related SWAT model parameters were adjusted (Table 5) to correct the
overestimation of average monthly streamflow, After calibration, the curve num-
ber (CN2), plant water uptake compensation factor (EPCQ), the soil evaporation
compensation factor (ESCO), threshold depth of water in the shallow aguifer for
‘revap’ or percolation to the deep aquifer to occur (REVAPMN), amount of shal-
low aquifer water that moved into the soil profile (GW_REVAP), and groundwa-
ter delay coefficient (GW_DELAY) were determined as listed in. As a result, the
simulated water flow was acceptable.

The stream monitoring data in Bazhong watershed includes only total N and
total P without distinguishing organic nutrients from mineral compenents. There-
fore, SWAT model was calibrated with the reference to the actual monitoring
data of total N and total P. The adjusted SWAT model parameters after calibra-
tion are listed in Table 6, including the average slope steepness (SLOPE), average
slope tength (SLSUBBSN), initial soil organic N concentration (SOL_ORGN),
initial soil organic P concentration (SOL_ORGP), organic N enrichment ratio
(ERORGN), N percolation coefficient (NPERCO), universal soil loss equation
soil erodibility factor (USLE K1), depth of the top layer of the Aledo soil
{SOL_Z1), initial residue cover (RSDIN), N in rainfall (RCN), and biological
mixing efficiency (BIOMIX).

Table 7. The monthly (M) simulated and monitored results after calibration at watershed
outlet.

TN density/{mg/L) TP density/(mg/L)
M Simulated Monitored M Stnulazed Monitored

1 1.067 0.956 i 0.017 0013
2 0.914 0877 2 0020 0.018
3 (LG53 1071 3 0.9 0013
4 1.203 1124 4 0.0 (040
5 1.008 1.098 5 0.023 OZ0
6 0.930 0.543 [ 0033 .03t
7 {.563 0.613 7 0.017 4020
8 1543 0.641 8 001t o013
9 0737 0.763 9 0.019 0023
100723 0704 0 0035 0033
11 0.70% 0.697 3 0029 0.023
1z 0502 0Yi4 12 00n 0.026
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After calibration, the estimated average monthly N density at the outlet of
Bazhong watershed was slightly lower than the actual average monthly N yield in
the rainy season and slightly higher in the winter (Table 7). The simulated average
monthly P density after calibration has similar variance trend as that of total N.

Table 8. Land use distributions characteristics with maxiroum, mean slope and their stan-
dard deviation (STD).

TN density/(mg/L} TP density/{mg/l.)

M Simulated Monitored M Simulated Monitored

1 1.007 0.956 1 0.017 0.013
2 0.914 0.877 2 6.020 0.016
3 0.953 1.077 3 0.019 0.013
4 1.203 1.124 4 0.044 0.040
5 1.008 1.068 5 0.023 0.020
6 0.930 0943 6 0.033 0.031
7 0.563 0.613 7 0.017 0.020
8 0.543 0.641 g 0.011 0.013
g 0.737 0.763 g 0.019 0.023
10 0.723 0.704 10 0.035 0.033
11 0.709 0.697 11 0.029 0.023
12 0.902 0.914 12 0.031 0.026

2.5 Conversion of cropland to forest scenarios analysis

In order to estimate the reductions in soil erosion and NPS pollution due to imple-
mentation of land use conversion from cropland to grassland/forest policies, four
scenarios are constructed representing different conditions of implementation of
CCFP in the simulated basin: baseline with (I) no conversion, (II) conversion of
cropland with slope greater than 25° (IlI) conversion of cropland with slope
greater than 15° and (IV) conversion of cropland with slope greater than 7.5
Under existing conditions, the evaluation of impacts of CCFP was carried out in
four scenarios. The first, Scenario A, was original land use condition, 66.26% of
land use was agricultural land and 9.94% was forest. In Scenario B, agricultural
land on slope greater than 25° was converted into forest and other fand use did not
change; therefore, agricultural land dropped to 383,429 ha and forest area
climbed to 349,834 ha. In Scenario C, agricultural land on slope greater than 15°
was all converted to forest, which resulted in forest area that rose to 562,971 ha
and agricultural land that decreased to 170,292 ha. In the last scenario, D, agricul-
tural land on slope greater than 7.5° was turned into forest. As the result, forest
area occupied 73.43% of regional land use (706,261 ha) and agricultural land was
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cut down to 27,002 ha.

To substantiate the four scenarios and simulate and assess their impacts by
SWAT, an analytical framework was developed (Fig. 3). Firstly, the land use dis-
tribution characteristics was analyzed according to land use type and land slope
(Table 8). The average agricultural land slope is 16.49°. The study area is a highly
mountainous region with limited suitable arable land resources. Consequently,
much of the hillside land is also cultivated, including those with slope greater
than 25° There are 252,761 ha agricultural land with slope greater than 25°,
which is about 26% of the entire study area. The details of the four scenarios are
listed in Table 9.

The land use distributions of the four scenarios were also mapped in Figure 4.
Based on these four kinds of land use conditions, the regional water flow, soil
erosions, organic N, and organic P loading in 10 years were estimated respec-
tively using the calibrated SWAT model.

3. Results and Discussion
3.1 Streamflow variation

The volume of surface runoff under different scenarios is simulated for the whole
watershed from 1996-2005, Obviously, the overall pattern of streamflow variation
is determined by the variation of precipitation (PRECIP). The highest peak runoff
value (331.4 m’/s) simulated by the model was in Scenario C and the lowest in
Scenario B. The streamflow is very similar between Scenarios A and D despite
the different land use structure, With sloping agricultural lands converted into
forest from Scenario A-B, the streamflow did not decrease dramatically. How-
ever, when the agricultural land located on a slope larger than 15° was converted
into forest (Scenario C), the streamflow climbed intensively, ranging from 112.0
m’/s t 0 331.4 m®/s, but not the highest in the first 3 years. With more lands trans-
ferred into forestry, the streamflow dropped to an original situation., The distribu-
tions of streamflow value in Scenarios A and D were plotted graphically with re-
spect to the same line from 78.5 to 302.9 m’/s.

3.2 Transported sediment variation

Sediment yield is the amount of overland soil loss due to water erosion in the
whole study of watershed, which reflects the integrated response of sediment gen-
eration processes and stream processes at watershed scale (Fig. 6), showing the
change in annual average sediment generation and precipitation of four scenarios
from 1996-2005. The sediment yields exhibit similar trends with the PRECIP.
Under the original land use condition, Scenario A, the sediment yields of whole
watershed ranged from 1,535 x 10°to 4,456 x 10°t. By implementing the CCFP
in scenarios B and C, the sediment yields decreased, but not intensively. How-
ever, the estimated results of these two conditions seemed to be the same as in
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Figure 5. When the agricultural land on a slope greater than 7.5° was changed into
forest in Scenario D, the sedimeni yields dropped sharply and ranged from 569 x
10%t0 3,037 x 10° 1. With the exception of four scenario analysis, the watershed
sediment vield decreased as the forest area increased.

Table 9. Details of the four scenarios.

Soenarion Agriculure laadihal % Forest thad % Comverson (2257) Conversign (31573 Conversion (27.57)
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Figure 1. Location, topaugraphy of study area in China.

3.3 Organic N variation

Comparisons of the assessed organic N concentrations in the runoff water under
the four scenarios and the corresponding simulated precipitation values in 10
years are shown in Figure 7. The precipitation has a similar trend with estimated
results, which proved the NPS poliutants transportations were mainly controlled
by the climate conditions. By the analysis of watershed organic N vields, the
yield decreased with the forest area climbing, which demonstrated that the imple-
menting of CCFP 1o prevent NPS pollutions was feasible. In Scenario A, the or-
ganic N yield was 67.9 x 10°10 394.) x 10" kg/ha, which dropped 10 63.3 x 10* 10
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fligure 2. The sotl tvpe distribution in the Bahe River watershed.

251.7 x 10" kg/ha in Scenaria D, except the simulation error (1.284 x 10" kg/ha) in
1996. The estimated value of Scenario C in 1996 was also treated as unreason-
able. But the other estimations were reasonable for the reference to the local
monitored vahies, By the simulation. the pollutant prevention benefits of different
policy implementations level can be concluded clearly for the simulation differ-
ences of the four scenarios. Based on those assessments, the CCFP benefits can
be estimated 1n advance and the environmental guality index can be forecasted,
which is the guidelines for management.
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Figure 3. The research framework for the NPS pollution response for conversion of crop-
land to forest.

3.4 Organic P variation

The simulated decreases in sediment and organic N load indicated for efficiency
of CCFP implementations and organic P load was also reflected in the similar es-
timated Figure 8 The organic P yields were the organic P transdifferences. The
simulated organic P yields transported with sediment out of the watershed during
the time of four scenarios over the 10-year period were mapped in step. Similar
to organic N yield simulations, the estimated values of organic P of scenario A
and B in 1996 were unreasonable and were treated as errors. In Scenario D, when
the agricultural land slope was greater than 7.5% and was transferred into forest,
the organic P yields dropped. The yield was between 92.3 x 10°kg/ha and 758.9
X 103kg/ha. However, at the same time under the onginal land cover situation, the
yields were ranged from 168 x 10°kg/ha and 2,438 x 10°kg/ha. Within the other
two situations, the variations were not dramatic, but can prove the benefits of
CCFP implementations. Compared to sediment variations and organic N estima-
tions, the organic P yields difference of four scenarios over 10 years was not dra-
matic. One important reason is that paris of the organic N come from residue of
the ground in forestry.
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Figure 4. Land use distribution about Bahe River watershed with four scenarios.

