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ABSTRACT

EVALUATION OF THE BEST MANAGEMENT PRACTICES TO
CONTROL AGRICULTURAL DIFFUSE POLLUTION IN LAKE MOGAN
WATERSHED WITH SWAT MODEL

Ozcan, Zeynep
M.Sc., Department of Environmental Engineering
Supervisor  : Assoc. Prof. Dr. Emre Alp
Co-Supervisor: Assoc. Prof. Dr. Elgin Kentel

June 2016, 178 pages

Lake Mogan which is located in Golbas1 County, Ankara, Turkey is one of the most
important wetlands of Turkey and it was declared as Special Environmental Protection
Region in 1990. Total area of semi-arid Lake Mogan watershed is 970 km? and dry
farming is practiced approximately in 40% of the basin. Therefore, agricultural diffuse
source pollution is a serious concern in the watershed. In the context of this thesis, the
effects of implementation of different agricultural best management practices on
sediment, total nitrogen and total phosphorus loads were evaluated by using Soil and
Water Assessment Tool (SWAT). Meteorological data, digital elevation model
(DEM), land use/land cover (LULC) map, soil properties and the information on
agricultural practices are required to build SWAT model. The model was calibrated
with SWAT-CUP for streamflow, sediment, nitrogen and phosphorus by using
monthly data (2007 — 2010) from Yavrucak monitoring station. The model validation
was carried out in Sukesen monitoring station for the same time period with
calibration. With the calibrated and validated model, 11 different agricultural best
management practice (BMP) scenarios were developed. The most efficient scenario
in terms of pollutant load reduction was the one in which 30% reduction in fertilizer,
no tillage and terracing were combined. This study aimed to help decision-makers to
decide on the most efficient BMPs and thus to develop sustainable watershed
management plans in Lake Mogan watershed and in watersheds showing similar
characteristics with Lake Mogan.

Keywords: Diffuse pollution, SWAT, Lake Mogan, Best Management Practices



Oz

MOGAN GOLU HAVZASINDA TARIMSAL YAYILI KiRLIiLiGIN
KONTROLU ICIN EN iYI YONTEM UYGULAMALARININ SWAT
MODELI iLE DEGERLENDIRILMESI

Ozcan, Zeynep
Yiksek Lisans, Cevre Miihendisligi Bolimii
Tez Yoneticisi : Dog. Dr. Emre Alp
Ortak Tez Yoneticisi: Dog. Dr. El¢in Kentel

Haziran 2016, 178 sayfa

Ankara ilinin Golbasi ilgesinde yer alan Mogan Goli, Tiirkiye’nin en 6nemli sulak
alanlarindan bir tanesidir ve 1990 yilinda Ozel Cevre Koruma Bélgesi olarak ilan
edilmistir. Yar1 kurak Mogan Gélii havzasi toplam alam1 970 km?’dir ve havzanin
yaklagik %40’inda kuru tarim gergeklestirilmektedir. Bu sebeple, tarimsal yayili
kirlilik havzada ciddi bir sorundur. Bu tez kapsaminda, farkli tarimsal en iyi yonetim
uygulamalarinin sediman, toplam azot ve toplam fosfor ytikleri Gizerindeki etkisi Soil
and Water Assessment Tool (SWAT) modeli kullanilarak degerlendirilmistir. SWAT
modelini olusturmak i¢in meteorolojik veriler, sayisal yiikseklik modeli (SYM), arazi
kullanimi/arazi Ortisl haritasi, toprak ozellikleri ve tarimsal uygulamalar hakkinda
bilgiye ihtiya¢ duyulmaktadir. Model, Yavrucak izleme istasyonundan elde edilen
aylik veriler (2007 — 2010) ile SWAT-CUP kullanilarak debi, azot ve fosfor igin
kalibre edilmistir. Model dogrulamasi, Sukesen izleme istasyonunda kalibrasyon ile
ayn1 zaman periyodunda gerceklestirilmistir. Kalibre edilmis ve dogrulanmis model
kullanilarak 11 farkli tarimsal iyi yonetim uygulamasi senaryosu gelistirilmistir.
Kirletici yiiklerinin azaltilmasi agisindan en etkili senaryo %30 giibre azaltimi, toprak
islemesiz tarim ve teraslama uygulamalarinin kombine edildigi senaryo olmustur. Bu
caligma karar vericilerin Mogan ve Mogan’a benzer Ozellikler gosteren diger
havzalarda en verimli iyi yonetim uygulamalarini belirlemesinde ve surddrulebilir
havza yonetimi planlari gelistirmesinde yardimci olmay1 amaglamustir.,

Anahtar Kelimeler: Yayil kirlilik, SWAT, Mogan Gélii, Iyi Yénetim Uygulamalari
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CHAPTER 1

INTRODUCTION

Development of sustainable strategies for the management and efficient use of water
resources require that all the pressures on water resources such as point and nonpoint
sources, urbanization, climate change etc. are assessed in an integrated manner.
Contrary to point source pollution arising from industrial and sewage treatment plants,
nonpoint source (NPS) or diffuse pollution originates from several dispersed and
poorly defined sources (EPA, 2012). Therefore, unlike point source pollution,
monitoring of diffuse source pollution at the source of origin is difficult or even
impossible. Consequently, it is not possible to measure diffuse discharges in terms of
effluent standards (Novotny, 2003). Diffuse source pollutants can adversely affect
water quality in watersheds. The use of fertilizers and pesticides in agriculture,
pollutants from roads and paved areas, and contaminants from construction sites and
silviculture can be given as the typical examples of diffuse pollution. The fact that
diffuse pollution has intermittent characteristics and thus hard to identify makes its

management a challenge for decision makers.

Water Framework Directive (WFD)(2000/60/EC) aiming to protect water bodies in
terms of both quality and quantity requires all surface and ground waters within the
defined river basin districts to reach good water status until 2015 or 2027. As an EU
candidate country, Turkey has already initiated the harmonization process with the
European Union legislation and important steps have been taken especially for the
prevention of pollution. As a result of this effort, integrated approaches were put in
action to aid decision makers in developing sustainable integrated river basin
management plans. One of the most important initiation was the preparation of
watershed protection action plans for 25 basins in Turkey in coordination with Turkish
Ministry of Forestry and Water Affairs. These management plans aim to protect water
resources, provide optimum utilization, prevent pollution and improve water quality
of contaminated water sources. During the preparation of these management plans

intensive monitoring studies were carried out and agricultural diffuse pollution was



identified as the most serious problem threatening the quality of water bodies in the
majority of the watersheds. In Turkey, assessment of diffuse pollution and evaluation
of the effectiveness of pollution control strategies/policies through modeling studies
have become a necessity for the decision makers. Therefore, the number of modeling
studies carried out as a part of integrated watershed management plans supported by
municipalities, ministries, universities and national funding agencies have drastically

increased in Turkey.

The term Best Management Practice (BMP) is defined as a practice or combination of
practices which is proved to be the most efficient way of preventing and reducing NPS
pollution (Novotny, 2003). “Best” implies improving the water quality without giving
harm to production (Walter et al., 1979). Evaluating the effectiveness of a specific
BMP by field trials or by collecting monitoring data is both costly and time
consuming. The amount of pollutant loads and removal rates are highly variable in
every runoff event. The monitoring data should be collected repeatedly in order to
obtain reliable results about the performance of a BMP. Especially for large
watersheds with varying land use classes and soil characteristics, intensive monitoring
studies should be carried out to correctly assess the effects of a particular BMP.
However, such studies are not always possible at the watershed level. In this context,
watershed models stand out as useful tools since they provide a relatively less

expensive and time saving solution.

Modeling tools taking into account different land use and management options are of
great importance for decision makers since they allow the evaluation or comparison
of the methods developed to meet ecological standards (Chaplot et al., 2004;
Kersebaum et al., 2003; Krause et al., 2008). Among these modeling tools, commonly
used ones can be listed as follows: HSPF (Bicknell et al., 2005), AGNPS (Young et
al., 1989), Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998; Gassman et
al., 2007; Neitsch et al., 2002) and SWIM (Krysanova et al., 1998). Water quality
simulation models can assist in understanding the hydrological cycle and processes,
simulating the hydrological and water-quality effects of land-use and management
practices, and identifying alternative management strategies to improve water quality

and ecosystem functions in watersheds (Qiu and Wang, 2013).



SWAT (Soil and Water Assessment Tool) is one of the watershed models that is
commonly used all over the world for various purposes such as predicting the impacts
of management practices on water bodies and calculating the pollutant loads. Itis a
conceptual and continuous time model that operates on a daily time step (Arnold et
al., 1998; Neitsch et al., 2002). SWAT model has been applied in hundreds of
watersheds so far with the purpose of simulating different agricultural conservation
practices around the world, e.g., Santhi et al. (2006), Lee et al. (2010) and Liu and Lu
(2014). It has also been applied in semi-arid watersheds, e.g., Chahinian et al. (2011),
Niraula et al. (2012) and Shrestha et al. (2016). According to Borah and Bera (2003),
SWAT is a promising continuous model in predominantly agricultural watersheds and
useful for investigating impacts of agricultural practices. Due to its common usage
and usefulness for assessment of agricultural practices, SWAT model was chosen for

modelling purposes in this study.

In this study, SWAT model was applied in Lake Mogan watershed, a semi-arid
watershed located in Ankara, Turkey, to evaluate the impacts of several BMPs on
sediment, phosphorus, and nitrogen loads. Being an ecologically important area, Lake
Mogan and its wetland ecosystem are under threat due to serious pollution.
Uncontrolled urbanization, point and nonpoint pollution sources, and ineffective
sewerage systems are some of the causes of the pollution. Extensive agriculture carried
out in the watershed is one of the major reasons of the water quality deterioration in
Lake Mogan watershed (Karakog, 2003). Thus, it is important to control the
agricultural diffuse pollution to prevent this deterioration. With this purpose, SWAT
model was built, calibrated and validated by using extensive data sets including in-
stream water quality and flowrate measurements, meteorological data, land use-land
cover map developed using remote sensing algorithms, information about agricultural
activities and soil data. With the calibrated and validated SWAT model, 11 different
BMP scenarios were developed, and the efficiencies of these scenarios were compared
in terms of reducing the amount of transported sediment and nutrient loads. Taking
into account the model performance statistics and uncertainty in the model outputs, it
is concluded that this study will help decision-makers to select efficient BMPs and to
develop sustainable watershed management plans in Lake Mogan watershed and in

watersheds showing similar characteristics with Lake Mogan.






CHAPTER 2

LITERATURE REVIEW AND THEORETICAL BACKGROUND:
DIFFUSE POLLUTION AND SWAT MODEL

2.1. Diffuse Pollution and Its Sources

Water pollution is defined as “the man-made or man-induced alteration of chemical,
physical, biological, and radiological integrity of water.” by the Clean Water Act,
Section 502-19 (U.S. Congress, 1987). In Turkish Water Pollution Control Regulation,
water pollution is described as “... the alteration in the chemical, physical biological,
and radiological condition of a water resource, and either directly or indirectly,
discharge of material and energy wastes, which creates distortions in the biological

resources, human health, fisheries, water quality, and water use for other purposes.

The sources of water pollution associated with human activities are divided into two
broad categories as diffuse or nonpoint source (NPS) pollution and point source
pollution. Point sources of pollution are defined as the identifiable discrete discharges,
and they are easy to measure (Novotny, 2003). They are also known as “end of pipe”
sources of pollution (Hranova, 2006). Point source pollution is mainly generated from
sewered municipal and industrial wastewater sources (Novotny, 2003). Municipal
wastewater has a quite stable characteristics which makes it easy to examine in terms
of characteristic quality parameters. The characteristics of industrial wastewater, on
the other hand, is very liable to vary. It depends on the production process. Thus, it is
important to understand the production process in order to manage industrial
wastewater as a source of pollution (Hranova, 2006). In contrast to point source
pollution, diffuse or nonpoint source pollution originates from many diffuse sources
(USEPA, 2012b). It enters water bodies in a diffuse manner at intermittent intervals
(Novotny, 2003). Diffuse source pollution is closely related to rainfall runoff.
Pollutants like sediments, nutrients, pesticides, and pathogens are transported across
the land surface as the runoff moves before it reaches to receiving bodies such as lakes,
streams, and ground waters (Ritter and Shirmohammadi, 2001; USEPA, 2012b).

Diffuse pollution is a function of the characteristics of the area of interest.
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Meteorological factors, topographical features, soil types, and land management
activities have impacts on diffuse pollution (Ritter and Shirmohammadi, 2001).
Therefore, the extent of diffuse pollution from one place to another, and from year to
year varies significantly. Unlike point source pollution, monitoring of diffuse source
pollution at the source of origin is difficult or even impossible. Consequently, it is not

possible to measure diffuse discharges in terms of effluent standards (Novotny, 2003).

The types of diffuse source pollutants deposited into a receiving body change
according to the human activities in the watershed. The major categories of these
activities can be listed as agriculture, construction, urban runoff, mining, and
silviculture. The types of pollutants associated with these categories are given in Table
1 which is adapted from Weiner and Matthews (2003).

Table 1. Major Diffuse Source Pollution Categories?

Category Suspende  Dissolve  High Nutrient Toxic Pesticide Pathogen  Synthetic
d

d BO S metal s S organics
solids solids D S /hydrocarbons

b

AgI’ICU|'[UFe *k*k *kk *kk *kk * *kk *kk n

Constructio  *** n * **x n n n n

n

U rban *k*k ** ** *kk *kk *kk *kk *kk

Runoff®

Miningd *x wx n n *ek n n n

Silviculture ~ *** n * *x n *x n n

ax** = potentially high pollutant source; ** = moderate source; * = low source; n = negligible source.

®Includes industrial solvents and reagents, detergents, oil and grease, petroleum hydrocarbons, and other organics not normally
found in surface runoff

‘Includes residential and urban runoff from buildings, roads, impervious surfaces, and landscaped areas.

dPrimarily abandoned mine sites; active mine sites are usually regulated as point sources.

The main constituents of agricultural or rural runoff are composed of solids both in
the suspended and dissolved forms, biodegradable organic matter, nutrients due to
fertilizer applications, pesticides, and pathogens. Suspended solids and
sedimentbound nutrients like phosphorus are the major compounds found in runoff
originated from construction and silviculture sites (Weiner and Matthews, 2003). In
pollution arising from urban areas which is the consequence of imperviousness,
population, and traffic density, it is possible to observe each kind of pollutant shown
in Table 1. As compared to agricultural runoff, urban runoff has higher volume and

quantity.

Agricultural diffuse pollution, which is actually the main subject of this thesis study,

is associated with agricultural activities such as tillage operations, fertilizer and



pesticide applications, and animal operations. Excessive application of fertilizers
would result in soil enrichments with nutrients if the application rates exceed the
assimilative capacity of the crops. It may even pollute the groundwater resources when
the polluted runoff infiltrated through the soil (Hranova, 2006). Another major case
representing one of the serious diffuse pollution problem related to agricultural
activities is the irrigation return flow. Irrigation return flow is defined as the excess
irrigation flow, and it has higher salt concentrations compared to original water used
for irrigation (Hranova, 2006). Inadequate drainage in agriculture ends up with the
salinization of soil and irrigation return flows (Novotny, 2003). This is usually the
case in arid regions having high evaporation rates. In addition, when the irrigation
return flow is reused by the downstream users, there occurs a repeated cycle of

salinization (Hranova, 2006).

The pollutant loads resulting from agricultural activities depend on several factors.
Novotny (2003) listed these factors as types of land use, types of crops or animals,
crop rotation, soils on which crop is grown, climatic conditions, farming technology,
irrigation and drainage, and proximity of polluting agricultural operations to

watercourses.

According to United States Environmental Protection Agency (USEPA, 2012a)
agricultural diffuse pollution was reported as “the leading source of water quality
impacts on surveyed rivers and lakes, the second largest source of impairments to
wetlands, and a major contributor to contamination of surveyed estuaries and ground
water” in the 2000 National Water Quality Inventory. Therefore, it is really important
to identify and control diffuse pollution sources together with point sources in terms
of protecting and improving the quality of water resources. The importance of the
control measures is greater especially for countries like Turkey where agricultural and

livestock operations are widespread.

2.2. Agricultural Best Management Practices

Best management practices (BMPs) are defined as the soil and water conservation
practices including social and cultural actions which have been recognized as the
effective and practical ways for the environmental protection (Sharpley et al., 2006).
BMPs are commonly designed with the purpose of ensuring the efficient use of

agricultural chemicals; enhancing soil cover; reducing the velocity of surface runoff,



and improving the management of livestock waste (Cestti et al., 2003). Troeh et al.
(2004) stated that soil and water conservation methods are usually classified into two
as vegetative and mechanical practices. Vegetative practices ensure denser vegetative
cover for a longer period. Crop rotation, efficient use of fertilizers, and narrow row
spacing can be given as examples of vegetative practices. These practices provide both
improved product yield and erosion control. Mechanical practices are different from
the vegetative ones in a way that they permit growing of plants which provide less soil
protection but reducing the erosion at the same time. Contour tillage, no tillage, and
terrace systems are some of the mechanical BMPs. Novotny (2003), on the other hand,
categorized BMPs under three categories as structural, vegetative, and management.
The author also added that the effectiveness of each BMP changes according to the
pollutant specie in concern. Moreover, it was stated that the pollutants and the forms
of them while they are transported should be noted to select the proper BMPs for the
pollution removal. In the report prepared by Minnesota Department of Agriculture
(Miller et al., 2012), the removal efficiencies of agricultural BMPs were discussed
based mainly on the monitored research data but some modelling studies especially
strong and practical ones were also taken into account. According to this report the
BMPs are classified as avoiding, controlling, and trapping BMPs. Avoiding BMPs
aim at preventing the entry of pollutants into the environment while the controlling
ones are used to control the risk of pollution if avoiding is not possible. Trapping
BMPs are specified as the last step in order for catching the pollutants close to its
source. In Table 2, list of BMPs according to categories is provided as adapted from
Miller et al., (2012).

Within the scope of thesis study nutrient management, conservative tillage methods,
contour farming, and terracing were considered. Nutrient management involves
practices aiming to reduce the availability of excess nutrients by controlling the
timing, application rate, and location selection for fertilizer application. Conservation
tillage is defined as “any tillage or planting system in which at least 30% of the soil
surface is covered by plant residue after planting to reduce erosion...” (Schertz, 1988).
Troeh et al. (2004) stated that to select the appropriate implementation conservation

tillage has to be flexible.



Table 2. Type of Best Management Practices

Type of BMPs

Avoiding

Controlling

Trapping

Conservation Cover
Conservation Crop
Rotation

Contour Farming

Cover Crops

Grade Stabilization

Livestock Exclusion/
Fencing
Nutrient Management

Pest Management

Tile System Design

Alternative Tile Intakes

Contour strip-cropping

Controlled Drainage

Culvert Sizing/ Road

Retention/Culvert Downsizing

Grassed Waterways

Irrigation Management

Waste Storage Facility
Conservation Tillage

Riparian and Channel
Vegetation

Rotational Grazing
Terrace
Two Stage Ditch

Feedlot/Wastewater Filter

Strip and Clean Runoff Water

Diversion

Filter Strips and Field
Borders

Sediment Basin
Grade Stabilization at Side
Inlets

Water and Sediment
Control Basin

Constructed (Treatment)
Wetlands

Wetland Restoration

Woodchip Bioreactor
(Denitrification Beds)

In other words, while in some cases it would be necessary to leave all residue in the

surface, it may be sometimes required to integrate part of the residue. In fact, deciding

on the proper implementation necessitates the knowledge on the amount of residues

required to control erosion, the quantity of residue available, and the fraction of

residue integrated with each tillage operation. Novotny (2003) defined a terrace as “an

earthen embankment, channel, or a combination ridge and channel constructed across

the slope to intercept runoff.” In humid regions, the terraces are functioning as the
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structures improving the quality of water by reducing the rill erosion, avoiding the
formation of gullies, and permitting the settling of sediment from the surface runoff.
Terracing provides holding of surface runoff and, therefore the amount of water
available for crops is enhanced in dry areas (Schwab et al., 1993). Contouring or the
contour farming is plowing and the crops are planted so that field contours across the
slope. Contouring is used for both erosion control in humid regions and for increasing
soil moisture by decreasing runoff losses in sub-humid regions (Novotny, 2003; Troeh
et al., 2004).

2.3. Watershed Modeling

The improvements and developments in economics and living standards has increased
the dependency on water resources dramatically. Better living standards has resulted
in more urbanization and industrialization, increased energy use, and more irrigation
due to intensive agricultural activities. All of these advances has put more pressure on
water resources. Reliable water supply to growing population, and control of water
pollution stand as challenging tasks for the water resources managers, engineers,
researchers, and especially for decision makers. These difficulties require that all of
the individual processes and systems in a natural environment, and the interactions
between them are examined in an integrated manner. Better understanding in physical,
chemical, and biological processes influencing the quality of water bodies, and
improvements in data monitoring, collection and analysis allows enhanced
examination of watershed-scale processes. Therefore, watershed modeling which is
the mathematical representations of components of the hydrologic cycle (Daniel et al.,
2011), is an important tool to comprehend surface waters and groundwater resources,
and to find out the interactions between the water bodies. In areas such as water quality
and management of water resources, watershed models are very useful tools especially

for decision making.

Watershed models can be examined under several groups according to the modelling
approaches used in the model development (Daniel et al., 2011). The models can be
empirical, conceptual, or physically based depending on the algorithms used.
Empirical models use the statistical relationships between the input parameters and
watershed characteristics (Singh and Frevert, 2006). Physically based models, on the
other hand, use physically based equations which are derived based on the hydrologic
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and water quality processes occurring in the watershed (Daniel et al., 2011). In
addition, the watershed models can be categorized as either stochastic, or deterministic
based on how input parameters are specified. Moreover, depending on the ability to
represent spatial variability in watershed characteristics they are categorized into two
as lumped and distributed models (Singh and Frevert, 2006). In fact, the model outputs
are significantly depended on the methods used to develop the watershed model
(Parajuli and Ouyang, 2013). In order to select the most suitable model for the
watershed modeling studies, it is important to consider data availability, the capability
of model to simulate design variables, accuracy, and temporal and spatial scales (Singh
and Frevert, 2006).

The application areas of watershed models are numerous. In the process of dealing
with various environmental and water resources problems, watershed models play an
important role. They are used to evaluate the effects of human activities performed
within the watershed on water quality and quantity of the receiving water bodies
(Singh and Frevert, 2002). Furthermore, estimation of the pollutant loads transported
to water bodies, and assessment of the effectiveness of abatement strategies like BMPs
are carried out with the help of watershed models (Singh and Frevert, 2006).
Especially for the evaluation of different BMPs on a watershed-scale, watershed
models stand out as a useful tool since they provide an inexpensive and time saving

way.

The first model which was built with the purpose of simulating the whole hydrologic
cycle within a watershed is the Stanford Watershed Model — SWM. SWM was
developed in 1966 by Crawford and Linsley (Crawford and Linsley, 1966). Since then,
numerous mathematical models have been developed, and there has occurred a
significant increase in the number of physically based models (Singh and Frevert,
2002). Some of the most common and widely used watershed models based on a
literature review (Arheimer and Olsson, 2003; Borah and Bera, 2003; Oogathoo, 2006;
Parajuli and Ouyang, 2013; Shen et al., 2011; Singh and Frevert, 2002; Xie et al.,
2015) can be listed as follows: Agricultural Nonpoint Source Pollution (AGNPS)/
Annualized Agricultural Nonpoint Source (AnnAGNPS), Areal Nonpoint Source
Watershed Environment Response Simulation (ANSWERS/ANSWERS-2000),
Hydrological Simulation Program — FORTRAN (HSPF), the European Hydrological
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System model or MIKE SHE, Storm Water Management Model (SWMM), and Soil
and Water Assessment Tool (SWAT).

Among the watershed scale models AGNPS, AnnAGNPS, HSPF, and SWAT were
identified as models for the assessment of agricultural BMPs (Xie et al., 2015). Since
the evaluation of the agricultural BMPs is the main subject of this thesis, further
information on these models are provided in Table 3. Among the given watershed
models in Table 3, AnnAGNPS, HSPF, and SWAT are able to perform continuous
simulations. Therefore, they are handy for examining the long-term impacts of
hydrological modifications and watershed management practices. Moreover, Borah
and Bera (2003) stated that these three models are able to simulate all major
components (hydrology, sediment, and chemical) applicable to watershed-scale
catchments. While HSPF is more favorable in watersheds with mixed agricultural and
urban land uses, SWAT is favorable when the watershed is dominated with
agricultural lands. Gassman et al. (2007) expressed that SWAT enables more effective
watershed management and the development of better-informed policy decisions since
it allows integration of various environmental processes. Moreover, Xie et al. (2015)
specified that SWAT is more advantageous compared to other watershed models
regarding the assessment ability. For instance, land use change (LUC) module of
SWAT allows modification of fractional coverage of land use types in each hydrologic
response units (HRUSs). In addition, it is possible to adjust the amount, timing, and

period of agricultural activities for BMPs addressing source loading reduction.

In their study, Glavan and Pintar (2012) identified SWAT as an easily available on-
line model. Furthermore, they mentioned that there are numerous tools, interfaces and
support software for SWAT owing to over 20 years work on model development. The
simulation of agricultural environmental measures and best management practices was
specified as the crucial power of SWAT model. Yang (1997) stated that SWAT is a
very powerful tool for the evaluation of agricultural management practices on water
quality problems thanks to its distributed-parameter and continuous-time simulation,
and flexible watershed configuration. Randall (2012) selected SWAT model for his
study to assess water quality benefits of agricultural conservation practices due to its

ability to represent watershed properties spatially throughout the watershed.
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Table 3. Brief information about the watershed models regarding BMPs assessment
(adapted from Xie et al., (2015)).

Models Temporal Spatial Overland Overland Channel Developer

Resolution | Representation | Flow Sediment Processes
Routing Routing

AGNPS Storm- Cells of equal SCS-CN®? USLE? for soil Included in | USDA®
event; size with method for erosion overland
One storm channels infiltration, and sediment cells.
durationas a | included. and flow routing
time step. peak using a | through cells with

similar n,

method with | USLE factors to

SWAT. be concerned
with.

ANNAGNPS | Continuous; | Cells with SCS-CN RUSLE® Channel USDA
daily or homogeneous method for to generate degradation
sub-daily soil and land infiltration soil erosion daily | and
time use. and or sediment
steps TR-55¢ user-defined deposition

method for runoff event. with

peak flow. Modified
Einstein
equation
and
Bagnold
equation.

HSPF Continuous; | Pervious and Philip’s Rainfall splash Non- USGS'
variable impervious land | equation and wash off of cohesive and
constant areas, stream; for detached sediment | and USEPAJ
steps (from hydrologic infiltration. | calculated by an cohesive
Iminupto | response units. experimental non- | sediment
1 day). liner equation. transport.

SWAT Continuous; | Sub-basins or SCS-CN MUSLE" Channel USDA
Daily or further method for represented degradation
sub-daily hydrologic infiltration by runoff volume, | and
time steps. response units and peak peak flow rate, sediment

defined by soil flow rate by | and USLE factors. | deposition
and land modified process
use/land cover. Rational including
form channel-
specific
factors.

2 Soil Conservation Service Number; ® Universal Soil Loss Equation; ¢ United States Department of Agriculture;
Technical Release — 55; ¢ Revised Universal Soil Loss Equation; f United States Geological Survey; ¢ United
States Environmental Protection Agency; " Modified Universal Soil Loss Equation

Jayakrishnan et al. (2005) stated that SWAT is a tool possessing a good potential for

both time and cost-effective watershed studies and decision-making. Gassman et al.
(2014) reported that as of the 2014 International SWAT Conference, 1700 SWAT-

relevant studies were included in the SWAT Literature Database for Peer-Reviewed

Journal Articles. These articles can be easily accessed from the homepage of SWAT
model (USDA-ARS and Texas A&M, 2015). Due to its ability to simulate land

management processes in large agricultural watersheds, to perform continuous

simulations, to integrate a number of environmental processes and to provide better

assessment ability in terms of agricultural best management practices, SWAT model
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was chosen with the purpose evaluating several best management practices in Lake
Mogan watershed. Having a comprehensive, easily accessed and rich documentation,
and wide application in all over the world can also be listed among the reasons for
selecting SWAT in this study. In the following sub-sections, more detailed

information on SWAT model was provided.

2.3.1. Soil and Water Assessment Tool (SWAT)

SWAT Model was developed by United States of Agriculture - Agricultural Research
Service (USDA-ARS) together with Texas A&M AgriLife Research with the purpose
of predicting the impact of management practices on water, sediment and agricultural
chemical yields in large ungauged basins (Arnold et al., 1998; Neitsch et al., 2002;
USDA-ARS and Texas A&M, 2015). It is a conceptual, continuous time model that
operates on a daily time step. The model has been used in many studies to estimate the
impacts of climate change, to calculate pollutant loads and to evaluate the best
management practices all over the world (Arabi et al., 2008; Chaplot et al., 2004;
Dechmi et al., 2013; Dechmi et al. 2012; Kersebaum et al., 2003; Lam et al., 2011,
Lee et al., 2010; Sood et al., 2013; Zhai et al. , 2014).

In order to carry out simulations SWAT divides a watershed into a number of sub-
basins. These sub-basins are then subdivided into units having unique soil and land
use properties. The name given to these units is hydrologic response units (HRUS)
(Neitsch et al., 2002). HRUs are represented as a percentage of the sub-watershed area
(Arnold et al., 2012a). In SWAT a sub-basin consists of at least one HRU, a tributary
channel and a main channel so called reach. The HRUSs in one sub-basin do not interact
with each other. In other words, the loadings, e.g., sediment and nutrient loadings,
from each HRU are calculated individually. Then, total loadings from the sub-basin
are calculated by summing up the loadings from each HRU (Neitsch et al., 2002). The
sub-basin components of SWAT are divided into 8 main modules. These modules are
as follows: hydrology, weather, sedimentation, soil temperature, plant growth,

nutrients, pesticides, and land management (Santhi et al., 2001).