4. Statistical Analysis

The modeling approach was applied to estimate the [D-year impacts of imple-
menting the CCFP i Bazhong City in the Yangtze River basin, The ten years'
average results (sediment, stream flow, organic N, and organic P, respectively) of
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Figure 5. Comparison between simulated streamflow of four scenarios and precipitation
from 1996-2005.
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Figure 9. Order 2 polynomial trendline between estimated results and forest area ratio.

four scenarios were estimated, respectively. With the 10 years’ average estima-
tions, the order 2 polynomial trend-line was mapped to examine the correlation
between the NPS pollutants yields and forest area ratio (Fig. 9). The result shows
that the regression between streamflow, sediment, and forest area ratio are not
significant. However, regression correlation between simulated organic N, P val-
ues, and forest area ratio is highly significant with high r* of 0.9966 and 0.9980,
respectively. With the forest area increased, the organic N and organic P dropped
intensively, which proves that the CCFP implementation would be an effective
way to prevent and reduce regional NPS pollutions. In Scenario D, for example,
the organic N yield is 204.) x 10° kg/ha, a reduction of almost 60% compared to
the ‘baseline’ land use conditions. Similarly, the organic P yield decreased from
1,162.0 x 10° kg/ha to 434.0 x 10° kg/ha with a 62.7% reduction. The change of
average 10 years’ streamflow under the four scenarios was not significant. Yet,
the impacts of land use conversion from cropland to grassland/forest on sedi-
ments formations and transportations are still significant. With the implementa-
tion of CCFP in Scenaric D, reductions in sediment is about 38.0%. Given the
area of CCFP would be implemented, these reductions and benefits of the policy
are reasonable at the watershed level.

5. Conclusions

Land use conversion of hillside cropland to grassland/forest is one of the major
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national policies that have been adopted by the Chinese government to curb eco-
logical destruction, prevent soll erosion, and reduce NPS pollution. This study at-
tempts to assess quantitatively the impacts of this policy on soil erosion and NPS
pollution loading.

The need for implementing CCFP and assessing soil and forest conservation
practices was climbing extensively for soil erosion and NPS poilutants manage-
ment, The modeling approach was applied to estimate 10-year impacts of imple-
menting CCFP in Bazhong City in the Yangtze River watershed. With GIS tech-
nologies, the agricultural land at four slope grades were converted to forest, re-
spectively, which indicated typical CCFP implementation levels. The 10 years’
average simulation about sediment, streamflow, organic N, and organic P in the
four scenarios were calculated. By SWAT rtodeling, the estimations demon-
strated CCFP benefits about soil erosion and NPS polfution at regional scale. The
results revealed that the organic N and organic P decreased 42.1% and 62.7%, re-
spectively, when agricultural land with slope greater than 7.5% was transferred to
forest. With regression principle between pollutant load and forest area ratio, the
environmental benefits of CCFP at any level can be calculated. Quantifications of
benefits of soil erosion and water quality were necessary for future planning.

The SWAT modeling approach was proved an effective tool for decision-
makers to assess benefits of CCFP at watershed level. SWAT system was useful
to identify effects of CCFP applied in a new watershed or to quantify long-term
environmental consequences of CCFP in a watershed where they have been al-
ready carried out. However, we only discussed the land use conversions in this ar-
ticle. The other land management practices, which also cause better regional envi-
ronmental quality, were not modeled.
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2.4 Some of the SWAT Applications in India
Ashvin K. Gosain® and Sandhya Rao®

Abstract

The SWAT has evolved into a comprehensive hydrological model over the
last decade, The group at the Indian Institute of Technology Delhi has been fortu-
nate enough to be connected to the development and upgradation of SWAT since
1996. SWAT has been very extensively used by this group in [ndia using various
versions of SWAT as they kept getting released. In the present paper only some
of these applications which represent different problems have been selected and
presented very briefly. The intent has been to report the range of applications be-
longing to diversified problems and spatial scales to which SWAT has been de-
ployed in India. It may also be mentioned that there have been many additional
applications by many more researchers where they have used SWAT as well as
many ongoing studies where SWAT is being used but have not been reported
here.

Keywords: SWAT, watershed, climate change, pollution, hydrological modeling

1. Introduction

There have been a large number of applications involving use of SWAT model in
India. It has been intended to select only those applications that represent differ-
ent problems tackled by using the SWAT. Brief descriptions of these studies have
been presented below

2. Climate Change Impact Assessment of Indian Water Resources

The project on “Vulnerability Assessment & Adaptation for Water Sector” is a
component of the NATCOM — national project undertaken by the Ministry of En-
vironment and Forests of India for making the India’s initial National Communi-
cation to the United Nations Framework Convention on Climate Change
{UNFCCC). The possible impacts of the climate change on the water resources
were quantified by performing distributed hydrological modeling of the river ba-
sins of the country using SWAT (Gosain et al., 2006).

© 2009 World Association of Soil and Water Conservation, Soi! and Water Assessment Tool (SWAT):
Global Applications, eds. Jeff Arnold, Raghavan Srinivasan, Susan Neitsch, Chris George, Karim
Abbaspour, Philip Gassman, Fang Hua Hao, Ann van Griensven, Ashvin Gosain, Patrick Debels, Nam
Won Kim, Hiroaki Somura, Victor Ella, Attachai Jintrawet, Manuel Reyes, and Samran Sombatpanit,
pp. 163-182. :

'Professor, |IT Deihi, New Delhi, India gosain@eivil.iitd.ac.in

*Executive Director, INRM Consultants Pvt. Ltd., New Delhi, India
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Figure 1. The modeled river basins along with the HadRM2 Grid Locations.

Simulation of 12 major river basins of the country as shown in Figure 1 have
been conducted, with 20 years belonging 1o control (present) and the remaiming
20 years for GHG (luture) chmate scenario.

The daily data generated in transient experiments by the Hadley Centre for
Climate Prediction, UK, at a resolution of .44 x 0.44° latitude by longitude
RCM (Regional Climate Model) erid points (Fig. 11 has been obtained from
IITM" (Indian Institute of Tropical Meteorology), Pune. India. The initial analysis
has revealed that the GHG scenario may deteriorate the conditions in terms of se-
verity of droughts and intensity of {loods in various parts of the country and that
there is a general reduction in the quantity of the avaitable runoft under the GHG
scenario.

"The scenarios are generated at Indian Institute of Tropical Meteorology, Pune, using Met Oftiee Had-

ley Center regional elimate model PRECIS. Part of the Tunding for generating these scenartos is pro-
vided through the projects funded by MoEF. India and DEFRAL LK,
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Figure 2. Percent change in mean annual water balance from Control to GHG Scenario.

The difference of long-term averages of some of the major water balance
compeonents from present 1o future tor the analyses of river systems are presented
in Figure 2.

The study has been carried out with the following assumptions

. The land use does not change over time
. The river systems have been assumed to be n virgin conditions, i.e. no

man-made change such as reservoirs has been incomorated at this stage
due 10 lack of data on their capacities and the operation rules (this situation
is being improved upon by incorporating the baseline during the Second
National Communication work on which is under progress).

3. Assessment of Return Flow on Account of [rrigation Project

The SWAT was used on Palleru subbasin {K-11). a subbasin of River Krishna
southern India. The length of Palleru River from its source to its outfall 1s about
|52 km. There are seven tributaries joining the Palleru River. There is one gage
and discharge sie is maintained by Central Water Commission {CWC) at Palleru
Bridge. There are 12 rain gage stations in and around the basin {Fig. 3). The daily
rainfall data for these are available for the pericd from 1963 o 1994, The sub-
basin experiences predominantly southwest monscon. June 1o November 1s consi-
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dered as monsoon months, Land use consists ol agriculture, torest, urban, barren
and rocky. Major crops grown are paddy. millet. groundnut and pulses,

The target question was io assess the return flow on account of introducing
the canal irrigation in the Palleru basin. Since the return flow 1s dependent on
many aspects such as soil characteristics, method of irrgation. ete.. it is not ap-
propriate o put a thumb rule value on such quantities. The SWAT has been de-
ployed o assess the rerurn flow and validated. The virgin flows from the basin,
before the man-made changes of constructign of reservoir and importing water
for irmgation were introduced, were also computed as per the requirement of the
water resources department of the State ot Andhra Pradesh (Gosain et al., 2003).

The SWAT has been validated using the available flow data for the post irri-
gation project and the plot of monthly observed verses simulated {low has been
shown in Figure 4. A value of R” of 0.84 has been achieved for the simulation.
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River.

4, Modeling Non-Paoint Source Pollution of Nitrate with SWAT Model

Ciroundwater pollution from agricultural areas because of excess nutrients s
causing a major concern m India. The Upper Yamuna River basin, a tributary ba-
sinof Ganges, has been used as a case for demonstration of the use of SWAT for
modeling of hydrology, and hydro-chemistry (Narula and Gosain, 2007), The up-
per Yamuna catchment constitutes an area ol 12,000 sq kin, out of the total caich-
ment area of 19,300 sq km upto Delhi.

The SWAT maodel has been applied on vanous subbasing of Upper Yamuna
basin (Fig. 5). The results of the flow simulation, nitrate load simulation and
compartson of simulated nitrate load with the observed load at Lakhwar have
been presented in Figures 6 (a), (b) and (&), respectively,

5. Watershed-Scale Simulation — Karso Watershed Case

This was one of the first few applications of SWAT al the watershed scale. The
Karso watershed with an area of 27 sq km (Fig. 7) was one of the very few water-
sheds where [Tow measurements were being made and were available under the
Dameodar Valley Project of Bihar State, The other data required for the modeling
that is usually missig was available at 4 reasonably good scale in this watershed.
For example. 5 m contours, detailed land use map, detailed soil map, a weather
station were all available.
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Figure 5. Upper Yamuna river subbasins modeied.
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Figure 6 (c). Observed and simulated concentrations of nitrate at Lakhwar.