HRUSs are the smallest unit where the hydrological processes are calculated in SWAT.
Since every mechanism simulated by SWAT depends on water balance, it is crucial to
make sure that the hydrological cycle or the hydrological processes in the watershed

are simulated correctly. This is important because the truthful representation of the

14



movement of sediment, nutrients, and pesticides depends on a well simulated
hydrological cycle (Neitsch et al.,, 2009). The schematic representation of the
hydrological cycle is provided in Figure 1. The primary hydrological processes
simulated by SWAT are canopy interception of precipitation, evapotranspiration,
infiltration, surface runoff, subsurface flow, base flow, soil moisture redistribution and
percolation to deep aquifer (Tuppad et al., 2010). The hydrological processes can be
categorized into two phases as land phase and channel/floodplain phase. In land phase
sediment, nutrient and pesticide loads carried by runoff are calculated for each HRU.
Then, the area-weighted loads are determined at sub-basin level. In channel/floodplain
phase, the model routes the upland loadings from each sub-basin through the

channel/stream network (Neitsch et al., 2009; Tuppad et al., 2010).
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Figure 1. Schematic representation of the hydrologic cycle (adapted from Neitsch et
al., 2009)

SWAT considers the following water balance equation in order to simulate

hydrological cycle:

t
SVVt:SWO‘i‘ § (Rday'qurf'Ea'Wseep'ng) (1)
i=1
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where SW, is the final soil water content (mm H20), SW, is the initial soil water
content on day i (mm H20), t is the time (days), Rday iS the amount of precipitation on
day i (mm H20), Qsurt is the amount of surface runoff on day i (mm H20), Ea is the
amount of evapotranspiration on day i (mm H20), wseep is the amount of water entering
the vadose zone from the soil profile on day i (mm H20), and Qgw is the amount of
return flow on day i (mm H20) (Neitsch et al., 2009).

The required meteorological variables to simulate the hydrological processes are
precipitation, maximum and minimum air temperature, solar radiation, wind speed
and relative humidity (Arnold et al., 1998). Indeed, the required variables changes
depending on the evapotranspiration method selected during the model simulations
(Tuppad et al., 2010). For each sub-basin runoff is estimated separately by taking into
account the differences in evapotranspiration for different crops, soils etc. Then, the
total runoff for the basin is calculated by routing the runoff from individual sub-basins
(Arnold et al., 1998). To estimate the surface runoff, SCS curve number method (Soil
Conservation Service Engineering Division, 1972) or Green & Ampt infiltration
method (Green and Ampt, 1911) can be used (Tuppad et al., 2010).

Evapotranspiration is a term comprising all of the processes by which liquid or solid
phase water at or near earth surface transforms to atmospheric water vapor. Potential
evapotranspiration, on the other hand, is defined as ‘the rate at which
evapotranspiration would occur from a large area completely and uniformly covered
with growing vegetation which has access to an unlimited supply of soil water’
(Neitsch et al., 2009). There are three options available within the model to predict the
potential evapotranspiration; Hargreaves (Society & Agricultural, 1985), Priestley-
Taylor (Priestley and Taylor, 1972), and Penman-Monteith (Monteith and Moss,
1977). Penman-Monteith method’s data requirement is the greatest among the three
options. To be able to use the Penman-Monteith method, solar radiation, air
temperature, wind speed and relative humidity are required. In the absence of relative
humidity, wind speed, and solar radiation data, Hargreaves or Priestley-Taylor method
can be preferred (Arnold et al., 1998).

Modified Universal Soil Loss Equation (MUSLE) (Williams, 1975) is used to predict
erosion and sediment yield in each sub-basin (Neitsch et al., 2009; Santhi et al., 2001).
Sediment yield at the outlet of the watershed is affected by the two major processes
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namely sediment deposition and degradation. Furthermore, sediment loadings from
upland areas and transport capacity of the channel network determine which process
takes place (Arabi et al., 2006). For the channel sediment routing, a modification of
Bagnold’s sediment transport equation (Bagnold, 1977) is utilized (Santhi et al.,
2001).

The nitrogen (N) and phosphorus (P) processes are modeled by SWAT through
transformation of nitrogen and phosphorus between organic and inorganic pools in the
nutrient cycle (Tuppad et al., 2010). Forms and transformations of nitrogen simulated
by SWAT is shown in Figure 2. Nitrogen is supplemented to the soil through fertilizer
application, manure or residue application, bacteriological fixation, and rain. The
removal mechanisms are plant uptake, soil erosion, leaching, volatilization, and
denitrification (Lam et al., 2011; Zhai et al., 2014). Nitrogen consumed by plants is
predicted by supply and demand approach (Williams et al., 1984). The amount of
nitrogen demanded daily by the plant depends on plant biomass and biomass N
concentration. The demand is supplied with the available nitrogen in the soil. If the
amount of nitrogen required by the plant goes beyond the available nitrogen within
the soil root depth, then nutrient stress occurs (Santhi et al., 2001). Estimation of the
amount of NOs-N in surface runoff, lateral flow, and percolation is carried out by
multiplying the water volume with the average concentration (Neitsch et al., 2009;
Santhi et al., 2001). Transport of Organic-N is predicted with a loading function
developed by McElroy et al., (1976) and modified by Williams and Hann, (1978).

Similar to nitrogen, SWAT is able to simulate the movement and transformation of
several forms of phosphorus. These forms and transformations of phosphorus is
indicated in Figure 3. Phosphorus utilized by plants is estimated by the supply and
demand approach as in the case of nitrogen. Soluble P loss in the surface runoff is
predicted according to the concept of partitioning pesticides into the solution and
sediment phases (Arnold et al., 1998; Santhi et al., 2001). Similar to Organic-N
transport, sediment transport of P is estimated by a loading function. SWAT is also
able to simulate instream nutrient dynamics including the kinetics of algae growth,
nutrient cycling, carbonaceous biological oxygen demand, and dissolved oxygen. This
ability is based on the fact that the kinetic routines from an instream water quality
model QUALZ2E (Brown and Barnwell, 1987) are embedded into SWAT (Abbaspour
et al., 2007; Gassman et al., 2007; Santhi et al., 2001).
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The required inputs for SWAT model can be categorized under the following basic
categories: topography, land use/land cover, soil properties, land management
practices occurring in the watershed, and meteorological inputs. Introduction of model
inputs of topographic, land use, soil, and other digital data into SWAT can be
enhanced via Geographic Information System (GIS) and other interface tools
(Chaubey et al., 2005; Gassman et al., 2007). Due to the fact that majority of input
data used by SWAT has spatial characters, several GIS interfaces have been developed
so far to write SWAT input files and to build, analyze and display spatial information.
For instance, Srinivasan and Arnold (1994) integrated SWAT with GRASS
(Geographic Resources Analysis Support System) to develop model inputs and to
facilitate the analysis of model outputs. Furthermore, Luzio et al. (1998) developed
ArcView interface for SWAT comprising three main components. The first
component is the preprocessor which produces the sub-basin topographic parameters
and model input parameters. The second component is used for modifying input data
and performing model runs. Finally, the last component is the postprocessor showing
model outputs graphically and in tabular format (Arnold and Fohrer, 2005; Ogden et
al, 2001; Olivera et al., 2006). The interface was further developed by Luzio et al.
(2002) and the terrain analysis based on digital elevation model (DEM) became
available. Another interface, ArcGIS-SWAT, was developed by Olivera et al., (2006).
This interface allows user to enter geographic, numeric, and text input data in the
ArcGIS environment, and the model results are presented to the user in an organized

manner.
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Since the model inputs are of spatial characteristics, GIS data quality with respect to
the spatial resolution of data becomes significant. According to Cotter et al. (2003),
data resolution may impact the uncertainty in the model outputs and the
implementation of the model results. In order to assess the effects of data resolution

on the uncertainty of model results, Cotter et al. (2003) used DEM, land use, and soil
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data with different spatial resolutions. It was found that the model results are
influenced most by the resolution of input DEM. Another important outcome of this
study is the suggested resolution ranges for model inputs to achieve less than 10
percent model output error. Minimum resolutions for DEM, land use, and soil data
required to attain less than 10 percent errors in the flow, sediment, NO3-N, and TP

predictions are indicated in Table 4.

Table 4. Minimum GIS input data resolutions to attain less than 10 percent error in
model predictions (Cotter et al., 2003)

Minimum Input Data Resolution (m)

Output DEM Land Use Soils
Flow 300 1000 1000
Sediment 30 30 500
NOs-N 200 500 500
TP 30 300 500

Luzio et al. (2005), made input combinations with the several available DEM, land
use/land cover, and soil maps for their study area. The purpose was to evaluate the
effects of input GIS variation on model results; i.e., water runoff and sediment yield.
It was found that realistic representation of watershed, the boundaries of the sub-
basins, and the topographic input is closely related to DEM selected. Moreover, runoff
and sediment yield outputs are affected considerably according to the details of land
use map utilized in the model simulations. The model predictions are not altered very
much when the format and scale of the soil map is changed. Kim et al. (2012) carried
out a study in the Imha watershed in Korea with the purpose of evaluating model
predictions with different resolutions of input data; i.e., DEM, land use/land cover,
and soil map. The study revealed that the most efficient model predictions of runoff
and suspended sediment were obtained when the highest resolution (30 m) DEM was
used in the model simulations. Yet, detailed land use and soil maps did not affect the
simulated results significantly. Zhang et al. (2014) examined the sediment yield,
dissolved oxygen (DO) load, total nitrogen (TN), nitrate nitrogen (NOs-N) and total
phosphorus (TP) loads, flow, and ammonia nitrogen (NH4-N) outputs from SWAT by
performing simulations with different DEMs having a range of spatial resolutions

from 30 to 1000 m. Moreover, the effects of DEM resolutions on the temporal
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distribution of the mentioned model outputs were also taken into account. Optimum

DEM resolutions obtained within the scope of this study are indicated in Table 5.

Table 5. Optimum DEM Resolutions given by Zhang et al. (2014)

Output DEM Resolution (m)
Flow 30200
Sedimentand TP 30 - 100

DO and NOz-N 30 -300

NHs-N 30-70

TN 30 - 150

Chaplot (2005) claimed that in order to decide on the optimum resolution for a DEM,
the scale of the soil map should also be considered. In other words, GIS input data
resolutions relate to one another. Furthermore, the author added that it is crucial to
realize the mechanisms behind the changes in the model prediction errors.

The capability of a watershed model to simulate the watershed processes is evaluated
via calibration and validation process (White and Chaubey, 2005). Calibration is a
process of parameterization of a model so that the model predicts the given conditions
well and the model prediction uncertainty is low. Validation, on the other hand, is the
evaluation of model performance by running a model with the parameters determined
in the calibration, and assessing the results with the observed data not used in the
calibration (Arnold et al., 2012b). Sensitivity analysis is the first step before the
calibration, and it is the process of determining the most sensitive parameters.
Sensitivity of a parameter is assessed by measuring the response of an output variable
to a change in an input parameter (White and Chaubey, 2005).

Since SWAT is a physically-based model, it is crucial to note that the calibration of
SWAT is not a process of fit to data (Santhi et al., 2001). The values of the parameters
must be kept within a realistic uncertainty range (Arnold et al., 2012b). Model
calibration can be divided into several steps (Neitsch et al., 2002). In the first step
calibration of hydrological processes; i.e. water balance and streamflow, is completed.
After the desired results are obtained with the streamflow calibration, the parameters
associated with the sediment and nutrients are calibrated respectively. In many studies
performed with SWAT, it can be seen that the SWAT calibration is carried out in this
order (Engel et al., 2007; Santhi et al., 2001; Santhi et al., 2008). SWAT model can be
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calibrated through manual calibration, via auto calibration tools in SWAT, or by using
SWAT-CUP (SWAT Calibration and Uncertainty Programs) (Abbaspour et al., 2007).

For the manual calibration of flow, sediment, and nutrients in SWAT model Moriasi
et al. (2007) provided a general calibration flowchart based on Santhi et al. (2001).
According to this flowchart surface runoff and base flow are separated from each other
initially. Then, model outputs; e.g. surface runoff, sediment and nutrients, are
calibrated by perturbing the proper model parameters and assessing the regression
statistics. The flowchart is shown Figure 4. Engel et al. (2007) stated that it is not
appropriate to strictly follow the procedure in some cases due to interactions of model
parameters. Therefore, it may be possible to deviate from the calibration procedure
given by Santhi et al. (2001). The modeler should determine the approach to be

followed before beginning model calibration (Engel et al., 2007).

The number of parameters to be adjusted during model calibration in SWAT are
various. It is possible to find numerous studies in the literature reporting the SWAT
calibration parameters with their respective calibration ranges (Costa et al., 2015;
Dechmi et al., 2012; Gungdr and Goénctl, 2013; Ndomba et al., 2008; Qiu and Wang,
2013) . For instance, Santhi et al. (2001) described input parameters for different
model processes used in model calibration. The author reported fifteen different
calibration parameters with respect to diverse model processes; i.e. flow, sediment,
organic N and P, and mineral N and P. Arnold et al. (2012b) reviewed 64 studies
carried out with SWAT model, and summarized the model calibration parameters used
in these studies. The table showing the parameters classified by process is given in
Table 6.

Prior to model calibration, model performance assessment criteria should be
developed. In order to evaluate SWAT model performance during the model
calibration and validation process, several graphical and statistical procedures are
utilized (Arnold et al., 2012b). After a detailed literature review Nash-Sutcliffe (NS)
(Nash & Sutcliffe, 1970), percent bias (PBIAS) (Gupta et al., 1999), and coefficient
of determination (R?) were found to be among the most commonly used criteria to
evaluate the model calibration and prediction performance (Dechmi et al., 2012;
Faramarzi et al., 2009; Moriasi et al., 2007; Ndomba et al., 2008; Qiu and Wang, 2013;
Sahu and Gu, 2009; Santhi et al., 2001; Tuppad et al., 2010). In order to evaluate the
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model performance with these statistics there are no explicit standards (Santhi et al.,
2001). Nevertheless, Moriasi et al. (2007), provided general performance ratings for a

monthly time step, and the ratings are shown in Table 7.

Table 6. Calibration parameters reported in 64 selected SWAT watershed studies
(adapted from Arnold et al., (2012b))

Process Input Parameters

Surface CN2 AWC ESCO EPCO SURLAG OV_N

Runoff

Basefow  GW_A GW_RE GW_DEL GW_Q REVAPM RCHARG
LPHA VAP AP WN N _DP

Snow SFTMP  SMFMN  SMFMX  SMTMP TIMP SNO50CO SNOCO

\Y VMX

Sediment PRF APM SPEXP SPCON CH_EROD CH_coV

from

channels

Sediment USLE_ USLE C USLE K LAT_S SLSOIL SLOPE

from P ED

landscape

N from RCN UBN GWNO3 ERORG NPERCO  ANOIN_E

landscape N XCL

P from PSP PHOSKD UBP PPERC GWQMIN ERORGP

landscape o] P

Pesticides KOC HL_SOIL HL_FOL WSOL WOFFW

Subsurface TDRAI GDRAIN DEP_IM

tile N P

N and P BC1 BC2 BC3 BC4 RS4 RS5

from

channels

Plant GSlI HI BLAI PHU CN_YLD

growth

Bacteria BACT BACTMI BCNST CFRT_  WDPRCH WDPQ
RDQ X KG

Other BIOMI SOL_ RO MSK CO MSK C CBNINT SOL_BD ALPHA
X C L 02 _BNR

Table 7. General performance ratings for NS and PBIAS for a monthly time step
adapted from Moriasi et al. (2007)

NS PBIAS (%)
Performance Streamflow Sediment N,P
rating
Very good 0.75<NS <1.00 PBIAS < +10 PBIAS < +15 PBIAS < +25
Good 0.65 <NS <0.75 +10 <PBIAS <15 +15 <PBIAS <+30 +25 <PBIAS <+40
Satisfactory 0.50 <NS <0.65 +15<PBIAS <+25 +30<PBIAS<#55 440 <PBIAS<#70
Unsatisfactory NS <0.50 PBIAS > +£25 PBIAS > +£55 PBIAS > £70
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Figure 4. Flowchart for the calibration of flow, sediment, and nutrients in SWAT
model adapted from Moriasi et al. (2007)

In addition to manual calibration, SWAT model can be calibrated via auto calibration
tools, and SWAT-CUP. SWAT-CUP (Abbaspour et al., 2007) is a public domain
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computer program developed for calibration of SWAT model. SWAT-CUP program
allows sensitivity analysis, calibration, validation, and uncertainty of SWAT models
by using the Sequential Uncertainty Fitting ver. 2 (SUFI-2), Particle Swarm
Optimization (PSO), the Generalized Likelihood Uncertainty Estimation (GLUE)
(Beven and Binley, 1992), Parameter Solution (ParaSol) (Griensven and Meixner,
2006), and Markov Chain Monte Carlo (MCMC) (Kuczera and Parent, 1998)
procedures. SUFI-2 method takes into consideration of all sources of uncertainties, i.e.
input data (e.g. precipitation), conceptual model, model parameters and observed data
(Abbaspour et al., 2007). In SUFI-2, model output uncertainty is computed by the 95%
prediction uncertainty (95PPU). 95PPU is determined at the ‘2.5% and 97.5% levels
of the cumulative distribution of an output variable’ which is obtained through Latin
hypercube sampling ( Abbaspour et al., 2007). The goodness of fit is determined by
the p-factor and the r-factor. While the p-factor is ‘the percentage of measured data
bracketed by the 95% prediction uncertainty’, r-factor is ‘the average thickness of the
95PPU band divided by the standard deviation of the measured data’. An ideal model
simulation in which 100% of the observed data is bracketed within the model
prediction uncertainty is with a p-factor of 1 and r-factor of 0 (Abbaspour et al., 2007;
Abbaspour, 2015). Rocha et al., (2015) used SWAT model to evaluate the sustainable
agricultural practices in the Vouga catchment in Portugal. In order to carry out model
calibration and uncertainty analysis SUFI-2 method within SWAT-CUP was utilized.
The authors stated that SUFI-2 method was preferred since this algorithm is very
efficient for both small and large watersheds. Meaurio et al., (2015) performed a study
in the Aixola, a small forested watershed, to assess SWAT model’s capability to
simulate the runoff generation processes. SWAT-CUP was adapted for auto
calibration of the model. In their study Liu et al. (2016) aimed to identify critical
source areas (CSAs) for controlling nonpoint source pollution in the Xiangxi River
watershed in China. For this purpose they used SWAT model, and SUFI-2 algorithm
provided by SWAT-CUP was selected for the calibration and validation of the model.
It is possible to find numerous studies in the literature in which calibration and
validation of the SWAT model was performed with SWAT-CUP (Costa et al., 2015;
Vilaysane et al., 2015; Yesuf et al., 2015).
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2.3.2. SWAT Model Applications

The first major application of SWAT model was in the context of the Hydrologic Unit
Model of the U.S. (HUMUS) Project (Arnold et al., 1999). In this project, SWAT
model was used with the purpose of predicting the hydrological and pollutant losses
due to agricultural and municipal water use, tillage trends, cropping systems and some
other scenarios (Williams et al., 2008). In their study Arnold and Fohrer (2005)
compiled the papers published in the first International SWAT Conference held in
August 2001 in Germany. They stated that SWAT applications within the USA
addressed the effects of land use change management and climate change on water
supply and water quality. In addition, they specified that in Europe SWAT model was
generally applied within the scope of the suitability for the European Framework
Directive. Gassman et al. (2007) grouped SWAT applications reported in the literature
into nine categories as calibration and/or sensitivity analysis, climate change impacts,
GIS interface descriptions, hydrologic assessments, variation in configuration or data
input effects, comparison with other models or techniques, interfaces with other
models, and pollutant assessments. The authors also provided the number of studies
carried out under each category. Gassman et al. (2014) overviewed 22 different
SWAT-related studies, and presented the summary of these studies in their paper. The
studies were collected under four major categories. The first category was named as
hydrologic foundations. Most of the studies presented in this category performed
hydrologic testing by performing sensitivity and/or uncertainty analyses, manual
and/or automatic calibration, and model validation. Then, the model performance was
assessed by means of statistical and/or graphical methods. The second category,
sediment transport and routing analyses, includes the studies reporting sediment yield
and/or transport results, and the factors affecting the model results such as input data
resolution and variations in landscape features. The third category is nutrient and
pesticide transport. The studies placed in this category applied SWAT model to
perform nutrient and/or pesticide transport simulations. The last category, scenario
analyses, involves a number of studies evaluating climate change impacts and the
impact of BMPs on water quality. Application of SWAT model to assess the impacts
of BMPs is a common practice. The number of studies reporting the results of BMP
scenario analysis with SWAT is quite high. For instance, Bracmort et al. (2006) used

SWAT model to determine the long-term impacts of structural BMPs on sediment and
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phosphorus loads in Black Creek watershed in northeastern Indiana. Santhi et al.
(2006) assessed the long-term impact of water quality management plans on sediment
and nutrient loadings at the farm level and watershed level in West Fork Watershed of
Trinity River Basin in Texas, USA. Lam et al. (2011) aimed to evaluate the impact of
agricultural BMPs on water quality in a North German lowland catchment. Boithias
et al. (2014) used SWAT model to assess a 20% nitrogen application rate reduction
scenario in an agricultural watershed in France. Liu and Lu (2014) evaluated the
effects of individual and combined BMPs including no tillage, reduced fertilizer
application rates and treating domestic sewage on total nitrogen and total phosphorus

loads.
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CHAPTER 3

APPLICATION OF SWAT MODEL IN LAKE MOGAN WATERSHED

The objective of this study was to evaluate and compare the impacts and effectiveness
of several agricultural BMPs on pollution removal in a semi-arid watershed, Lake
Mogan. With this purpose, a continuous, long-term, distributed parameter model,
SWAT, was used. The model was calibrated at Yavrucak monitoring station and
validated at Sukesen monitoring station for the time period between 2007 and 2010.
SWAT model input requirements substantial input information. Digital Elevation
Model (DEM), soil map, land use/land cover (LULC) map, meteorological data and
information about agricultural practices are required to build the model. The sources
and definitions of data for Lake Mogan watershed are summarized in Table 8. In the
following sub-sections in this chapter, detailed information about the model inputs and
the calibration procedure is provided. The calibrated and validated model was used to
compare different BMPs. To this end, 11 BMP scenarios were created including
fertilizer management, different tillage practices, contouring and terracing.
Description of the scenarios and the procedure to represent them in SWAT were

explained in the following sub-sections.
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Table 8. Model Input Data for Lake Mogan Watershed: Sources and Descriptions

Data Type

Source

Data Description/Properties

Topography

General Command of Mapping

SWAT uses DEM to create
sub-basins.

Soil

Field survey (Alp et al. 2014)

Soil physical properties like
bulk density, hydraulic
conductivity, texture etc. are
used by SWAT to estimate the
amount of surface runoff and
its content.

Agricultural
Practices
Information

e Golbasi District Directorate of
Food, Agriculture and Livestock

e Central Research Institute of Soil
Fertilizer and Water Resources

Agricultural crops grown in
the watershed, all types of
agricultural practices used
during the cultivation of the
products (tillage, fertilizers,

pesticides etc.) are required by
SWAT.

Land use classification
(agricultural land, pasture,
forest etc.) is required for the
definition of HRUs.

RAPIDEYE (Alp et al. 2014)

Landuse | 12 710 2013)

Precipitation, temperature,
relative humidity, wind speed
and solar radiation data are
used in the model.

General Directorate of

Meteorology Meteorology

3.1. Study Area

Lake Mogan (39 °47°N 32°47°E) is one of the important natural lakes found within
the boundaries of Ankara, the capital city of Turkey. The lake is located in Golbasi
District 20 km south of Ankara. The watershed (Figure 5) has a drainage area of 970
km? with elevations ranging from 960 to 1700 m. The surface area of Lake Mogan is
reported as 5.67 km? in Ankara Provincial Environment Status Report (Cevre ve
Sehircilik Il Miidiirliigii, 2013). Average depth of the lake is around 3 — 5 meters. Lake
Mogan is an alluvial dam lake which was formed as a result of the collapse caused by
the tectonic events (Karakaya et al., 2007).

Lake Mogan is one of the most significant recreational areas for the inhabitants of
Ankara. The lake in which the commercial fishery is prohibited offers opportunities
for activities like bird watching, sport fishing, oarsmanship, sailing, and outdoor
photography. In addition, it is one of the two lakes in Ankara which are the wetlands
of international importance. Moreover, the lake is used by more than 200 bird species

for housing and reproduction (Ozesmi, 1999). In fact, the lake was declared as special
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environmental protection region in 1990. In the south of the lake, there are Cokek and
Golclik marshes which cover approximately of 750 hectares. These marshes consist
of seasonal wet meadows, deltas, and agricultural lands. Non-arable hydromorphic
alluvial area located in the south of the lake is home to rich aquatic life and wildlife
(Cevre ve Sehircilik 11 Midiirliigi, 2013).

Water entry to Lake Mogan is irregular and it is through seasonal transient creeks
which are usually dry in summer seasons. The most important creeks feeding the lake
are Sukesen, Baspinar, Colova, Yavrucak, Colakpinar, Tatlim, Kaldirim and Golciik
and they are located in the east-north-west regions of the watershed. Among them
Sukesen, Yavrucak, and Colova creeks are the main creeks supplying water to the lake
(Tabiat Varliklarim Koruma Genel Miidiirliigii, n.d.). Two reservoirs, Ikizce and
Dikilitas, located upstream of the lake have a significant impact on the water level of
the lake. Moreover, the lake water is flowing to the Lake Eymir via the regulator
located in the northeast part of Lake Mogan. Relative contributions of different
processes to water input and output in Lake Mogan are shown in Table 9. On average,
the most significant contribution to lake water input belongs to surface runoff having
77% ratio. Second major water entry to the lake is through precipitation. Groundwater,

on the other hand, has the lowest impact on the lake water with a share of 4%.

The area of the Lake Mogan watershed is large, and the surface area and water capacity
of Lake Mogan are quite small compared to that of the watershed area. These are
natural factors increasing the pollution pressure on the lake (Tabiat Varliklarini
Koruma Genel Midiirligi, n.d.). Furthermore, Lake Mogan has become a kind of
water-meadow with large reeds around it and with bottom plants. The pollutants
generated from the diffuse and point sources located in the large watershed area are
carried to the lake through the creeks drained into the lake. In addition, the creeks
feeding the lake and local flows has resulted in sediment accumulation which in turn
has created a serious threat for the lake. As a result, biological activities in the lake
have accelerated, and eutrophication process has been observed in the lake for the past
20 years. Besides, secondary residence construction, industrial facilities, and illegal
hunting are the other factors threatening the ecological life and water quality of Lake
Mogan (Karakaya et al., 2007). Since the dominant land use type in the basin is
agriculture, diffuse agricultural pollution is another severe problem in the watershed
(Karakog et al., 2003). Within the Lake Mogan watershed, G6lbasi District is the most
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densely populated area. There are 30 settlements in the watershed and the total
population is around 122000 (TUIK, 2015). In short, the ecological integrity of Lake
Mogan is under threat due to high level of urbanization, industrial and agricultural
activities. Due to its aesthetic, recreational, and ecological values, the long-term
sustainability of Lake Mogan is of concern. Thus, several research, planning, and
implementation projects are being conducted to develop conservation plans, to protect
the integrity of the ecosystem in coordination and cooperation with the relevant public
institutions and organizations. In order to improve the quality in Lake Mogan, some
measures have been taken, and some measures have been proposed by evaluating their
effects with modelling studies. In 2008, for instance, the municipality implemented
flow augmentation strategy to increase the lake water level since the depth of the water
dropped to 3 meters due to an extended dry season. The water quality model proposed
by Muhammetoglu and Soyupak (2000) was used to evaluate different macrophyte
growth control scenarios such as harvesting of macrophyte, and removal of the

sediment layer from the lake bottom.

Table 9. Proportions of inflow and outflow components in the water budget of Lake
Mogan (Yagbasan and Yazicigil, 2012; Yagbasan and Yazicigil, 2009)

Inflow (%)
Precipitation Runoff Groundwater
19 7 4
Outflow (%0)
Evapotranspiration Withdrawal Groundwater
53 43 4

3.1.1. Climate

The continental climate is the dominant climate in Lake Mogan watershed. Winters
are cold and rainy/snowy, and summers are hot and dry. The average annual
precipitation and evapotranspiration were reported as 375 mm and 1476 mm,
respectively (Ozesmi, 1999). The precipitation falls in the winter and it is mostly in
the form of snow and rain. In their study, Yagbasan and Yazicigil (2009) reported the
average annual precipitation as 334 mm. Yagbasan and Yazicigil (2009) also stated
that the annual average evapotranspiration was 1092.2 mm. The average values of the
climatic characteristics of several years are given in Table 10 which is adapted from
Karakaya et al. (2007).

32



32°30'0"E 32°40'0"E °50'0" 33°0'0"E

39°50'0"N 39°50'0"N

39°40'0"N: 39°40'0"N

39°30'0"N:

Legend

® Districts

Creeks

Lakes
Soil sampling points

&  Water quality monitoring points
D Watershed boundary

32°50'0"E 33°0'0"E

32°40'0"E

Figure 5. Lake Mogan watershed

As it can be seen from Table 10 the average temperatures in summer months are high
while the average amount of precipitation is low in these months. The highest amount
of precipitation is observed in April and May. The meteorological data used within
the scope of this thesis study was obtained from the General Directorate of
Meteorology. Within the boundaries of Lake Mogan watershed there are two

automatic meteorological observation stations namely Ufuk Danisment and Haymana
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Tarim. The elevation, latitude, longitude information of these stations are provided in
Table 11. The weather input data used in the SWAT model belongs to the period of

2007 — 2012 and includes daily precipitation, maximum and minimum daily air

temperature, relative humidity, solar radiation, and wind speed. Daily precipitation,

maximum and minimum daily temperature data of Ufuk Danisment and Haymana

Tarim meteorological stations are shown graphically in Figure 6 and Figure 7,

respectively.