It was very encouraging to get the flow simulation to the extent shown in Fig-
ure 8 for such a small watershed and that too without much calibration (Pasricha,
1999).
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Figure 7, Layout of the Karso watershed,
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Figure 9. Impact of change in cropping pattern on water yield in Gandeshwart watershed,

0. Watershed-Scale Simulation — Gandeshwari Watershed Case

The wtent of this study was to develop and implement new technologies in the
ficld ol watershed management. The development was undertaken through a
sponsored research project titled “Water Resowrces Management in Watershed
Management Decision Support Svstem (WMDSS) sponsored by the Departiment
of Serence and Technology. India, which was in turn a sub-segment of the UNDP
project on "GIS-based Technologies for Local Level Development Plaining ™,

In India. emphasis s being placed on making the loecal level users to partici-
pate in the management of the natural resources at the watershed level. Therefore
it 1s imperative that these local level organizations be strengthened by providing
the integrated watershed management tools that are very user-friendly but still use
all the sciemific knowledge to arrive at the appropriate decisions. Invanably, they
will need 10 assess the impact of changes made in the land use. In the agricultural
area, since the common change 1s 0 the form of change mn the cropping pattern,
one would like to assess as 1o what will be the situation if one changes the crop-
ping pattern of the area. This assessment can be with respect (o the prevailing
rainfall of the area 1f only rainted agriculture is 10 be considered. However, one
can also assess the requirement of supplomentary irrigation in case stress levels
devefoped with respect to a specific cropping pattern. Another concern about in-
troduction ol changed cropping pattem shall be its impact on the runoff genera-
tion. An example case has been developed in the Gandeshwar watershed with an
area of 1008 sg km to depict such scenario and s presented below.
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Figure 10. Impact of change in cropping pattern on water yield and other components ol
water balance in Gandeshwari watershed.

Figure 9 presents the average impact of changing the cropping pattern from
rice to maize in various sub-watersheds ol Gandeshwari watershed. Figure |0 de-
picts the average impact of such change i the cropping pattern on many compo-
nents of water balance such as mmofl, groundwater, and evapotranspiration be-
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sides ziving the sediment vield from the Gandeshwari watershed on an annual ba-
sis (Gosain and Rao, 2004).

7. Watershed-Scale Simulation — Watersheds of Madhya
Pradesh and Himachal Pradesh

Water resources development 15 a continuous process and involves interventions
made at various levels and scales. One extreme of such interventions can be in the
form of major water resources development projects catering hydropower and ir-
rigation demand. The other extreme of such interventions is small-scale structures
mainty for soil and water conservation. at the village level [ulfilling the require-
ments of a small community. While the planning is done scientifically for the big
projects, it is invariably missing while meorporating the interventions at the local/
witershed level.

Therefore. it is essential 1o generate biophysical information that can be used
o generate scenarios, which m turo can help in local level planning and manage-
ment of land and water resources while keeping track of upstream-downstream
connectivity.  The  project Low  Base Flows  and  Livelithoods  in In-
dic’ (LOWFLOWS, RE171) sponsored by DIID. UK, was undertaken to demon-
strate the strength of hydrological modeling for monitoring and evaluation of
such watershed development programs. The project had selected two watersheds,
one cach in the states of Himachal Pradesh and Madhya Pradesh (DD, 2000).

In the case of Madhya Pradesh it was the twin watersheds of Dudhi and Be-
was that belong to different drainage systems. The delincated watersheds along
with their sub-watersheds (as per threshold value of 30 hay are shown in Figure 11

A

adn i
H
3
+
=]
13
e f]
i
=®
]
o
11
=

Figere V1. Dudhi and Bewas watersheds with their sub-watersheds.
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Iigure §2. Land use deenarios for Dudhi watershed.

The impact of possible land use change in the Dudhi watershed on various
components of water balance has been quantified and presented in the Table |

The Dudhi watershed was further used to study externalities associated with
watershed activities such as new structures, afforestation. soilfland treatments
Livelihood indices were developed using the output of SWAT and the socio-
economic surveys conducted in the concerned villages. Increase in surface runofl’
may deteriorate the water availability to downstream areas. stressing water de-
mands. especially during the water-stiessed months. This has also been the out-
come in the primary survey conducted during 2004, Analysis shows that for a
downstream village. Amoli. the average time spent in water collection for domes-
tic uses has increased by about 4% (Lodha and Gosain. 2007 1
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Tabie 1. Water balance components under ditferent Land use Scenarios for Dudhi water-
shed.

Average Rain Surface | Water GW Re- Actual ; Lat- | PET
Annual (mim} Runcff | vield charge - ET eral

over 4 Shallow Flow

Scenario 1 1,196.0 | 263.33 | 507.97 1| 235.68 5824 868 1,486.8

Scenario 2 1,196.0 | 18698 | 447.12 | 253.89 695.4 6.27 1.485.7

Scenario 3 1,196,0 § 27243 | 351.69 | 27036 562.80 | 892 1,485.7

8. Watershed-Scale Simulation — The Case of Western Orissa
Rural Livelihood Project (WORLP)

WORLP was a Government of Orissa (GoQ) initiative managed by the Orissa
Watershed Development Mission (OWDM). It was funded through the Govern-
ment of India by the Department for International Development (DfID) of the UK
Government, WORLP’s purpose is: sustainable livelihoods, particularly of the
poorest, promoted in four districts in replicable ways by 2010.

The present study was taken up with the following specific objectives:

e Demonsirate the scientific watershed development approach using SWAT
Hydrological Model framework on two pilot drainage basing of Suktel and Lant
in the Bolangir Disirict

® Demonstrate the procedure for creating hydrologically correct watershed
boundaries for the two identified drainage systems of Suktel and Lant catchments
of Bolangir District :

e (Create framework for Prioritization exercise for watersheds with the pro-
vided criteria

®  Demonstrate procedure for Impact Assessment of development activities in
micro-watersheds

®  Procedure for establishing equity and evaluating sustainability of water re-
source,

e  Bolangir District was identified as the pilot district. Two drainage basins of
Suktel and Lant belonging to the Bolangir District were identified as pilot water-
sheds tor the study.
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Suktel 8 Lanth Delineated Subbasins

Figure 13. Sukiel and Lanth subbasins delineated automaticallv.

The Sukiel watershed is divided into 91 subbasins using a threshold value ol
1,500 ha. Two of the tributaries of Suktel were further subdivided into & number
of sub-watersheds in arder to incorporate micro-watershied level modeling using
plot level cadastral information using APEX model. Similarly. the Lanth water-
shed is delineated and subdivided into 39 subbasins by using a threshold value of
3.200 ha (T Delhi. 2006).

140

Dischamge (pumpes)

Figure 14. Monthly observed vs. simulated plot for Sukiel basin.
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The simulated monthly flow (cumecs) has been compared with the observed
flow at M22 gage discharge station. Figure 14 shows the comparison of simulated
vs. observed flows. It may be observed that the simulated flow (shown as simu-
lated virgin in yellow) is higher than the observed flow consistently. The possible
reason may be attributed to the fact that the model is simulating the basin as the
virgin basin without any man-made interventions, whereas the observed flow cor-
responds to present baseling with appreciable interventions in the form of formed
lands as well as watershed interventions, In order to implement logical baseline it
has been assumed that every subbasin having an area greater than 500 ha has in-
corporated intervention of a collective capacity of 100 ham (hectare meter), The
simulated flow (shown as simulated in blue) compares well with the observed
flow. The correlation coefficient R* of 0.83 has been achieved.

9. Plot Level Hydrological Modeling for a Pilot Watershed of
Suktel Basin

The impact of land forming on hydrological regime of a drainage basin can be de-
picted if we map the reformed land and use the same for hydrological modeling at
the plot level. The SWAT model was not adequate to handle the Jayout at the ca-
dastral level. However, a variation of the same model namely the APEX model 1s
formulated to handle the farm level simuolation. The same was used to demon-
strate the impact of land forming vis-a-vis the natural areas on the hydrology.

APEX has been implemented for one subbasin of Suktel which consists of ca-
dastral level information of Ghumer, Dabkani, Bagabhalli, Aenlatunga, Ghasian,
and Tamian villages.

Flow {cumacs}

May-01
Jukoi
Sep-0t |7
Mar-03
May-0d
Jub0z |
Sep-02
Mar-03 1=

Month/Year
Figure 15, APEX simulation results.
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Figure 15 shows the change in the flow regime due to reforming of the land
with a 20 cm ridge around the plots. In the later situation all the water that was
earlier flowing over the natural terrain is completely capiured on to the plots sur-
rounded by a ridge of 20 ¢cm height. No waier can escape the plot, unless the
depth of the pool exceeds the ridge height. The impact of such reformation of
land for agriculture purpose has been depicted in terms of the drastic reduction in
runoff,

10. Small Hydropower Assessment Using GIS and Hydrological
Modeling — Nagaland Case Study

Small and mini hydel potential can provide a solution for the energy problems in
remote and hilly areas. Small hydro projects are useful since they allow installa-
tion of generation capacity in smaller increments to provide greater economic
flexibility.