Table 10. Average meteorological data for Lake Mogan watershed (Karakaya et al.

(2007))
Meterological Month
Data
1 [2 [3 T[4 s 6 7 8 |9 10 [11 [12 | Yearly
Temp. [ Max. | 44 |64 11317 [22 [262 [298 |297[261 |198 |12 [6.6 | 176
(°C) [ Min. [29 [- |06 |56 |95 |[128 |158 |157|117 |74 |2 |-04 |63
22

Ave. (04 |06 |56 |111[158 [198 |231 |228[186 | 129 |64 |27 [118
Precipitation | 41.8 | 34 | 381 [ 513 | 482 |362 |189 |15 | 137 | 327|383 | 423 | 4105
(mm)
Relative 73 |71 |64 |61 |58 |54 |47 |47 [s50 |62 [70 |76 |61
humidity (%)
Wind speed 17 [18]19 [18 [19 [19 [23 |22 [17 [16 |15 [16 |18
(m/sec)
Ave. 865 | 146.3 | 182.1 | 237.3 | 222 | 157.9 | 87.9 | 216 11416
evaporation
(mm)
Table 11. Information about the automatic meteorological observation stations
Station Number | Station Name Elevation (m) | Latitude | Longitude
17134 Ufuk Danisment | 1115 39,8032 N | 32,8434 E
17733 Haymana Tarim | 1070 39,6130 N | 32,6720 E
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3.1.2. Topography and Digital Elevation Model (DEM) of the Watershed

Lake Mogan watershed slopes from south to north. The large southern part of the
watershed with 972 meters elevation turns into a deep narrow valley in the north at
approximately 967 meters elevation. This narrow valley where Lake Eymir is located
is connected to Imrahor valley. Lakes Mogan and Eymir were formed as a result of
accumulation of stream water behind the natural set which was formed due to
aggregation of alluvial materials carried by the rivers into the main valley (Ugur,
2009). Lake Mogan discharges into Lake Eymir with nearly 5 meters elevation
difference. Therefore, approximately 98% of water entry to Lake Eymir is provided

by Lake Mogan (Tabiat Varliklarin1 Koruma Genel Midiirliigi, n.d.).

Lake Mogan watershed is surrounded by Elmadag and Kiire mountain in the east, by
Idris Mountain in the northeast, Miirted lowland and Cile mountain in the west, and
Haymana and Sakarya highlands in the south (Ugur, 2009). The watershed has a very
low slope in general. Yagbasan and Yazicigil (2009) specified the highest and the
lowest elevations in the watershed as 1,560 and 980 meters, respectively.

Alp et al. (2014) created the Digital Elevation Model (DEM) of the region covering
the whole watershed. In order to generate the DEM, thirty pieces of vector maps in
1/25000 scale were obtained from Turkish General Command of Mapping. These
vector maps were used to obtain the DEM by using a geo-statistical method; i.e.,
simple kriging. The DEM generated is shown in Figure 8. In the map, white and black
represents the highest and the lowest elevations, respectively. The highest elevation in
the map which also includes the areas outside the watershed boundary is 1,860 meters

while the lowest elevation is 798 meters.

3.1.3. Land Use/Land Cover (LULC)

In Lake Mogan watershed, approximately 40% of the total watershed area is used for
agricultural purposes. In the agricultural lands, mostly dry farming is practiced. LULC
map used in this study was created within the scope of the TUBITAK project, namely
“Evaluation of Agricultural Diffuse Pollution and its Control Alternatives with SWAT
model in Lake Mogan Watershed” with the project number of 111Y284 (Alp et al.,
2014). The LULC classification process was accomplished via remote sensing
algorithms by using Rapid Eye satellite images. The satellite image dated May 7',

2013 has five spectral bands. The image with spatial resolution of 5 meters covers the
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Figure 8. Digital Elevation Model (DEM) of Lake Mogan watershed

whole study area. Nine LULC classes, namely, water bodies, forest, agriculture, road,
settlement, mine site, fallowing land, rangeland, and bare land, were used in the
classification. Total classification accuracy for the Rapid Eye image data was
determined as 70%. Digital Elevation Model (DEM) and its products like slope and
aspect were added to image data as additional bands to increase the accuracy. As a
result, total accuracy was increased to 80%. Detailed information about the LULC
classification of Lake Mogan watershed can be obtained from Alp et al. (2014). In
Table 12, the percentages of LULC classes after classification are indicated. As it can

be seen from Table 12, total percentage of agricultural lands together with fallowing
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and rangelands is nearly 81% while residential areas comprise only 10% of the total

watershed area. In Figure 9, LULC map of Lake Mogan watershed is shown.

Table 12. LULC percentages of Lake Mogan watershed

Area Ratio
LULC class (km?) (%)
Water 11.74 1.21
Forest 18.62 1.92
Agriculture 297.69 30.69
Fallowing land 79.25 8.17
Road 18.82 1.94
Settlement 100.8 10.39
Mine site 0.29 0.03
Rangeland 408.95 42.16
Bare land 33.85 3.49
TOTAL 970 100.00

3.1.4. Soil Properties

The soil map used in this study was created within the context of the project
“Evaluation of Agricultural Diffuse Pollution and its Control Alternatives with SWAT
model in Lake Mogan Watershed” (Alp et al., 2014). Alp et al. (2014) conducted a
field study in which the soil surface (0 — 20 cm) samples were collected. The analysis
of these samples were performed by the Central Research Institute of Soil Fertilizer
and Water Resources Laboratory. In the analysis, the physical, chemical, and
hydrological characteristics of the samples were determined. At the end, sixteen
different parameters including pH, organic carbon, clay, sand, and silt were analyzed.
With the results of the soil analysis the spatial soil map of Lake Mogan watershed was
created with Thiessen Polygons or VVoronoi Polygons method. The spatial soil map of
the watershed was created with the results obtained from the soil sample analyses. The

location of 49 soil sampling points are shown in Figure 10.

According to the result of soil sample analysis, in the sampling points where the soil
profile depth is high, the plant root depth is also high. Moreover, differences in land
use, plant cover, and soil tillage status causes a change in the amount of organic matter

and bulk density values. Bulk densities of the soil samples showed significant
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differences in arable and fallowing lands. Compared to arable lands, the bulk densities
are generally low in fallowing lands where the soil is loosened by tillage. The bulk
density values of samples collected from pastures and stubble covered fields were
found high. Water transmission rates of hydrologic soil groups were determined as
medium (B) and low (C) in all sampling points except for one sampling point which
is located in an agricultural land. The percentage of dry aggregates was found low in
fallowing lands due to soil tillage. Soil water characteristic values vary in accordance
with the soil texture. The field capacity, wilting point, and water saturation values
were found high, especially in the soil samples with high clay ratio. Soil sample

characteristics as a result of soil analyses are given in Table 13.

Legend

Classes

- Water
- Road
- Settlement
- Rangeland
m Bareland
- Mine site
- Forest

” - Fallowing Land
e mmw—— Kilometers
012 4 6 8 10 I Agricuitural Land

Figure 9. LULC classes in Lake Mogan watershed
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3.1.5. Agricultural Activities

According to Golbasi District Directorate of Food, Agriculture and Livestock, wheat
and barley are the most commonly cultivated agricultural crops in Lake Mogan
watershed. In the watershed cultivation of rye, oats, vetch, caraway, corn, alfalfa,
sainfoin, beans, lentils, chickpeas, and sunflower (for oil) is also carried out on a
limited scale compared to wheat and barley. Furthermore, cattle and sheep breeding

and beekeeping are other sources of livelihood in the region.

As it can be seen in Table 14 agricultural crops are planted in September, and
harvested between July 15" and August 1%. Dry farming is carried out in the region
but water is supplied from the wells if necessary. First tillage is carried out between
the end of March and beginning of April, and the plow depth is between 18 and 25
cm. Second tillage starts in May 15" and performed for a week. In this tillage, duck
foot and disk-harrow are used and the depth of the tillage is between 10 and 12 cm.
Third tillage is done between June 21% and July 7" by using duck foot and disk-harrow
in 10 cm depth. Final tillage is carried out between September 10" and 30" with duck

foot and disk-harrow in 7-8 cm depth.

Table 14. Lake Mogan watershed times of harvesting and plowing

Date Type of application

July 15" — August 1% Harvesting

end of March — beginning of April First tillage (with plow — 18-25cm)
May 15t Second tillage (duck foot — 10-12 cm)
June 218t — July 7*" Third tillage (duck foot — 10 cm)
September 10" and 30" Fourth tillage (duckfoot — 7-8 cm)

In Lake Mogan watershed, fertilizers and pesticides used in agricultural lands are
supplied from the dealers located in the region. The information regarding the fertilizer
application during wheat cultivation was obtained from the Golbasi District
Directorate of Food, Agriculture and Livestock, Assoc. Prof. Dr. Oguz Baskan from
Soil, Fertilizer and Water Resources Institute, and Prof. Dr. Ayten Namli from Ankara
University. The information including the type, timing, and amount of fertilizer is
provided in Table 15. Four different types of fertilizers namely urea, ammonium

nitrate, ammonium sulfate, and diammonium phosphate (DAP) are used for wheat
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growing. In the table N (nitrogen) — P (phosphorus) — K (potassium) ratios of the

fertilizers are given below their names.

Table 15. The type of fertilizer applied to wheat, the timing and the amount

Type of fertilizer Time of application Amount
(kg/da)

Urea end of February — beginning of March 8-10

(46-00-00)

Ammonium Nitrate end of March — beginning of April 10-15

(33-00-00)

Ammonium Sulfate October 20-25

(21-00-00)

DAP Before planting or with planting 25

(Diammonium phosphate)

(18-46-00)

3.2. Model Construction

In the context of this thesis study, ArcSWAT 2012 which is an ArcGIS extension
(ArcGIS Desktop Service Pack 5) was used for performing SWAT simulations.
ArcSWAT extension generates an ArcMap project file containing links to the retrieved
data and incorporates all customized GIS functions into the ArcMap project file
(Srinivasan, 2014). Model inputs can be categorized under five main categories as
topography, soil, agricultural practices, land use, and meteorology. The summary of
the model inputs; related sources and descriptions are given in Table 16. Detailed

information about each data category can be found in Section 3.

In SWAT; which is run via ArcGIS interface in this study, there are five steps to be
completed in order to run the model. The steps to set up a SWAT model project are
summarized in Figure 11. The first step is ‘Watershed Delineation’. Determination of
the watershed boundary; creation of the tributaries and the subbasins; definition of
point sources and reservoirs, if any, are performed by using this menu. This step is
followed by the ‘HRU Analysis’. In this step, definition of hydrologic response units
(HRUSs) are carried out by defining the land use, soil, and slope classes. The next step
is ‘Write Input Tables’ menu. Via this menu, the meteorological data is introduced to
the model. In addition, all SWAT database tables; e.g. soil, groundwater, management
data etc., required to run the model are created. The last step before running the SWAT

model is ‘Edit SWAT Input’ menu. In this step agricultural practices carried out in the
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watershed can be defined, and the information regarding the reservoirs and inlets, if
any, can be adjusted. When all of these steps are completed, the SWAT model can be
run. In order to run the model ‘Run SWAT’ button under the ‘SWAT Simulation’
menu is used. Please see Appendix A for the detailed procedure on how SWAT model

was constructed for Lake Mogan watershed.

Watershed Delineation

HRU Analysis

Write Input Tables

Edit SWAT Input

SWAT Simulation

Figure 11. Steps to setup a SWAT model project

3.3. Model Calibration and Validation

Within the scope of this study, SWAT model was calibrated for the Lake Mogan
watershed based on the monthly observed data obtained from the Yavrucak
monitoring station. The simulation period was 2007 — 2010 where the first year was
used as the warm-up period. According to Arnold et al. (2012) warm-up period can
also be named as equilibration period. Warm-up period is used when initial conditions
are unknown and it is aimed at stabilizing initial conditions (Pereira et al., 2014).
Warm-up period becomes more important as the simulation period gets shorter.
Furthermore, one year warm-up period is usually sufficient to get the hydrologic cycle
fully operational (Arnold et al. 2012). A longer warm-up period would have been
better but shortening the already short calibration period was avoided. On the other
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hand, using a one-year warm-up period was preferred in several studies in the literature
(Abraham et al., 2007; El-Sadek and Irvem, 2014; Ficklin et al., 2013; Tibebe et al.,
2013; Vilaysane et al., 2015). The data from the Sukesen monitoring station was used
to validate the model performance for the same period. The model was calibrated for
streamflow, sediment, nitrogen and phosphorus. Monthly flow rate data of Yavrucak
and Sukesen stations were obtained from the METU Limnology Laboratory. Within
the framework of the Environment Plan prepared by General Directorate of Natural
Heritage Protection, water quality monitoring activities in Lake Mogan watershed are
ongoing since 2006. Thus, the water quality data including total suspended solids
(TSS), nitrate (NOs), total nitrogen (TN), and total phosphorus (TP) were acquired
from the directorate for the same monitoring stations. The locations of the Yavrucak

and Sukesen water quality monitoring stations can be seen in Figure 5.

Table 16. Model input data for Lake Mogan watershed: Sources and Descriptions

Data Type | Source Data
Description/Properties

Topography | Turkish General Command of Digital Elevation Model

Mapping (DEM), 15m x15m
resolution

Soil Field survey, soil analysis by the Soil physical properties like

Central Research Institute of Soil bulk density, hydraulic
Fertilizer and Water Resources conductivity, texture etc.
Laboratory (Alp et al., 2014)

Agricultural | e Golbasi District Directorate of Agricultural crops grown in

Practices Food, Agriculture and Livestock | the watershed, all types of

Information | e Central Research Institute of Soil | agricultural practices

Fertilizer and Water Resources
Land use RAPIDEYE satellite image (Alp et | Land use classification
al., 2014)
(May 7', 2013)

Meteorology | General Directorate of Meteorology | Precipitation, temperature,
relative humidity, wind
speed and solar radiation
data

In this study the SWAT model was calibrated though SWAT-CUP (SWAT Calibration
and Uncertainty Procedures) software. SWAT-CUP is a computer program developed
for the calibration of SWAT models (Abbaspour, 2015). The program allows the user

to perform sensitivity analysis, calibration, validation, and uncertainty analysis. There
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are several different procedures offered by SWAT-CUP to carry out the mentioned
tasks (Section 2.3.1). Within the scope of this study, Sequential Uncertainty Fitting
ver. 2 (SUFI-2) method was adopted. SUFI-2 algorithm provides good prediction
uncertainty ranges with a small number of model runs. This characteristic becomes
more noteworthy if the model is computationally demanding (Yang et al., 2008).
SWAT-CUP allows the user to simultaneously calibrate all SWAT parameters
comprising all water quality parameters, crop parameters, crop rotation and
management parameters, and weather generator parameters in the calibration process
(Arnold et al., 2012b). In Appendix B, detailed information about SWAT-CUP is
provided.

3.3.1. Sensitivity Analysis

Sensitivity analysis is defined as the determination of the model output response to
changes in the model inputs or the parameters (White and Chaubey, 2005). SWAT-
CUP allows performing two types of sensitivity analysis namely, one-at-a-time and
global. One-at-a-time sensitivity analysis is the modification of a parameter while all
other parameters are kept constant. The problem with the one-at-a-time sensitivity
analysis is that accurate values of other parameters that are kept constant are never
known (Arnold et al., 2012b). This problem should be considered before performing
the analysis since the values of the fixed parameters have an effect on the sensitivity
of a changing parameter (Abbaspour, 2015). Global sensitivity analysis, on the other
hand, allows all parameter values to change simultaneously. However, it requires a
large number of simulations (Arnold et al., 2012b). The sensitivity rankings of the
parameters are determined according to the t-stat and the p-value. The t-stat is defined
as “the coefficient of a parameter divided by its standard error”. The second parameter
sensitivity statistics, the p-value, indicates the significance of sensitivity. The larger
the absolute value of the t-stat, and the smaller the p-value, the more sensitive the
parameter is (Abbaspour, 2015). In this study, the most sensitive parameters were
deduced from the literature. Therefore, no sensitivity analysis was performed before
model calibration. However, after the model simulations were completed, one-at-a-
time function in SWAT-CUP was used to rank the parameters selected from the

literature according to their sensitivity.
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3.3.2. Evaluation of Model Prediction

The strength of calibration through the SUFI-2 algorithm in SWAT-CUP is
determined by using two criteria; the p-factor and the r-factor. Furthermore, SWAT-
CUP permits the evaluation of the best simulation of the current iteration by using ten
different model performance evaluation criteria (Abbaspour, 2015). In this study, the
objective function was selected as the Nash-Sutcliffe (NS) efficiency factor but
percent bias (PBIAS) and coefficient of determination (R?) were also taken into
consideration while assessing the model performance. The guidelines provided by
Moriasi et al. (2007), Table 7, were considered to decide whether the performance was
satisfactory or not. In the following subsections detailed information about NS,
PBIAS, and R? is given.

Nash — Sutcliffe (NS)

The Nash-Sutcliffe (NS) is a normalized statistic that determines the relative
magnitude of the residual variance (“noise’”) compared to the measured data variance

(“information”) (Nash and Sutcliffe, 1970). NS is formulated as given below:

. — 2
ws— 1o Z@n=0

Zi(Qm,i - Qm)z

where Q,, and Q. represent the measured and the simulated variables, respectively.
The Q,,, is the average of the measured values. NS ranges from - oo to 1. The optimum
condition is reached when NS is 1. If the value of NS is between 0.0 and 1.0, the model
performance can be evaluated as acceptable. The values of NS smaller than 0 shows
that the mean observed value is better predictor than the simulated value. Thus, the

model performance is not satisfactory when NS < 0 (Moriasi et al., 2007).
Percent bias (PBIAS)

PBIAS measures the average tendency of the simulated data to be larger or smaller
than their observed counterparts (Gupta et al., 1999). PBIAS is calculated with the

following equation:

?=1(Qm - Qs)i

?:1 Qm,i

PBIAS = lz (3)
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where Q,, and Q represent the measured and the simulated variable respectively.
When PBIAS is 0, it means that simulated and observed data perfectly match with
each other. Lower PBIAS values correspond to better simulations. Negative values
point to model overestimation while positive values show that the model
underestimates the observed values (Abbaspour, 2015).

Coefficient of determination (R?)

Coefficient of determination defines the degree of collinearity between simulated and

measured data (Moriasi et al., 2007). R? is calculated with the following equation:

R — [Z:(Qmi — Qm)(Qs; — Qs)]z

= = - (4)
Zi(Qm,i - Qm)2 Zi(Qs,i - Qs)2

where Qm and Qs represent the measured and the simulated variable respectively, and
i represents the i measured or simulated data. R? ranges from 0 to 1. Higher R? values
mean less error variance, and the values higher than 0.5 are acceptable (Moriasi et al.,
2007).

3.3.3. Streamflow Calibration

Data from Yavrucak monitoring station comprising the monthly flow rates between
the period 2007 and 2010 were used to calibrate the stream flow. The year 2007 was
used as the warm-up period to make the hydrological cycle fully operational (Neitsch
et al., 2002). The observed flow rates from January 2008 to September 2010 at the
Yavrucak monitoring station is shown graphically in Figure 12. As it can be seen from
Figure 12, Yavrucak is a seasonal creek, and the streamflow is very low, always
smaller than 0.5 m®/sec. The average monthly streamflow within the simulation period
is 0.097 m3/sec.

The streamflow calibration parameters and their value ranges were determined after a
detailed literature survey (Akhavan et al., 2010; Arnold et al., 2012a; Lam et al., 2012;
Oeurng et al., 2011; Pisinaras et al., 2010; Sahu and Gu, 2009; Santhi et al., 2001;
Strauch et al., 2012). Twenty parameters were selected for the streamflow calibration,
and a total of 1500 simulations were conducted for streamflow calibration. The

objective function was selected as Nash — Sutcliffe (NS) efficiency coefficient.
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However, the values of R? and PBIAS were also evaluated to identify the best
simulation. In order to assess the performance of the model as successful NSE > 0.5,
PBIAS < #+ 25%, R?> 0.5 was required. All of the 20 parameters used during the
streamflow calibration, their explanations and value ranges are given in Table 17. The
parameter modifications were made globally which means that hydrological group,
soil texture, land use, and subbasin identifiers were omitted. In Table 17, the column
‘Method’ indicates the type of modification made on the parameter. Relative (r) means
that the existing parameter value is multiplied by (1+ a given value). Replace (v), on
the other hand, specifies that the existing parameter value is to be replaced by the given
value. Table 17 is actually the par_inf.txt file (see Appendix B) prepared as an input
to SWAT-CUP.

Yavrucak Monitoring Station
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Figure 12. Observed streamflow values at Yavrucak monitoring station

In Table 17, CN2 is the initial SCS runoff curve number for moisture condition II.
This parameter is located in the management input file. CN2 is used to calculate runoff
depth as a function of total rainfall depth (Liew et al., 2005). It is one of the parameters
commonly used in the calibration of hydrological parameters (Arnold et al., 2012b).
The baseflow recession factor (ALPHA_BF), the deep aquifer percolation fraction
(RCHRG_DP), the groundwater “revap” coefficient (GW_REVAP), the threshold
depth of water in the shallow aquifer required for return flow (REVAPMN), and the
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groundwater delay (GW_DELAY) are the variables found in the groundwater input
file. They control the water movement into and out of the aquifers (Arnold et al.,
2012a). Plant uptake compensation factor (EPCO) and soil evaporation compensation
factor (ESCO) are the two of the parameters located in the basin input file. EPCO is
used to control the amount water uptake by the plants while ESCO enables the user to
adjust the soil depth distribution of evapotranspiration. The values of EPCO and
ESCO can be also modified in the HRU level. Surface lag coefficient (SURLAG)
regulates the fraction of the total available water that will be allowed to enter the reach
on any one day (Arnold et al., 2012a). Melt factor for snow on June 21 (SMFMX),
melt factor for snow on December 21 (SMFMN), snowfall temperature (SFTMP),
snow melt base temperature (SMTMP), snow pack temperature lag factor (TIMP),
minimum snow water content that corresponds to 100% snow cover (SNOCOVMX),
and fraction of snow volume represented by SNOCOVMX that corresponds to 50%
snow cover (SNO50CQV) are located in the basin input file. These parameters control
the snow related processes. Available water capacity of the soil layer (SOL_AWC) is
located in the soil input file. SOL_AWC is also referred to as the plant available water;
i.e., the volume of water that is available to plants at field capacity. Manning’s “n”
value for the tributary channels (CH_N(1)) and manning’s “n” value for the main
channel (CH_N(2)) are found in the main channel input file. Detailed descriptions
about each parameter can be obtained from Arnold et al. (2012a).
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Table 17. Streamflow calibration parameters and their value ranges

# | Parameter File | Method Min | Max | Hydro | Soil | Landuse | Sub
Name Ext. Grp Text. basins
1 | CN2 .mgt | r Relative | -0.1 | 0.1 - - - All
2 | ALPHA BF | .gw | vReplace | 0 1 - - - All
3 |RCHRG_DP | .gw | vReplace | 0 1 - - - All
4 | GW _REVAP | gw | vReplace | 0.02 | 0.2 - - - All
5 | GWQMN .gw | vReplace | 0 5000 | - - - All
6 | REVAPMN .gw | vReplace | 0 500 | - - - All
7 | GW_DELAY | .gw | vReplace | 0 500 |- - - All
8 | EPCO .hru | vReplace | 0.01 | 1 - - - All
9 | ESCO .hru | vReplace | 0 1 - - - All
10 | SURLAG Jbsn | vReplace | 1 24 - - - All
11 | SMFMX .bsn | vReplace | 0 9 - - - All
12 | SMFMN .bsn | vReplace | 0 9 - - - All
13 | SFTMP .bsn | v Replace | -5 5 - - - All
14 | SMTMP .bsn | v Replace | -5 5 - - - All
15 | TIMP .bsn | vReplace | 0 0.9 - - - All
16 | SNOCOVMX | .bsn | v Replace | 0 500 | - - - All
17 | SNO50COV | .bsn | v Replace | 0 0.9 - - - All
18 | SOL_AWC .sol | rRelative | -0.1 | 0.1 - - - All
19 | CH N1 .sub | vReplace | 0.01 | 1 - - - All
20 | CH_N2 arte | vReplace | 0 0.3 - - - All

*v__means the existing parameter value is to be replaced by the given value, r__means the existing parameter
value is multiplied by (1+ a given value).

3.3.4. Sediment and Water Quality Calibration

After the model was calibrated for streamflow, the parameters related to hydrology
were fixed and then the model was calibrated for sediment. In order to calibrate the
sediment, monthly total suspended solids (TSS) data from the Yavrucak monitoring
station were used. The simulation period was between 2007 and 2010 together with a
one year warm-up period. The observed monthly total suspended solids (TSS)
concentrations from January 2008 to September 2010 at the Yavrucak monitoring
station is shown graphically in Figure 13. As it can be seen from Figure 13, not all
monthly TSS concentration are available between January 2008 and September 2010;
there is considerable amount of missing data. The maximum TSS concentration was
observed at March 2008 as 71.2 mg/L. The average monthly observed TSS
concentration in this period was 26.4 mg/L.
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Figure 13. Observed TSS concentrations at the Yavrucak monitoring station

Through literature review and according to the suggestions of the SWAT’s user
manual (Neitsch et al., 2002) and SWAT Input/output documentation (Arnold et al.,
2012a), twenty parameters related to sediment processes were determined (Akhavan
et al., 2010; Almendinger et al., 2014; Lam et al., 2012; Oeurng et al., 2011; Pisinaras
etal., 2010; Sahu and Gu, 2009; Strauch et al., 2012). The parameters obtained through
literature review and used in the sediment calibration, and their ranges are shown in
Table 18. A total of 1500 simulations were carried out through SWAT-CUP. Similar
to streamflow calibration, the objective function was selected as the Nash — Sutcliffe
(NS) efficiency coefficient. To evaluate the model performance as successful NSE >
0.5, RZ>0.5, and PBIAS < +55% was required (Moriasi et al., 2007). Hydrological
group, soil texture, land use, and subbasin identifiers were not considered, and the
parameters were modified globally. The observed TSS concentrations (mg/L) were
converted to loads (tons) by multiplying with the corresponding measured streamflow

values in order to be able to compare them with the SWAT output values.

In Table 18, SPEXP is the exponent parameter for calculating sediment reentrained in
channel sediment routing. SPEXP is found in the basin input file (.bsn). SPCON is the
linear parameter for calculating the maximum amount of sediment that can be
reentrained during channel sediment routing and it is located in the basin input file.

CH_ERODMO is a parameter found in the main channel input file (.rte), and ranges
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between 0 and 1. When CH_ERODMO takes the value of 0, it indicates non-erosive
channel, while 1 indicates no resistance to erosion. CH_COV1 and CH_COV?2 located
in the main channel input file are the channel erodibility and the channel cover factor,
respectively. ADJ_PKR is the peak rate adjustment factor for sediment routing in the
tributary channels. C_FACTOR s the scaling parameter for cover and management
factor for overland erosion. USLE_P and USLE_K are the parameters controlling the
sediment yield landscape. USLE_P is the support practice factor and USLE_K is the
soil erodibility (K) factor of USLE equation. RSDCO is the residue decomposition
coefficient and it determines the fraction of residue which will decompose in a day.
BIOMIX is the biological mixing efficiency. CH_WDR is the channel width-depth
ratio. CH_BED_KD, CH_BNK_KD, CH_BNK_D50, CH_BNK_TC, CH_BNK_BD,
CH_BED_BD, and CH_BED_D50 are parameters related to the channel bank and
channel bed sediment. They are found in the main channel input file. SOL_ROCK is
located in the soil input file, and it is the rock fragment content of the soil layer. Arnold

et al. (2012a) can be consulted for more information about these parameters.

Table 18. Sediment calibration parameters and their value ranges

# | Parameter File | Method Min Max Hydro | Soil | Land | Sub-
Name Ext. Grp Text. | use basins
1 | SPEXP .bsn | vReplace | 1 15 - - - All
2 | SPCON .bsn | vReplace | 0.001 | 0.01 - - - All
3 | CH-ERODMO | .rte | vReplace | 0 1 - - - All
4 | CH Covl rte | vReplace | -0.05 | 0.6 - - - All
5 | CH_ COV2 rte | vReplace | -0.001 | 1 - - - All
6 | ADJ PKR .bsn | vReplace | 0 2 - - - All
7 | C_ FACTOR .bsn | vReplace | 0.001 | 0.45 - - - All
8 | USLE P .mgt | vReplace | 0 1 - - - All
9 | USLE K S0l | vReplace | 0 0.65 - - - All
10 | RSDCO .bsn | vReplace | 0.02 0.1 - - - All
11 | BIOMIX .mgt | vReplace | 0 1 - - - All
12 | CH WDR .rte | r Relative | -0.1 0.1 - - - All
13 | CH BED KD | .rte | vReplace | 0.001 | 3.75 - - - All
14 | CH_BNK KD | .rte | vReplace | 0.001 | 3.75 - - - All
15 | CH BNK D50 | .rte | vReplace | 1 10000 | - - - All
16 | CH_ BNK_TC | .rte | vReplace |0 400 - - - All
17 | CH_BNK BD | .rte | vReplace | 1.1 19 - - - All
18 | CH BED BD | .rte | vReplace | 1.1 1.9 - - - All
19 | CH BED D50 | .rte | vReplace | 1 10000 | - - - All
20 | SOL_ROCK .sol | rRelative | -0.1 0.1 - - - All

*v__means the existing parameter value is to be replaced by the given value, r__means the existing parameter
value is multiplied by (1+ a given value).
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After sediment calibration, nutrients (N and P) calibration was performed. To calibrate
nitrogen loads, monthly total nitrogen (TN) and nitrate (NO3) measurements carried
out in Yavrucak monitoring station were utilized. For total nitrogen, only 3, and for
nitrate, only 7 monthly measurements in mg/L were available from January 2008 to
September 2010. Therefore, nutrient calibration was problematic due to limited data
availability. Since the simulated results for TN and NOs are given in kg/month, it was
required that the observed TN and NOs concentrations (mg/L) in Yavrucak were
converted to loads in kg/month. For this reason, observed concentrations were
multiplied with the corresponding streamflow values and since the simulations were
performed on a monthly time step, the result was multiplied by 30 days. For
phosphorus calibration, total phosphorus (TP) concentrations measured at Yavrucak
monitoring station were utilized. During the period from January 2008 to September
2010, total phosphorus measurements were carried out in 10 months. The average of
TN, NOs, and TP concentrations are given in Table 19. Similar to the nitrogen
calibration, observed concentrations (mg/L) were converted to loads (kg/month) by
multiplying the corresponding streamflow values with 30 days (monthly time step).
To assess the simulation results, NS, PBIAS, and R? were used. The model results
were identified as successful when NSE > 0.5, R?>0.5, and PBIAS < +70% (Moriasi
and Arnold, 2007).