A Flow Duration Curve (FDC) provides an estimate of the percentage of time
a flow discharge is exceeded over a historical period for a given drainage basin.
In the case of small hydro projects most of the prospective sites are likely to be
ungaged. For such potential sites, there are usually no flow data available for such
analyses.

[t was proposed to provide solutions using technologies of GIS and hydrologi-
cal modeling to enable the users to assess the feasibility of proposed small-scale
hydropower schemes. The study was sponsored by the Ministry of Non-
conventional Energy Sources (MNES) presently known as MNRE (Ministry of
New and Renewable Energy). Part of the Nagaland State was used as pilot drain-
age system to demonstrate the use of GIS based technologies and hydrological
modeling for selection of hydropower sites. The following specific steps were
used to achieve the set objective for the study (Gosain and Sandhya, 2007,
INRM, 2004):

e  Use of hydrological model for generation of continuous flow series at vari-
ous locations of interest in the drainage system

o Derivation of flow duration curve for a location on the stream using the flow
data generated through the hydrological modeling

Hydropower assessment is done at the sites for selecting key sites for more
detailed investigation.

As an example, results of the above procedure on the Tapu system in Kohima
District have been depicted in Figure 16. The extracted longitudinal profile using
(IS has been used to identify all the drops of desired value within a desired hori-
zontal distance set by the user. Four such sample locations have been identified
where SWAT runs are made for flow generation and derivation of flow duration
curves.
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Figure 16. Tapu or Divung stream, longitudinal profile and Mow duration curve

I'l. Small Hydropower Assessment Using GIS and Hydrological
Modeling — Beas Basin in Himachal Pradesh Case Study

A gimilar-exercise was undertaken but this time for a snow and glacier fed basin
ol Beas in the State of Himachal Pradesh (INRM, 2007), Figure |7 shows the
drwmage and the basin boundary of Beas. All the dramnsge proliles constructed
trom the DEM were analvzed for identification of natural drops. Watershed de-
lineation was made at the identified points and SWAT was run 1o generate the
flow seres. Consequently flow duration curves were formulated.

Detwls of one such watershed namely Palachan has been given here. Since
observed monthly discharge 1s available at the outfall from January 1988 10 De-
cember 1991, validation of the model could be performed. Figure 18 shows the
sinulated fows for the avalable period at the outlet of watershed. [t gives the co-
ellicient of correlation as (1,89,
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Generated and Actual Drainage Network
Beas Basin in Himachal Pradesh

Legend

Generated Dramage

D Basin Boundary e i
0O &5 10 A E1l a0
= Actual Drainage - Km

Figure 17, Drainage netwark of Beas basin in Himachal Pradesh.

The Nlow duration curve from the T-year (1985-1991) simulated record of
Pulachan watershed is shown in Figure 19.

Conclusion

These are only some ol the applications of SWAT that have been reported
here: The intent has been 1o report the range of applications as well as the seale of
applications to which SWAT has been deploved in India. There have been many
ongoing studies where SWAT is bemg used
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2.5 Modeling Blue and Green Water Resources
Availability in Iran

Monireh Faramarzi', Karim C. Abbaspour', Rainer Schulin’
and Hong Yang'

Abstract

An exact knowledge of the internal renewable water resources of a country is a
strategic information which is needed for long-term planning of a nation’s water and
food security, among many other needs. New modeling tools allow this quantification
with high spatial and temporal resolution. In this study we used the program Soil and
Water Assessment Tool (SWAT) in combination with the Sequential Uncertainty Fit-
ting program (SUFI-2) to calibrate and validate a hydrologic model of Iran based on
river discharges and wheat yield, taking into consideration dam operations and irriga-
tion practices. Uncertainty analyses were also performed to assess the model perform-
ance. The results were quite satisfactory for most of the rivers across the country. We
quantified all components of the water balance including blue water flow (water yield
plus deep aquifer recharge), green water flow (actual and potential evapotranspira-
tion), and green water storage (soil moisture) at subbasin level with monthly time
steps. The spatially aggregated water resources and simulated yield compared well
with the existing data. The study period was 1990-2002 for calibration and 1980-1989
for validation. The results show that irrigation practices have a significant impact on
the water balances of the provinces with irigated agriculture. Concerning the staple
food crop in the country, 55% of irrigated wheat and 57% of rainfed wheat are pro-
duced every year in water scarce regions. The vulnerable situation of water resources
availability has serious implications for the country’s food security, and the looming
impact of climate change could only worsen the situation. This study provides a
strong basis for further studies concerning the water and food security and the water
resources management strategies in the country and a unified approach for the analy-
sis of blue and green water in other arid and semi-arid countries.

Keywords: SWAT, SUFI-2, internal water resources availability, irrigated wheat
yield, uncertainty analysis, large-scale hydrologic modeling
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1. Introduction

There are many studies concerning the increasing threat of water scarcity and vul-
nerability of water resources at regional and global scales (Postel et al., 1996;
Cosgrove and Rijsberman, 2000; Vordsmarty et al., 2000; Oki and Kanae, 2006).
As the agricultural sector is by far the iargest water user, the main focus of most
water scarcity studies is on the impact on agricultural and food security. Measures
have been sought to produce more food with less water by increasing crop water
productivity through effective development of genotypes and development of
new technologies for integrated crop management (Kijne et al., 2003; Bouman,
2007).

Another way of dealing with water scarcity is through the use of “virtual wa-
ter trade strategy” (Allan, 1997). At the global level, Yang et al. (2006} show that
water saving results from virtual water trade because major flow of virtual water
is from countries with large crop water productivity to countries with small crop
water productivity. Within a country, virtual water trade can also result in water
saving and water use efficiency at watershed and national levels. According to
this concept, water scarce regions can use their water resources more efficiently
by a combination of innovative local agricultural production (e.g. greenhouse and
hydroponic production) and import from outside what they need to meet the local
food demand. The import from outside can be thought of ag “virtual water’ enter-
ing the region to compensate the local water shortages. At the national level, food
self-sufficiency has been a desired objective of the Iranian government, neverthe-
less, large amounts of food are imported into the country in drought years, This is
partly due to the lack of water for expanding agricultural production. Wheat im-
port during the drought years of 1999 to 2001 accounted for 80% of the country’s
total domestic wheat supply, making Iran one the largest wheat importer of the
world at the time (FAQ, 2005).

Given the close relationship between water and food, a systematic assessment
of water resources availability with high spatial and temporal resolution is essen-
tial in Iran for strategic decision-making on food security. Although initiatives
have been taken to quantify water availability by the Ministry of Energy (MOE),
the implementation has been slow and non-systematic so far. To our knowledge
the national water planning report by the MOE (1998) is the only available
source, which provides water resources availability data in surface water and har-
vestable groundwater resources on a regional scale for Iran. There is, however, a
lack of information with adequate spatial and temporal resolution concerning the
hydrological components affecting the availability of water resources in the country.

Water resource development through the water transfer projects, construction
of dams, weirs and levees, and extraction of water for irrigation purposes can sig-
nificantly alter the hydrology (Thoms and Sheldon, 2000}, In arid and semi-arid
countries such as [ran, due to the low rate, high variability and uneven distribu-
tion of precipitation, water resources in aquifers and rivers are subject to high lev-
els of exploitation and diversion from their natural conditions (Abrishamchi and
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Tajrishi, 2005). Accounting for these man-made changes in water courses pre-
sents a formidable challenge in hydrological modeling. Furthermore, irrigated ag-
riculture, which uses more than 90% of total water withdrawal and more than
60% of total renewable water resources in the country (Keshavarz et al., 2005;
Alizadeh and Keshavarz, 2003) has a major effect on the hydrological water bal-
ance. Therefore, incorporating water management practices (¢.g. water storage by
dams and irrigation in agriculture) is essential in obtaining more precise and real-
istic information on water resources availability in individual watersheds and in
the country as a whole.

Against this background, the main objective of this study is first to calibrate
and validate a hydrologic model of Iran at the subbasin level with uncertainty
analysis. Second, to estimate water resources availability at the subbasin level on
a monthly time step considering the impact of water resources management prac-
tices in the country, Third, to explicitly quantify hydrological components of wa-
ter resources, e.g. surface runoff and deep aquifer recharge (blue water flow), soil
water (green water storage) and actual evapotranspiration {green water flow).
This work is intended to provide a basis for future scenano analysis of water re-
source management, virtual water trade and climate change in Iran. Model cali-
bration and validation is based on river discharge data from 81 gaging stations
and wheat yield data from irrigated regions. As crop yield is directly proportional
to actual evapotranspiration (Jensen, 1968; FAO, 1986), model calibration using
crop yield provides more confidence on the partitioning of waier between soil
storage, actual evapotranspiration and aquifer recharge than calibrations based on
river discharge alone,

To satisfy the objectives of this study, the Soil and Water Assessment Tool
(SWAT) (Armold et al., 1998) was used to model the hydrology of Iran. SWAT is
a continuous time and spatially distributed watershed model, in which compo-
nents such as hydrelogy, crop growth related processes and agricultural manage-
ment practices are considered. SWAT was preferred to other models in this pro-
ject for various reasons. For example, CropWat and CropSyst {Confalonieri and
Bocchi, 2005) are only capable of simulating crop growth related processes. Wa-
terGAP 2 (Alcamo et al., 2003; D6l et al., 2003) consists of two independent
components for hydrology and water use, but does not include crop growth and
agricultural management practices. G1S based Erosion Productivity Impact Cal-
culator (GEPIC) {Liu et al., 2007) addresses spatial variability of crop yield and
evapotranspiration, but lacks an explicit component for large-scale hydrology.
Soil and Water Integrated Model (SWIM) (Krysanova et al,, 2005) was devel-
oped for use in mesoscale and large river basins (>100,000 km®) mainly for cli-
mate change and land use change impact studies, and Simulation of Production
and Utilization of Rangelands (SPUR) is an ecosystern simulation model devel-
oped mostly for rangeland hydrology and crops (Foy et al., 1999). For calibration
and uncertainty analysis in this study, we used program SUFI-2 (Abbaspour et al.,
2007a). SUFI-2 is a tool for sensitivity analysis, multi-site calibration, and uncer-
tainty analysis. [t is capable of analysing a large number of parameters and meas-
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ured data from many gaging stations simultaneously. In a study Yang et al.
(2008) found that SUFI-2 needed the smallest number of model runs to achieve a
similarly good calibration and prediction uncertainty results in comparison with
four other techniques. This efficiency is of great importance when dealing with
computationally intensive, complex, and large-scale models. In addition, SUFI-2
1s Imked to SWAT (in the SWAT-CUP software, Abbaspour, 2007b) through an
interface that mcludes also the programs Generalized Likelithood Uncertainty Es-
timation {GLUE) (Beven and Binley, 1992), Parameter Solution (ParaSol) (van
Griensven and Meixner, 2006), and a Monte Carlo Markov Chain, MCMC,
(Vrugt et al., 2003) algorithm.