Similar to streamflow and sediment calibration, the parameters and the ranges for
nitrogen and phosphorus calibration were determined through literature survey. The
recommendations from the SWAT’s user manual, and SWAT input/output
documentation (Arnold et al., 2012a; Neitsch et al., 2002) were also taken into

consideration. Fifteen parameters used in nutrient calibration are given in Table 20.

In Table 20, SOL_ORGN, SOL_NO3, and SOL_ORGNP is the initial organic
nitrogen, initial nitrate, and initial organic phosphorus concentration in the soil layer,
respectively. These parameters are found in the chemical input file. NPERCO and
PPERCO are the nitrate and phosphorus percolation coefficient, respectively. They
are located in the basin input file. BC1_BSN, BC2_BSN, and BC3_BSN are the rate
constants for the biological oxidation of NH3, biological oxidation of NO2 to NOs, and
hydrolysis of organic nitrogen to ammonia, respectively. BC4 BSN is the rate
constant for decay of organic phosphorus to dissolved phosphorus. These rate

constants are found in the basin input file. CDN is the denitrification exponential rate
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coefficient located in the basin input file. SDNCO is the fraction of field capacity

water content above which denitrification takes place. PHOSKD and PSP are the

phosphorus  soil

partitioning coefficient and phosphorus availability index,

respectively. RS5 is the organic phosphorus settling rate in the reach. Lastly,

ERORGP, found in the HRU input file, is the phosphorus enrichment ratio for loading

with sediment. Detailed information about these parameters can be obtained from
Arnold et al. (2012a).

Table 19. Average observed nutrient concentrations at Yavrucak monitoring station

Variable Unit Period Value
January 2008 to September 2010
TSS mg/L (10 monthly values available) 26.43
January 2008 to September 2010
NOs mg/L (7 monthly values available) 2.33
January 2008 to September 2010
TN mg/L (3 monthly values available) 2.69
January 2008 to September 2010
TP mg/L (10 monthly values available) 0.12
Table 20. Nutrient calibration parameters and their value ranges
# | Parameter File Method Min Max Hydro | Soil | Land | Sub-
Name Ext. Grp Text. | use basins
1 | SOL ORGN |.chm | vReplace |0 100 - - - All
2 | NPERCO .bsn v Replace | 0 1 - - - All
3 | BC1 BSN .bsn v Replace | 0.1 1 - - - All
4 | BC2_BSN bsn v Replace | 0.2 2 - - - All
5 | BC3_BSN .bsn v Replace | 0.2 0.4 - - - All
6 | BC4 BSN .bsn v Replace | 0.01 0.7 - - - All
7 | CDN .bsn v Replace | 0 3 - - - All
8 | SDNCO .bsn v Replace | 0 1 - - - All
9 | SOL_NO3 .chm | vReplace | 0 100 - - - All
10 | SOL_ ORGP | .chm | vReplace | 0 100 - - - All
11 | PPERCO .bsn v Replace | 10 175 - - - All
12 | PHOSKD .bsn v Replace | 100 200 - - - All
13 | PSP .bsn v Replace | 0.01 0.7 - - - All
14 | RS5 SwW(q v Replace | 0.001 | 0.1 - - - All
15 | ERORGP hru v Replace | 0 5 - - - All

*v__means the existing parameter value is to be replaced by the given value
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3.3.5. Model Validation

Model validation is the process of evaluation of the model performance in periods and
areas outside the calibration data and areas. In the literature, it is observed that the
validation is commonly carried out at the same monitoring site used in the calibration
process at a different time period. However, validation can also be performed in the
same time period as calibration but at a different spatial location (Assegahegn and
Zemadim, 2013; Benaman et al., 2005; Chekol et al., 2007).

In this study the calibration period was selected from 2007 to 2010 including a one-
year warm-up period due to data restrictions. Since the duration of the available data
is short, it was decided not to divide the data between calibration and validation.
Instead, validation was performed for the same time interval of calibration from 2007
to 2010 for at a different location, Sukesen, in the same watershed. The location of
Yavrucak and Sukesen subbasins are shown in Figure 14. As can be seen in the figure,
Sukesen is located downstream of Yavrucak. Detailed comparison of these two
subbasins in terms of land use classifications, slope etc. is provided in Section 4.2.1.
In the validation, the parameters modified through the calibration were kept constant,
and the simulated streamflow, total nitrogen, nitrate, and total phosphorus loads were

compared with the observed loads at Sukesen monitoring station.

Legend

l:l Watershed boundary

Yavrucak

Figure 14. The locations of Yavrucak and Sukesen subbasins
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3.4. Representation of BMPs in SWAT (Scenario Development)

In the context of this study, 11 different BMP scenarios were developed, and the
efficiencies of these scenarios were compared in terms of reducing the amount of
transported sediment and nutrient loads. The changes in the amount of pollutants were
evaluated at the Yavrucak and Sukesen subbasin outlets. To evaluate the results, the
changes in the amount of pollutants were compared with a baseline scenario which is
based on the current practices carried out in the watershed. The BMPs evaluated
includes nutrient management by reducing fertilizer amounts, land use management
by replacing conventional tillage methods with conservation or no tillage, contouring,
and terracing. All of the mentioned scenarios simulated for the Lake Mogan watershed

are listed in Table 21 with their descriptions.

Table 21. Description of BMPs simulated for the Lake Mogan watershed

BMP Descriptions

Scenario

Baseline Model simulation after streamflow, sediment, and nutrient load
Scenario calibration was finalized.

Scenario-1  Fertilizer application rates were decreased by 10%.

Scenario-2  Fertilizer application rates were decreased by 20%.

Scenario-3  Fertilizer application rates were decreased by 30%.

Scenario-4  Conventional tillage operations were replaced by conservation tillage.

Scenario-5  Conventional tillage operations were replaced by no tillage.

Scenario-6 ~ Conservation tillage was applied at low clay (<30%) agricultural lands.

Scenario-7  No tillage was applied at low clay (<30%) agricultural lands.

Scenario-8  Contouring was applied at agricultural lands.

Scenario-9  Terracing was applied at agricultural lands.

Scenario-10 Combination of Scenario 3 and 5

Scenario-11  Combination of Scenario 3,5 and 7

3.4.1. Nutrient Management

It is important to evaluate the efficiency of nutrient management plans in terms of the
economic and environmental sustainability of the agricultural system (Lam et al.,
2011). Nutrient management plans generally involve performing soil tests, adjusting
timing of fertilizer application, and keeping records (Merrill et al., 2011; Sharpley et
al., 2006). Reducing the fertilizer application rates to control the loss of nutrients in

surface runoff is one of the commonly applied methods in agricultural watersheds
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(Lametal., 2011; Liu and Lu, 2014; Schilling and Wolter, 2009; Thodsen et al., 2015).
In these studies, the percentages of fertilizer reductions range from 10% to 30%.
Therefore, three fertilizer management scenarios were developed in the context of this
study. In Scenario-1, Scenario-2, and Scenario-3, current fertilizer amounts applied in
agricultural lands in Lake Mogan watershed were reduced by 10%, 20%, and 30%,
respectively. The impact of these scenarios on the sediment and nutrient loads were
assessed at Yavrucak and Sukesen subbasin outlets. The results of the fertilizer

management scenarios are given in Section 4.3.
Scenario-1

In this scenario, the fertilizer application rates in agricultural lands were reduced by
10% compared to the Baseline Scenario. The fertilizer application rates in the Baseline

Scenario and Scenario-1 are given in Table 22.
Scenario-2

The fertilizer application rates were reduced by 20% compared to Baseline Scenario.
The fertilizer application rates in Baseline Scenario and Scenario-2 are given in Table
22.

Scenario-3

The fertilizer application rates were reduced by 30% compared to Baseline Scenario.
The fertilizer application rates in Baseline Scenario and Scenario-3 are given in Table
22.

Table 22. Fertilizer application rates in Scenario-1, Scenario-2 and Scenario-3

Application Rate (kg/ha)

Fertilizer Type Baseline Scenario-1  Scenario-2  Scenario-3
Scenario

&?—%G-OO) 100 % > P

GT(())T)I _uorg)Squate 200 180 160 140

?1@516-00) 20 22 ~ "

*Parentheses below represents the N-P-K ratio of the fertilizers
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3.4.2. Conservation Tillage / No Tillage

To assess the impacts of different tillage treatments on sediment and nutrient loads,
four different scenarios were created. The conventional (baseline) tillage operations
are being carried out with duck foot cultivator in Lake Mogan watershed. In Scenario-
4 and Scenario-5, conventional tillage operations were replaced with conservation
tillage and no tillage, respectively. In Scenario-6 and Scenario-7, the impacts of
conservation and no tillage scenarios were tested on agricultural lands with low clay
ratio (<%30) according to the expert opinion from Soil, Fertilizer and Water Resources
Central Research Institute. The detailed information about the mentioned scenarios

are given in the following subsections.
Scenario-4

Conservation tillage is any tillage method that leaves at least 30% of the soil surface
covered with crop residue after planting (Novotny, 2003). In Scenario-4, the
conventional tillage operation performed with duck foot cultivator was replaced with
conservation tillage, and the impacts on sediment and nutrient loads were evaluated.
The related tillage parameters; i.e., the mixing efficiency and the depth of mixing, for
conventional and conservation tillage are given in Table 23. As it can be seen from
the Table 23, both the mixing efficiency and the depth of mixing is lower in
conservation tillage compared to the conventional tillage. Therefore, the soil is
disturbed less and nutrient loss gets lower. The tillage parameter values were taken
from SWAT’s tillage database.

Table 23. Tillage parameters: Conventional tillage vs. Conservation tillage

Tillage Operation Mixing Efficiency Depth of mixing
Name (fraction) (mm)
Duck foot Cultivator 0.55 150
(Conventional Tillage)
Conservation Tillage 0.25 100
Scenario-5

In Scenario-5, conventional tillage operations were replaced with the no tillage case.
No tillage planting is carried out by placing seeds in the soil without tillage and
maintaining previous plant residues (Novotny, 2003). The related tillage parameters

are given in Table 24. As shown in the Table 24, the mixing efficiency and the depth
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of mixing in no tillage are much lower compared to conventional tillage. For this
reason, the disturbance of soil and nutrient loss in surface runoff is much lower. The

tillage parameter values were taken from SWAT’s tillage database.

Table 24. Tillage parameters: Conventional tillage vs. No tillage

Tillage Operation Mixing Efficiency Depth of mixing
Name (fraction) (mm)
Duck foot Cultivator 0.55 150
(Conventional Tillage)
No Tillage 0.05 25
Scenario-6

In Scenario-6, conservation tillage was applied in agricultural lands where the soil clay
ratio is smaller than 30%. This was a suggestion of an expert from Soil, Fertilizer and
Water Resources Central Research Institute. As it was mentioned before in Section
4.3, 49 soil types were determined in Lake Mogan watershed. Seven of them were
determined as having clay ratio smaller than 30%. Therefore, conservation tillage was
applied in agricultural lands with the specified soil classes.

Scenario-7

Similar to Scenario-6, Scenario-7 is the simulation of no tillage applied in agricultural

lands where the soil clay ratio is smaller than 30%.

3.4.3. Contouring and Terracing

Contour farming or contouring is farming in which plowing and crop rows follow field
contours across the slope (Novotny, 2003). Contouring reduces soil erosion and
increases infiltration. Terrace, on the other hand, is defined as an earthen embankment,
channel, or a combination ridge and channel constructed across the slope to intercept
runoff (Novotny, 2003). Terracing reduces soil erosion since it allows using more
intensive cropping systems. Terraces are also very effective in moisture conservation
to increase crop production (Georgia Soil & Water Conservation Commission, 1994).
In Scenario-8 and Scenario-9, application of contouring and terracing in agricultural

lands in the watershed were simulated, respectively. The impacts of the scenarios were
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evaluated at Yavrucak and Sukesen subbasin outlets by comparing the estimated

sediment and nutrient loads with the ones estimated in Baseline Scenario.
Scenario-8

In Scenario-8, contouring was applied in agricultural lands. As mentioned previously,
contouring reduces soil erosion and increases infiltration. To simulate these effects,
curve number (CN2) and the USLE Practice factor (USLE_P) are adjusted in SWAT
(Arabi et al., 2008). As suggested by Arabi at al. (2008), the calibrated value of CN2
was reduced by 3 units. The USLE_P values were multiplied with the suggested values
varying according to percent slope (see Table 25) to represent contouring. These
values for the corresponding percent slopes were adapted from Wischmeier and Smith
(1978). USLE_P values for the remaining percent slopes were left with their default

values.

Table 25. USLE_P values for contouring

Land Slope (%) | Contouring USLE_P
1-3 0.6
3-5 0.5
5-10 0.5

Scenario-9

In Scenario-9, terracing was applied in agricultural lands. Terracing reduces soil
erosion and provides moisture conservation. Terracing in SWAT is simulated by
adjusting both erosion and runoff parameters (Arnold et al., 2012a). For this reason,
curve number (CN2) and USLE Practice factor (USLE_P) are modified. The
parameter SLSUBBSN (i.e. the average slope length) was also adjusted to represent
terracing in several studies (Arabi et al., 2008; Kaini et al., 2012; Shao et al., 2013)
but SLSUBBSN was not modified in this study. According to Strauch et al. (2013),
reducing SLSUBBSN could cause increased peak runoff rates and thus prevent the
desired impacts of terraces. Based on the literature (Kaini et al., 2012; Strauch et al.,
2013; Tuppad et al., 2010), CN2 was reduced by 5 units, and USLE_P was multiplied
with the suggested values according to the land slope (Wischmeier and Smith, 1978)

as shown in Table 26.
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Table 26. USLE_P values for terracing

Land Slope (%) | Terracing
1-3 0.12
3-5 0.1
5-10 0.1

3.4.4. Combined Scenarios

Combined Scenarios are the scenarios in which the management practices achieving
the most effective pollutant reduction were combined. The decision on the most
effective scenarios was based on the percent change in the pollutant loads compared
to the Baseline Scenario. Two combination scenarios namely Scenario-10 and

Scenario-11 were created.
Scenario-10

The most effective nutrient management scenario, in which the fertilizer application
rates were decreased by 30% (Scenario-3), was combined with the no tillage scenario

(Scenario-5).
Scenario-11

Scenario-11 is the combination of 30% reduction in the fertilizer application rate
(Scenario-3), no tillage (Scenario-5), and terracing (Scenario-9). These three scenarios
are the most effective scenarios among others. In fact, no tillage is among the
suggested conservation practices in conjunction with the terrace systems (ASAE,
2012).
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter the results of model calibration and validation, sensitivity analysis, and

the BMP scenarios are provided.