2. Materials and Methods

2.1 The hydrologic simulator (SWAT)

SWAT is a computationally efficient simulator of hydrology and water quality at
various scales. The program has been used in many international applications
(Armold and Allen, 1996; Narasimhan et al., 2005; Gosain et al., 2006; Abbaspour
et al., 2007a; Yang et al., 2007; Schuol et al., 2008a.b). The model is developed
to quantify the impact of land management practices on water, sediment and agri-
cultural chemical yields in large complex watersheds with varying soils, land
uses, and management conditions over long periods of time. The main compo-
nents of SWAT are hydrology, climate, nutrient cycling, soil temperature, sedi-
ment movement, crop growth, agricultural management, and pesticide dynamics.
In this study, we used Arc-SWAT (Olivera et al., 2006), where ArcGIS (ver. 9.1)
environment is used for project development.

Spatial parameterization of the SWAT model is performed by dividing the
watershed into subbasins based on topography. These are further subdivided into
a series of hydrologic response units (HRU), based on unique soil and land use
characteristics. The responses of each HRU in terms of water and nutrient trans-
formations and losses are determined individually, aggregated at the subbasin
level and routed to the associated reach and catchment outlet through the channel
network. SWAT represents the local water balance through four storage volumes:
snow, soil profile (0-2 m), shallow aquifer (2-20 m) and deep aquifer (>20 m).
The soil water balance equation is the basis of hydrological modeling. The simu-
lated processes include surface runoff, infiliration, evaporation, plant water up-
take, lateral flow, and percolation to shallow and deep aquifers. Surface runoff is
estimated by a modified Soil Conservation Service (SCS) curve number equation
using daily precipitation data based on soil hydrologic group, land use/land cover
characteristics and antecedent soil moisture.

In this study, potential evapotranspiration (PET) was simulated using Har-
greaves method (Hargreaves et al., 1985). Actual evapotranspiration (AET) was
predicted based on the methodology developed by Ritchie (1972). The daily
value of the leaf area index (LAI) was used to partition the PET into potential soil
evaporation and potential plant transpiration. LAI and root development were
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simulated vsing the “erop growth™ component of SWAT. This component repre-
sents the mterrelation between vegetation and hydrologic balance. Plant growth
was determined from leal area development, light interception and conversion of
intergepted light into biomass assunung a plant species-specilic radiation use effi-
ciency. Phenological plant development was based on daily accumulated heat
units, potential biomass, and harvest index. Harvest index is the fraction of
aboveground plant dry biomass that is removed as dry economic yield to calcu-
late crop yield. Plant growth. in the model, can be inhibited by temperature, wa-
ter, nitrogen and phosphorus stress factors. A more detailed description of the
model is given by Neitsch et al. (2002).

2.2 Description of the study area

i)y Climate and hydrology )

[ran, with an area of 1,648.000 km" is located between 25 and 40 degrees north
latitude and 44 1o 63 degrees east longitude. The altitude varies form -40 m to
5,670 m. which has a pronounced influence on the diversity of the climate. Although
most parts of the country could be classified as and and senmarid. Iran has a wide
spectrum of climatic conditions. The average annual precipitation 1s 252 mum yr B
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Figure 1. Study area and the main hydrologic regions. The dark green areas in the back-
ground include wetlands, takes, marshes, ete., which needed to be cut from the DEM in or-
der 1o have a correct niver pattert. They are not included in the model.
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The northern and high altitude areas found in the west receive about 1,600-
2,000 mm yr'l (NCCO, 2003), while the central and eastern parts of the country
receive less than 120 mm yr''. The per capita freshwater availability for the coun-
try was estimated at around 2,000 m’ capita” yr” in the year 2000 and expected to
go below 1,500 m’ capita™ yr™' (the water scarcity threshold) by 2030 due to the
population growth (Yang et al., 2003). Winter temperatures of -20°C and below in
high altitude regions of much of the country and summer temperatures of more than
50°C in the southern regions have been recorded (NCCO, 2003).

Table 1. Watcrshed charactenistics of the eighi main hyvdrologie regions in Iran,

Hydraloglc  Area™! Mean Sumber of %% Lond une™

(km'y  precipitetion™ hm BSVG CRDY CRGR CRIR CRWO FODB GRAS SAVA SHRB
HR 1 &147% =0 [3 B 155 1813 3% D09 619 18 18
HR 2 131,97 3% P H2 . At - 52X 18 161
R 3 FHS.042 S48 ” 135 T . 7,025 - mas . siH
HRA4 196319 7% w7 % . . £27 . 7 - T
HR S 459,10 132 0 IREE L4 DS L0l 255 NB6 1820 LEE 310M
HR 6 66,654 1% % 5 - 013 4D . . X" S VX"
HR? #2268 wr - 17 - . . . I ¥ 3
HRY 256,551 197 &7 T 09 B - L% - mn - s

P Moxdvlot area: area of sub-bosins delineated m cach 11R wore aggregated

™ Avaluble from Ministry of Hnergy of Iran (F99%) report.

% pxtraeted Grom USGS land use dawbase usirg SWAT selected dominunt Jund wse aod soi) Jor cach subbasin. BSVG: Turren
o sparsely vegemed, CRIYY. dryvland croplend pasture, CRGR: eropland-grassland mosaic, CRIR irrigated cropland and
pasture, CRWO: cropland-woodland mesaie. FONB- decidusus broadleal’ forest, GRAR: prosstand, SAVA. sivanna, $1RB
shaubs Logwi .

Table 2. Charsctenstics of 19 large reservoirs mcluded in the SWAT model.

Yearof  Longitude TLatitude Surface area  Gross capacity

Name River completion  {deprec)  ({degree) (km®) (MCMP*

Aras Arag 1971 45.40 39.10 145 1350
Dez Dz, 1962 48.46 3261 62.5 2,600
Deroudzan Kor 1973 52.49 30.16 55 993
Gheshlagh Gheshlagh 1979 47.01 3539 8.5 224
Gotpayegan Ghom Rud 1957 50.13 33.42 2.7 57
Gorgan Gergan Rud 1970 54.76 37.22 182 o7
Jiroft Halil Rud 191 5757 R”I 97 336
Karaj Karaj 1961 5109 3595 39 208
Karkheh Karkheh 2001 48.19 32.39 161 7.300
Lar Lar 1982 52.60 35,89 29 960
Latyan Taj Rud 1967 5168 35.79 29 95
Maroun Maroun 1999 50,34 3068 25.1 L1832
Minab Minab 1583 57.06 2715 182 4
Panzdah-khordad  Ghom Rud 1994 50.61 34.08 14.1 195
Saveh YVafregan 1993 5024 3493 g3 203
Sefid Rud Sefid Rud 1962 49.38 36.75 46.4 1,765
Shahid Abbaspour Karun 977 49.61 32.06 51.7 3139
Shahid Rajavec Tajan 1908 53.30 36.35 4.1 1%
Zayandeh Rud Zayandeh Rod 1970 50.74 32.74 48 1,450

*MOM = million cubic meter.

According to the national water planning report by the MOE (1998), Iran can
be divided into eight main hydrologic regions (HR} comprising a total of 37 river
basins. We used the MOE hydrologic regions as the basis for comparison in our
study. The eight main hydrologic regions are delineated in Figure 1.
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Table 1 shows some pertinent characteristics of the eight hydrologic regions.
Table 2 provides a list of dams on the major rivers that were included in the
model.

In HR1, Sefid Rud and Haraz are the main rivers. Sefid Rud is 670 km long
and rises in northwest Iran and flows generally east to meet the Caspian Sea. It is
Iran’s second longest river after Karun. A storage dam on the river was com-
pleted in 1962. Haraz is a river in northern Iran that flows northward from the
foot of Mount Damavand te the Caspian Sea cutting through Alborz. A storage
dam has been constructed on the Lar River which is an upstream tributary of the
Haraz River. There are many other short rivers that originate from the Alborz
Mountains and flow toward the Caspian Sea. This is a water-rich region in the
country.

In HR2, Lake Urmiyeh is a permanent salt lake receiving several permanent
and ephemeral tivers. Aras is an international river. It originates in Turkey and
flows along the Turkish-Armenian border, the [ramian-Armenian border and the
Iranian- Azerbaijan border before it finally meet with the Kura River, which flows
into the Caspian Sea. This hydrologic region is important for agricultural activi-
ties, as the water resource availability and climatic conditions are suitable.

in HR3, Karkheh and Karun are the main rivers. They are the most navigable
rivers in Iran, receiving many tributaries. HR3 is an arid and semi-arid region.
Jarahi, Zohreh and Sirvan are the other main rivers in the region. Several storage
dams have been constructed on the rivers and operated for many years. The re-
gion has large water resources but due to poor climatic conditions agricultural
performance is moderate.

In HR4, all the rivers and streams provide relatively moderate water resources
for agricultural activities. The Kor River flows into the Bakhtegan Lake at the
end of its journey. The rivers Dalaki, Mond, Kol and southern coastal tributaries
flow through this hydrologic region and end in the Persian Gulf.

HRS has no major rivers, The region is classified as very arid. The only im-
portant rivers of the region are Halil Rud and Bampoor.

In HR6, the famous Zayandeh Rud is the only main niver, which originates
from the Zagros Mountains and ends in the Gavkhooni marsh after meandering
for 420 km. There is a storage reservoir on the river with an average annual out-
flow of 47.5 m’ 5.

In HR7, Karaj, Jaj Rud, Ghom Rud and Shor Rud are the main tributaries. The
rivers originate from both the Alborz and Zagros Mountains and flow toward a
Salt Lake at the central plateau of Iran.

In HR8, Atrak and Hari Rud are the most important of the six river basins.
Atrak is a fast-moving river that begins in the mountains of northeastern Iran and
flows westward to end at the southeastern corner of the Caspian Sea. Hari Rud is
a riparian river recharged from tributaries of both Iran and Afghanistan.
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Among all the trans-boundary rivers between Iran and its neighboring coun-
tries only the Hirmand River, located in HRS, was excluded from our modeling
study, because its contributing area on the [ranian side only accounts for about
14% of the river basin (Chavoshian et al,, 2005). This will not significantly affect
the estimation of internal renewable water resources as the region is quite dry.

ii) Cropping and irrigation

Roughly 37 million ha of Iran’s total surface area is arable land. Of which, 18.5
million ha are devoted to horticulture and field crop production (Keshavarz et al.,
2005). About 9 million ha of this land are irrigated using traditional and modemn
techniques, and 10 million ha are rainfed. Wheat is the core commodity of the
Iranian food and agriculture system. It is grown on nearly 60 percent of the coun-
try’s arable [and. The average yield for irrigated wheat is approximately 3.0 tons
ha™', compared to 0.95 ton ha™! for rainfed wheat (FAQ, 2005).

In Iran, more than 90% of the total water withdrawal is used in the agricul-
tural sector, mostly for irrigation. About 50% of the irrigation water is from sur-
face sources and the other 50% from ground water (Ardakanian, 2005). Owing to
the traditional method of irrigation and water conveying systems, the overall irci-
gation efficiency varies between 15% and 36% (Keshavarz et al,, 2005). There-
fore, a large fraction of diverted water is lost to evaporation and percolation, Irri-
gation practices in Iran have a large impact on the hydrological balances of the
river basins.

In this study, irrigated wheat was incorporated in the modeling tn order to ob-
tain a sufficiently accurate representation of the hydrological balances, particu-
larly for arcas under irrigated agriculture. According to the information available
from the Global Map of Irrigation Areas Version 4.0.1 (Siebert et al., 2007) and
other sources, i.e. USDA (2003) and Statistical Center of Iran (SCI) (1990-2002),
the major imigated areas are distributed across 11 provinces (Table 3). Except for
Kerman Province, where irrigated wheat is the second largest product in terms of
area under irmgated farming, wheat production occupies the largest areas under
irrigation in all other provinces. In this study, we use winter wheat as a represen-
tative crop for irrigated areas. To show the hydrological importance of irrigation,
we ran the model with and without taking irrigated wheat into account.

2.3 Model inputs and model setup

Data required for this study were compiled from different sources, They include:
Digital Elevation Model (DEM) that was extracted from the Global U.S. Geologi-
cal Survey’s (USGS, 1993) public domain geographic database HYDRO1k with a
spatial resolution of I km (http://edc.usgs gov/producis/elevation/gtopo30/hydro/
index.htm]), Land use map from the USGS Global Land Use LLand Cover Charac-
terization (GLCC) database with a spatial resolution of 1 km and distinguishing
24 land use/land cover classes (http://edcsns 17 crusgs.gov/glec/glee.html).
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Table 3. Proportion of irrigated areas under cultivation of wheat in different provinces.

Province (AIW / TIAY*100

Bushchr o , o 612z
Esfahan 1 4316

| Ghazyvin — o AT8S %
© Hormozgan —— 2540 i
' Kerman 3020
i Khozestan 7 i 5128
_Sistan Bafuchestan 508
Tehran | 37.35

o

B

=
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il Pl
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Note: AIW = average (1990-2002) annual area under cultivation of irrigated wheat.
TIA = total irrigated area.

The soil map was obtained from the global soil map of the Food and Agncul-
ture Organization of the United Nations (FAQ, 1995), which provides data for
5,000 soil types comprising two layers (0-30 cm and 30-100 cm depth) at a spa-
tial resolution of 10 km. Further data on land use and soil physical properties re-
quired for SWAT were obtained from Schuol et al. (2008a). The irrigation map
was constructed from the Global Map of Imgation Areas of the FAQ (Siebert et
al., 2007) which was developed by combining sub-national irrigation statistics
with geospatial information on the position and extent of irrigation schemes
(http://www.fao.org/ag/agl/aglw/aquastat/irripationmap/index 10.stm).

Information about the digital stream network, administrative boundaries de-
picting country and province boundaries, and reservoirs/dams was available from
the National Cartographic Center of [ran, which provides informatton at a spatial
resolution of 1 km.

Weather input data (daily precipitation, maximum and minimum temperature,
daily solar radiation) were obtained from the Public Weather Service of the Ira-
mian Meteorological Organization (WSIMO) for more than 150 synoptic stations.
The distribution of the selected stations across the country was sufficiently repre-
sentative, as the gaging station network was denser in mountainous areas. Time
spans covered by the available data were from 1977 to 2004. They varied depend-
ing on the age of the weather stations. The WXGEN weather generator model
(Sharpley and Williams, 1990), which is mcorporated in SWAT, was used to fill
in gaps in the measured records. The weather data for each subbasin is assigned
automatically in SWAT using the closest weather station. River discharge data re-
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quired for calibration-validation were obtained from MOE of Iran for about 90
hydrometric stations for the period of 1977 to 2002. Historical records on annual
yield and area cultivated with irrigated wheat were obtained for the period of
1990 to 2002 from the Agricultural Statistics and the Information Center of Min-
istry of Jahade-Agriculture (MOJA) and SCIL

A drainage area of 600 km® was selected as the threshold for the delineation
of watersheds. This threshold was chosen to balance between the resolution of the
available information and a practical SWAT project size. This resulted in 506
subbasins which were characterized by dominant soil, land use, and slope. It
should be pointed out that with the threshold of 600 km’ the modeled area doesn’t
cover the entire land surface of the country, especially the coastal regions and
some desert areas having a watershed area of Jess than 600 km’. In these cases the
results were linearly extrapolated from the closest modeled subbasins.

For a better simulation of the hydrology, the daily operation of 19 large reser-
voirs/dams was incorporated into the model. The operation data and parameters
were obtained from the Water Resources Management Organization (WRMO) of
Iran.

To simulate crop growth and crop vyield, we used the auto-fertilization and
auto-irrigation options of SWAT, using the available annual fertilizer use data
from MOJA and assuming that there is no water stress in the production of irri-
gated wheat. The cumulative heat (growing degree day) required to reach matur-
ity is almost 2,300 for wheat in Iran. The simulation period for calibration was
from 1990-2002 considering 3 years as the warm up pericd, and for validation
from 1980-1989 also using 3 years as warm up period. With the above specifica-
tions, a model run took about 15 minutes of execution time for each run in a 3
Ghz dual processor PC,

2.4 Calibration setup and analysis

Sensitivity analysis, calibration, validation, and uncertainty analysis were per-
formed for the hydrology (using river discharge) as well as crop growth (using ir-
rigated wheat yield). As these components of SWAT involve a large number of
parameters, a sensitivity analysis was performed to identify the key parameters
across different hydrologic regions. For the sensitivity analysis, 22 parameters in-
tegrally related to stream flow (Lenbart et al.,, 2002; Holvoet et al., 2003; White
and Chaubey, 2005; Abbaspour et al., 2007a) and another 4 parameters related to
crop growth (Ruget et al., 2002; Ziaei and Sepaskhah, 2003; Wang et al., 2005)
were initially selected (Table 4). We refer to these as the *global’ parameters. In a
second step, these global parameters were further differentiated by soil and land
use in order to account for spatial variation in soil and land use (i.e. SCS curve
number CN2 of agricultural areas was assigned differently from that of forested
areas), This resulted in 268 scaled parameters, for which we performed sensitivity
analysis using stepwise regression (Muleta and Nicklow, 2005).

As different calibration procedures produce different parameter sets
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{Abbaspour et al., 1999; Abbaspour et al., 2007a; Schuol et al., 2008b; Yang et
al., 2008), we used three different approaches here for comparison and to provide
more confidence in the results, These include: (i) the ‘global approach’, where
only the global parameters were used (26 parameters), {ii} the *scaling approach’,
where parameters were differentiated by soil and land use (268 parameters), and
(iii) the ‘regional approach’, where the scaling approach was used in each of the
eight hydrologic regions, i.€. each region was calibrated separately.

The SUFI-2 (Abbaspour et al., 2007a) algorithm was used for parameter opti-
mization according to the above schemes. In this algoritbm all uncertainties
(parameter, conceptual model, input, etc.) are mapped onto the parameter ranges,
which are calibrated to bracket most of the measured data in the 95% prediction
uncertainty (Abbaspour et al, 2007a). The overall uncertainty in the output is
quantified by the 95% prediction uncertainty (95PPU) calculated at the 2.5% and
97.5% levels of the cumulative distribution of an output variable obtained
through Latin hypercube sampling, Two indices are used to quantity the goodness
of calibration/uncertainty performance; the P-facfor, which is the percentage of
data bracketed by the 95PPU band (maximum value 100%), and the R-factor,
which is the average width of the band divided by the standard deviation of the
corresponding measured variable. Ideally, we would like to bracket most of the
measured data {plus their uncertainties) within the 95PPU band (P-factor ® 1)
while having the narrowest band (R-factor ® 0).

In order to compare the measured and simulated monthly discharges we used
a slightly modified version of the efficiency criterion defined by Krause et al.
(2005):
6|R? for <1

o R? Sor o[> 1

.

. (1)
where R? is the coefficient of determination between the measured and simulated
signals and # is the slope of the regression line.

For multiple discharge stations, the objective function was simply an average
of F for all stations within a region of interest:

1 n
g= —ZQ)!
nia
, 2)
where s is the number of stations. The function F varies between () and 1 and is
not dominated by a few badly simulated stations. This is contrary to Nash-

Sutcliffe, where a large negative objective function (i.e. a badly simulated station)
could dominate the optimization process.
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Table 4. Initially selected input parameters m the calibration process.

L) - a £
Name!” Delinition valueh + p-value
v SURLAG.bsn Surface runoff lag time (days) 309 000211
v_ SMTMP.bsn Snow melt base temperature (°C) 6448 276x 10"
v SFTMPben Snowfall temperatare ("Cy (4985 . 8.66E07
Minimum melt rate for snow during the year

VSMEMNbsn e day) 295 0.00333
v TIMP.bsn Snow pack termperature lag factor 2493 o013

¢ CNZmgt $CS runoff curve number for moisture

- condition I 19.801 é25(1(]”
v__ALPHA BF.gw  Base flow alpha factor {days) 2179 0.02983

Threshold depth of water in the shallow

V_REVAPMNES y0uifer for ‘revap’ to ooour (mm) 2146 0.03236
v _GW_DELAY gw  Groundwater delay time (days) 3.633 0.00031
v OW REVAPgw  Groundwater revap, costficient 2972 0.00311

. Threshold depth of water in the shallow ‘
V—GW_QMN%W . aquifer required for return flow to ocour (mm)  2.849 - 0.00457
v__RCHRG DP.gw | Deep aguifer percolation fraction 5.184 320107
v ESCO4ru Sotl evaporation compensation factor 5.568 4285107
. - Soil avaitable water storage capacity (mm

r. SOL AWCsol g Slmen soil) 8841 2107

1 SOL K.sol Soil conductivity (r;ma;hx} . L2018 0.04414
r_SOI._BD.sot Soil bulk density (g'cm’) 7908 7 L7oxio®

MY e Maximum melt rate for snow during the year 0070 0.944
wmhMFlE’[X,bm (mmC-day) ) .
v__EPCOhmu Plant uptake compensation factor 1.097 0.273

r OV Nhzl Mannirg’s n value for overland flow 0.004 0.956
r_SOL_ALB.sol Moist soil albedo 0.241 0.809
v__CH_NZ.de Manning’s n value for mam channel 0.871 0.334

v CH K2 Effective hvdravlic conductivity in the main 0.974 0.330
A  channel (mmvhr)

v _HI Harvest index - -

v HEAT- LNI'I o Crop required heal units - -

v AL' TO-WE” I'I& Water stress factor - -
'v ALTO-NSIR,S B Nllmgen stress factor . -

[x]

The parameter value is replaced by given value or absolutc change; r__

paramcter value is multiplied by (1 ¢+ a given value) or relative change (See Abbaspour
2007h) for more detail).
) i-value indicates parameter sensitivity. The large the -value. the more sensitive the

arameter

“l p-value indicates the significance of the t-vaiue. The smaller the p-values, the less
chance of a parameter being accidentally assigned as sensitive

194



The objective function in the global and scaling approaches wus optimized
based on 81 discharge stations across the modeled area. While in the regional ap-
proach, the function was optimized using the number of stations that fell in cach
of the eight hydrologic regions (Table 5).

3. Results and Discussions
3.1 Calibration-uncertainty analysis

The sensitivity analysis showed that most of the 22 "global parameters” of hydrol-
ogy were sensitive to river discharge. Also, all crop parameters were sensitive 1o
crop yield. These parameters are listed in Table 4 along with their ~value and p-
value statistics representing their relative sensitivities. As expected, parameters
such as CN2 (SCS runoff curve number), temperature parameters, and available
soil water content (SOQL_AWC) were most sensitive.

MUUE AATTE TR BCUUT

Creflicient of determination (R}
@ 000020
O 021-040
@ oH-080
@ vel.0%

2N

o ar T 0

e T

Figure 2, Comparison of obscrved and simulated discharges using coefficient of determi-
nation (A7) for 81 stations across the country resulting from the regional approach calibra-
tion procedure.

Of the 268 parameters differentiated by soil and land use i the scaling and re-
gional approach, 130 were also sensitive to hydrology and crop yield.

The three calibration procedures produced similar goodness of it for the
whole of Iran in terms of the objective function g, the P-fuctor, and the R-factor.
The optimized parameter ranges, however, were different for the three proce-
dures. Such non-umgueness is typical for the calibration of hydrologic modeis. It
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states that if there is a model that fits the measurements, then there will be many
such models with different parameter ranges. Yang et al. (2008) used four differ-
ent calibration procedures, namely GLUE, MCMC, ParaSol, and SUFI-2 for a
watershed in China. All four gave a very similar goodness of fit in terms of R?,
Nash-Sutcliffe, P-factor and R-factor, but converged to quite different parameter

Table 5. Calibration performances of regional approach proceduse.

Regional approach

Hydrologic Number of

- - Goal = P- . R-
region : stations function  factor . factor
HR1 ' 16 0.22 040 = 095
HR2 10 0.20 0.52 0.82
HR3 15 0.37 0.62 1.14
HR4 15 032 065  1.89
HRS 5 0.25 0.64 3.66
HR6 7 043 0.43 1.80
HR7 7 030 0.46 1.38
HR& 6 0.28 0.47 2.26
Country g1 0.3 0.53 1.52

ranges. Also in this study, where only SUFI-2 was used with three different ob-
jective functions, all three procedures resulted in different final parameter values
similar to the study of Schuol et al. (2008b) for Africa.

In the following, we used the result of the ‘regional approach’, because the
eight regions accounted for more of the spatial variability in the country and a
slightly better objective function thap with the other two approaches.

Table 5 presents the calibration results for the regional approach. On average,
33 percent of the data from 81 discharge stations fell within the 95PPU. The R-
factor was 1,52, Figure 2 shows the coefficient of determination (8%} for the indi-
vidual discharge stations across the country, Most of the stations in HR3, HR4,
and HR6 were described with an R* of more than 0.5. There are still some poorly
simulated stations with R*values of less than 0.15. The small P-factor and large
R-factor values for these stations represent large uncertainties. Based on the in-
formation we obtained by consulting the local experts, possible reasons for the
poor model calibration in some regions include insufficient accounting of agricul-
tural and industrial water use in the model, inter-basin water transfer projects in
humid and arid zones (Abrishamchi and Tajrishi, 2005), and the construction or
operation of more than 200 reservoirs in the country during the period of study
(Ehsani, 2005).
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Figure 4. Comparison of observed and simulated (expressed as 93% prediction uncertainty
band) annual wheat yield averaged over the years 1990-2002 for different provinces,
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Figure 5. Comparison of the observed (red line) and simulated (expressed as 95% predic-
tion uncertainty band) discharges for three hydrometric stations located in hydrologic re-
gions HR1, HR2, and HR3. Calibration (left) and validation (right) results are shown.

We constructed a “water management map” for the country for the period of
study as illustrated n Figure 3. This management map shows the spatial distribution
of some of the man’s activities influencing natural hydrology during the period of
study. Regions with the highest activities have the worst calibration/validation results
(compare with Fig. 2) as well as the largest uncertainties. The construction of dams,
reservoirs, roads and tunnels can affect the local hydrology for many years. This is an
important and often neglected source of uncertainty in large-scale hydrological mod-
eling. As the extent of management in water resources development increases, hydro-
logical modeling will become more and more difficult and will depend on the avail-
ability of detailed knowledge of the management operations.

Calibration of a large-scale distributed hydrologic model against river dis-
charge alone may not provide sufficient confidence for all components of the wa-
ter balance. Multi-criteria calibration is suggested by Abbaspour et al. (2007a) for
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a better characterization of different components and as a way of dealing with the
non-uniqueness problem (narrowing of the prediction uncertainty).

Because of the direct relationship between crop yield and evapotranspiration
(FAOQ, 1986; Jensen, 1968), we included yield as an additional target variable in
the calibration process in order to improve the simulation of ET, soil moisture,
and deep aquifer recharge, Figure 4 shows the calibration results for the winter
wheat yield across 12 major irrigated-wheat producing provinces. As illustrated,
observed yields for all provinces are inside or very close to the predicted bands
indicating good results. We are assuming that if yield is correct, then actual
evapotranspiration and also soil moisture are simulated correctly. This in turn in-
dicates that deep aquifer recharge is correct; hence, increasing our confidence on
the calculated blue water, that is the sum of river discharge and deep aquifer re-
charge.

For validation (1980-1989), we used the parameters obtained by the regional
approach to predict river discharges at the stations not affected by upstream reser-
voirs. Only these stations were chosen because data on daily outflow from reser-
voirs were not available for the validation period. In Figure 5, some examples of
calibration and validation results are illustrated for individual stations in HR1-3.
In general, the results of calibration and validation analysis based on river dis-
charge and crop yield were quite satisfactory for the whole country, Next, we cal-
culated water resources using the calibrated model and compared it with the
available data as a further check of the performance of the model.

3.2 Quantification of water resources at provincial and regional levels

Monthly internal renewable blue water resources (IRWR, the summation of water
vield and deep aquifer recharge) were caleulated for all of 506 subbasing included
in the model. Furthermore, the monthly IRWR of subbasins were aggregated to
estimate the regional, provincial and national IRWR availability. Figure 6 com-
pares the predicted regional IRWR. with the values published by MOE (1998) and
the prediction for the whole country with MOE and FAQO estimates (FAO, 2003;
Banaei et al., 2005). The MOE estimate is based on the long-term (1966-1994)
averages of net precipitation, which is annual precipitation minus annual
evapotranspiration. The FAQ estimates are based on long-term (1961-1990) aver-
ages of annual surface and groundwater flow generated from precipitation. As
shown in Figure 6, the FAO and MOE estimates are within or close to the 95PPU
of our model predictions. Confidence in model results increases as most of the
observed wheat yield (Fig. 4) and IRWR fall within the uncertainty band of
model prediction.

Figure 7 shows the IRWR and actual ET or green water flow (Falkenmark and
Rockstrom, 2006) for 30 provinces. For a better inter-provincial comparison we
show also annual precipitation. In general, for some provinces uncertainty ranges
of average annual IRWR are wide and this is especially true for the provinces
with higher precipitation.
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Figure 6. Comparison of simulated average (1990-2002) annual regional internal renew-
able blue water resources (IRWR) with the available data from the Ministry of Energy
(MOE) and FAQ for the entire country.

Similar results were also shown by Schuol et al. (2008a,b) in their study of
water resources in Africa. A larger uncertainty band for some provinces might be
due to higher conceptual model uncertainty as water management projects (not
included in the model) could alter natural hydrology as discussed previously. A
comparison of the results in Figure 7 and the “water management map” in Figure
3 shows the correspondence between high uncertainty provinces and the ones
with substantial managements. It should be noted that the reported uncertainty in-
cludes both modeling uncertainties as well as natural heterogeneity. Despite the
uncertainties, our results are quite realistic for most provinces as they were evalu-
ated and confirmed by local experts (personal communications with local water
resources experts, 2007).

We found that irrigation in particular has a large impact on hydrologic water
balance. The main advantage of accounting for irrigated agricultural areas in the
model is that actual ET and soil water are simulated adequately. For example, in
the Zayandeh Rud niver basin (Esfahan Province, HR6) the annual precipitation
has an average of 126 mm, This river basin is agricultural and is intensively irri-
gated from varipus surface and groundwater sources. By ignoring irrigation,
therefore, we could never produce an ET value of over 1,000 mm per year as re-
ported by Akbari ¢t al. (2007). This would have created an incorrect picture of
water balance in this region.
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Figure 7. Modelled average (1990-2002) annual provineial imernal renewable blue water
resources {IRWR), actual evapotranspiration (ET) expressed as 95% prediction uncer-
tainty, and precipitation.

To illustrate the impact of irrigation on water balances, we performed simula-
tions with and without irrigation in the model. An example is shown in Figure 3
tor Esfahan Province. Using the 95PPU band, the difference between ET with
and without irmigation was calculated to have an average value of about 130 mm
per vear for the entire provinee. The difference becomes much larger if’ we take
individual basins under irrigated agriculture within the province. For example, for
the Zayvandeh Rud river basin the calculations ol ET with and without irrigation
gave average values of about 850 mm and 135 mm per vear, respectively. Aside
from the bulk figures. the temporal distribution of the two scenarios shows pro-
nounced differences as illustrated in Figure 8,
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3.3 Quantification af water resources af subbasin level

For a general overview of the hydrological components in the country at subbasin
level we constructed Figure 9. The average of the 95PPU interval tor the years
1960-2002 was vsed 1o charactenize the spatial distribution of various compo-
nents such as precipitation, blue water, actual evapotranspiration, and soil water.
In the precipitation map, spatial distribution of the rain gage siations is also
shown. The average precipitation for each subbasin was calculated from the clos-
est station. There 1s a pronounced variation in the spatial distribution of the hy-
drological variables across the country. In many subbasins in the northeast and
central [ran where precipitation and blue water resources are small. actual
gvapolranspiration is large mainly due to irrigation from other water sources such
as reservolrs and groundwater, The soil water map in Figure 9 shows arcas where
ambed agriculture has a better chance of success due o larger soil moisture,
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Figure 8. lllustration of the differences in predicted actual ET and soil moisture with and
without considering irrigation in Esfihan Provinee. The vanables are monthly averages for
the period ol [990-2002,

To further illustrate the annual variations of blue water availability from 1990
o 2002, the coelficient of variation (CV i %) was calculated as follows and pre-
sented in Figure 1)

crr =2 4100

L

’ (3}

where s is the standard deviation and (@ is the mean of annual IRWR values for
each subbasin. CV is an indicator of the reliability of the blue water resources
from year to vear. A large CV indicates a region experiencing extreme weather
conditions such as drought: hence. having an unreliable blue water resource for
development of rainfed agriculture. Figure 10 shows that central, eastern and
southern parts of Iran fall into this category and have a high risk of food produc-
tion in the absence of irrigation.
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Figure 9 Average (1990-2002) simulated annual precipitation, imnternal renewable blue
water resources {IRWRY, actual evapotranspiration (ET). at subbasin level for the entire
Country.

To highlight the country’s water scarcity situation, we plotted in Figure 11 the
per capita internal renewable blue water availability in every subbasin. For this
we used a 2.5-arcminute population map available from the Center for Interna-
tional  Farth  Science Information Network’s in 2005 (CIESIN, hupo
sedac.ciesineolumbinedu opw ). As calculated here, for the entire country, the
95% prediction uncertainty of (blue} water resources availability (calculated from
1990-2002) stood at 1.310-2,060 m’ per capita based on the population estimate
in 2005. The spatial distribution of walter resources availability in Figure 11, how-
ever, shows a large variation across the country. The five water stress levels given
in the figure tollow the widely used water stress indrcators defined by Rijsberman
(2006). Falkenmark et al. (1989) and Revenga et al. (2000). Taking 1,700 m' per
capita per year as the water scarcity threshold, about 46 million people living on
about 59% of the country’s area are subject (o water scaraity. According 1o the
Global Geographic Distribution Map of Major Crops (Lett ¢t al., 2004), which
has a spatial resolution of' 5 arcminutes and the lindings from this study, about
53% of the area under cultivation of wheal 1n Iran is located m water scarce sub-
basins.
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Of the total wheat production in the country, 4.4 million tons of irrigated
wheat and 1.9 million tons of rainfed wheat are produced every year in water
scarce regions. In such a vulnerable situation of water resources availability, it
can be expected that self-sufficiency in terms of wheat production will become
even more difficult in the future, and the looming impact of climate change will
further worsen the situation. All the more, it is of great importance to balance wa-
ter budgets in water scarce regions and to improve the efficiency of water re-
sources utilization.

4. Summary and Conclusion

Water resources availability, including jntemnal renewable blue water, actual and
potential ET as well as soil water, was estimated for [ran at the subbasin spatial
and monthly temporal resolutions. The water components were then aggregated at
sub-provincial, provincial, regional and country levels,

The study was performed using the process-based semi-distributed hydrologic
model SWAT, which integrates hydrological, agricultural and crop growth proc-
esses. Extensive calibration, validation, as well as sensitivity and uncertainty
analysis were performmed to increase the reliability of the model outputs. The
model was calibrated against crop yield as well as river discharge taking account
of dam operation. Inclusion of irrigation was found to be essential for an accurate
accounting of actual ET and soil water. SUFI-2 was used to calculate 95% predic-
tion uncertainty band for the outputs to characterize model uncertainty.

Considering the conceptual model uncertainty (e.g. inter-basin water transfer,
water use) as well as input data uncertainty and parameter uncertainty in such a
large-scale hydrological model, presentation of the freshwater availability as
95PPU band is useful for the water resources management and planning in the in-
dividual regions and for the country as a whole.

This study provides a strong basis for further studies conceming water and
food security in Iran. Producing more food with increasing water scarcity is a
daunting challenge to the country. Water resources availability and wheat yield
across provinces/regions in [ran as well as water scarcity distribution were suc-
cessfully estimated, laying the basis for a systematic assessment of crop water
productivity. Among other measures, with the current study, scenario analysis
could be used to support the evaluation of the potential improvement in the re-
gional and national water productivity and water use efficiency through regional
crop structure adjustment and regjonal virtual water trade. The modeling ap-
proach in this study could be used for a high resolution analysis of water re-
sources and a unified analysis of the blue and green water in other arid and semi-
arid countries.
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