4.1. Model Calibration and Validation

The model calibration and validation was performed using data between 2007 and
2010. One year of this range was used as the warm-up period. The calibration was
carried out with the data of the Yavrucak monitoring station while the validation was
performed at an upstream monitoring station, Sukesen. The comparison of observed
and simulated streamflow, sediment and nutrient loads and the performance evaluation
statistics i.e., NS, PBIAS, and R? for the simulations carried out before the model
calibration at Yavrucak and Sukesen monitoring stations are given in Appendix C in
detail.

4.1.1. Number of Data Used in the Calibration and Validation

The calibration period was from 2007 to 2010. Calibration was carried out at Yavrucak
monitoring station. Since 2007 was used as the warm-up period, only the monthly
streamflow and water quality data between 2008 and 2010 was used in the calibration
and validation process. The validation was carried out for the same period but at a
different monitoring station, the Sukesen monitoring station, located in the Lake
Mogan watershed. Within this simulation period there are missing monthly water
quality data. As it can be seen from Table 27, the number of monthly data available
for water quality calibration and validation processes ranges between 3 and 18. The
limited number of data was the greatest difficulty in this study. Thus, the calibration

and validation processes, and the interpretation of the results were challenging.
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Table 27. Number of available monthly available data for calibration and validation
of the model

Streamflow (m?3/sec)

Period Number of Data
Yavrucak (Calibration) 2008 - 2010 33
Sukesen (Validation) 2008 - 2010 33

Total Nitrogen (kg/month)

Period Number of Data
Yavrucak (Calibration) 2008 - 2010 3
Sukesen (Validation) 2008 - 2010 9

Nitrate (kg/month)

Period Number of Data
Yavrucak (Calibration) 2008 - 2010 7
Sukesen (Validation) 2008 - 2010 7

Total Phosphorus (kg/month)

Period Number of Data
Yavrucak (Calibration) 2008 - 2010 10
Sukesen (Validation) 2008 - 2010 16

Total Suspended Solids (tons/month)

Period Number of Data
Yavrucak (Calibration) 2008 - 2010 10
Sukesen (Validation) 2008 - 2010 16

4.1.2. Streamflow Calibration Results

In the streamflow calibration process, the SUFI-2 method was adopted, and 1500
iterations were performed with 20 streamflow related parameters (see Section 3.3.3).
For the simulation period between 2007 and 2010, approximately 21.5 hours was
required to complete 1500 iterations. To assess the model performance as successful
NS>0.5, PBIAS * 25%, and R?>0.5 were required. Streamflow calibration parameters

are given in Table 28 with their calibration ranges and final calibrated values.

SWAT-CUP calibration results for streamflow at Yavrucak monitoring station is
shown in Figure 15 and in Figure 16, the correlation between observed and simulated
streamflow is demonstrated. In Figure 15, 95PPU represents the 95% prediction
uncertainty (see Section 2.3.1 and Appendix B). When the monthly simulated and
observed streamflow values are compared, it is seen that the model simulates the
streamflow successfully. For the best simulation the p-factor and the r-factor values
are 0.67 and 0.71, respectively while NSE, R? and PBIAS values are 0.74, 0.8 and -
19.1, respectively (Table 29). Obtained p-factor and r-factor values are acceptable
(Abbaspour, 2015).
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Table 28. Streamflow calibration parameters and their final calibrated values

Parameter Name” Calibration Range Final Value
v__SNO50CQOV.bsn 0t0 0.9 0.47
v_ GW DELAY.gw 0 to 500 100.83
v_ GWQMN.gw 0 to 5000 3188.33
v__ RCHRG_DP.gw Otol 0.06
v__SNOCOVMX.bsn 0 to 500 375.17
v__ SFTMP.bsn -5t05 4.14
r__ CN2.mgt -0.1t00.1 -0.08
v__ SMFMX.bsn 0to9 2.14
v__ CH N1.sub 0.01to1 0.73
r__SOL_AWC(..).sol -0.1t0 0.1 -0.09
v__ CH N2.rte 0t00.3 0.01
v__ ALPHA_ BF.gw 0tol 0.42
v__ SMFMN.bsn 0to9 5.72
v_ GW_REVAP.gw 0.02t0 0.2 0.11
v__ SURLAG.bsn 1to 24 7.68
v_ EPCO.hru 0.01to1 0.48
V__ SMTMP.bsn -5t05 -4.85
v__ ESCO.hru Otol 0.85
v__ REVAPMN.gw 0 to 500 142.50
v__ TIMP.bsn 0t00.9 0.59

* v__means the existing parameter value is to be replaced by the given value, r__means
the existing parameter value is multiplied by (1+ a given value).

According to Moriasi et al. (2007), the model performance can be rated as good with
respect to NSE and satisfactory according to PBIAS and R? (Table 7). Even though
the model performance is satisfactory based on the suggested statistical criteria, it is
observed that the model slightly overestimates the streamflow in some months. The
highest discrepancy seems to occur in April 2009 where the simulated and observed
streamflow is 0.75 and 0.47 m®/sec, respectively. Such differences may be observed
due to the limitation of the curve number method (Yuan, 2010). The author also
specified that the curve number method does not take into account the impacts of
duration and intensity of precipitation. Since only the daily total rainfall depth is used
as an input, the uncertainties may be high. Another reason for the differences between
simulated and observed streamflow values at the Mogan watershed may be due to the
fact that spatial variability of precipitation cannot be truly represented with only two

rain gauges, namely G6lbasi and Haymana, found in the study area. Similarly, David
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and Davidova (2015) discussed the significance of the number of precipitation
gauging stations across the watershed and they concluded that significant under or
overestimations can occur when network of gauging station is not dense enough.

When the simulated streamflow at the Yavrucak monitoring station are compared
before (Figure 64 in Appendix C) and after (Figure 15) the calibration, it is seen that
the unreal peaks simulated by the uncalibrated model are eliminated after calibration.
For instance, before calibration the model was significantly overestimating the
streamflow in January and February 2009, and January 2010. After calibration these
overestimated points are removed. The calibrated model successfully simulates the

increasing and the decreasing trend in the streamflow.

It is hard to predict the response of streamflow to precipitation in the semi-arid Lake
Mogan watershed where the observed streamflow is around 0.5 m%sec at most
(between Jan. 2008 and Sept. 2010). However, the conclusion which can be drawn
from Figure 17 is that the streamflow peaks when the precipitation peaks especially
during winter and spring months. However, the same conclusion cannot be drawn for
the rest of the months. For instance, although a relatively high amount of precipitation
(48 mm) is observed in May 2008 at Go6lbas1 gauging station, the streamflow observed
in Yavrucak creek at that time is nearly zero (0.023 m?3sec). Therefore, the
contribution of rainfall to streamflow is being prevented by another process. It is
known that approximately 53% of the water loss is attributed to evapotranspiration in
Lake Mogan (Yagbasan and Yazicigil, 2012; Yagbasan and Yazicigil, 2009). Taking
this fact into account, the comparison of precipitation and simulated
evapotranspiration in Yavrucak subbasin is performed (see Figure 18). In May 2008,
the evapotranspiration is nearly 38 mm. Thus, approximately 87% of precipitation is
lost due to evapotranspiration which in turn results in lower streamflow contribution
of the precipitation in the creek. The same situation is observed in Sept. 2008, June
2009 and May 2010, and it can again be explained with high evapotranspiration rates.
As a result, it can be said that the streamflow response to precipitation is highly
depended on the evapotranspiration rates in Lake Mogan watershed where the

groundwater contribution to streamflow is relatively low.
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Figure 15. Simulated vs. observed streamflow values after calibration at Yavrucak
monitoring station (1)
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Figure 17. Simulated vs. observed streamflow values after calibration with
precipitation at Yavrucak monitoring station
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Table 29. Summary statistics of streamflow calibration

Summary of statistics

Number of simulations 1500
Best simulation number 1121
p-factor 0.67
r-factor 0.71
NS 0.74
PBIAS -19.1
R?2 0.8

4.1.3. Sediment Calibration Results

After streamflow was calibrated, additional 1500 runs were performed with 20
sediment related parameters (see Section 3.3.4). Similar to streamflow calibration, to
assess the model performance, NS, PBIAS and R? was used. As it was mentioned
before, the model performance was identified as successful when NS > 0.5, R?>0.5,
PBIAS < £55% for sediment. Sediment calibration parameters are given in Table 30

with their calibration ranges and final calibrated values.

SWAT-CUP calibration result for sediment at Yavrucak monitoring station is shown
in Figure 19. There is a reasonable agreement between the simulated and observed
sediment loads. However, significant under- and overestimation in sediment load
occurred in March 2009 and April 2009, respectively. The first reason may be
inaccurate simulated streamflow values at these months. The observed sediment load
in March 2009 is 51.2 tons while the simulated load is 8.84 tons. When the observed
and simulated streamflows in this month are compared, it is seen that there is
approximately 30% underestimation. Similarly, the streamflow in April 2009 is
overestimated nearly 34%, and the observed and simulated sediment loads are 12.2
and 24.9 tons, respectively. Moreover, as it can be seen from Figure 19, the number
of monthly observed sediment loads within the calibration period (from January 2008
to September 2010) is 12. Three of these observations belong to winter while the
others were measured in spring. The total average of observed sediment load is 12.1
tons, and the averages of sediment load in spring and winter months are 17.2 and 0.29
tons, respectively. Figure 15 shows that the streamflow in the spring months are
comparably higher than the streamflow observed in other months. Thus, it seems like
that the sediment load accumulated within the river bed during the low flow months

are transported in the spring.
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Table 30. Streamflow calibration parameters and their final calibrated values

Parameter Name Calibration Range  Final Value
v__ USLE_K(..).sol 0 to 0.65 0.18
v__ USLE P.mgt Otol 0.09
r_ SOL_ROCK(..).sol -0.1t0 0.1 -0.02
v__ BIOMIX.mgt Oto1l 0.98
v__ CH BNK D50.rte 1 to 10000 9735.03
v__ CH BED BD.rte 1.1t01.9 1.73
v__ SPEXP.bsn 1t01.5 1.41
v_ CH BED KD.rte 0.001 to 3.75 1.76
v__ ADJ PKR.bsn Oto?2 1.28
v_ CH COV2.rte -0.001to 1 0.11
v__ SPCON.bsn 0.001 t0 0.01 0.01
v__ RSDCO.bsn 0.02t0 0.1 0.04
v__ CH BNK BD.rte 1.1t01.9 1.68
v__ C FACTOR.bsn 0.001 to 0.45 0.44
r CH WDR.rte -0.1t00.1 0.03
v__ CH BED D50.rte 1 to 10000 2045.80
v_ CH BNK KD.rte 0.001 to 3.75 3.45
v__ CH COVl.rte -0.0510 0.6 0.03
v_ CH BNK TC.rte 0 to 400 308.20
v__ CH ERODMO(..).rte Otol 0.90

Chahinian et al. (2011) specified that MUSLE equation is inadequate to reproduce
anything but average erosion rates over long periods. Therefore, the second reason for
the underestimations of sediment load occurred in March and April 2008 and in March
2009 may be because of the mentioned constraint of MUSLE equation. However,
since there is no available information about the sediment loads observed in the fall
and summer months, it is hard to comment on the sediment transport trend and the
actual reasons for the under- and overestimation of sediment loads in Lake Mogan

watershed.

Among 1500 iterations, the best simulation has Nash-Sutcliffe (NS) simulation
efficiency of -0.01, which is not a satisfactory result. The PBIAS and R? values of the
best simulation are 31.7 and 0.1, respectively (see Table 31). According to Table 7,
the model performance for sediment can be rated as satisfactory based on PBIAS.
However, typical success criteria for R? was not achieved. Although success criteria

was not achieved for each measure for sediment, the statistics was considerably
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improved after calibration. Before calibration, NS, PBIAS, and R? values were -44.1,

-460.4 and 0.05, respectively (see Table 68). After calibration these statistics (see

Table 31) were improved to -0.01, 31.7 and 0.1, respectively.
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Figure 19. Simulated vs. observed sediment loads after calibration at Yavrucak

monitoring station

Table 31. Summary statistics of sediment calibration

Summary of statistics

Number of simulations 1500
Best simulation number 419
p-factor 0.6
r-factor 7.19
NS -0.01
PBIAS 31.7
R?2 0.1

4.1.4. Water Quality (NOs, TN and TP) Calibration Results

After sediment parameters were calibrated, water quality (N and P) calibration was

carried out. A total of 1500 runs were performed with 15 parameters by fixing

hydrology and sediment calibration parameters (see Section 3.3.4). To assess the
model performance NS, PBIAS and R? was used. NS > 0.5, R?>0.5 and PBIAS <
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+70% was required to conclude that the model performance is satisfactory. Water
quality calibration parameters are given in Table 32 with their calibration ranges and

final calibrated values.

Table 32. Water quality calibration parameters and their final calibrated values

Parameter Name Calibration Range Final Value
v__ NPERCO.bsn Otol 0.57
v__CDN.bsn 0to3 0.08
v_ SOL_NO3(..).chm 0 to 100 95.81
v_ SOL_ORGN(..).chm 0 to 100 0.45
v__ BC4 BSN.bsn 0.01t0 0.7 0.21
v__ SDNCO.bsn Otol 0.02
v__SOL_ORGP(..).chm 0 to 100 62.40
v__ RS5.swq 0.001t0 0.1 0.06
v__ PHOSKD.bsn 100 to 200 120.09
v__ ERORGP.hru 0to5 3.99
v__ PPERCO.bsn 10to 17.5 11.67
v__BC3_BSN.bsn 0.02 0 0.4 0.39
v_ BC2 BSN.bsn 0.2to 2 1.47
v__PSP.bsn 0.01t0 0.7 0.53
v__BC1 BSN.bsn 01tol 0.25

SWAT-CUP calibration results for nitrate (NOgz), total nitrogen (TN) and total
phosphorus (TP) are shown in Figure 20, Figure 21 and Figure 22, respectively. NS,
PBIAS and R? values are correspondingly -0.2, 37.9 and 0 for NOs; 0.64, 11.7, and
0.68 for TN; 0.26, -1.5 and 0.27 for TP (see Table 33). Based on PBIAS, the model
performance can be rated as satisfactory (Table 7) but for NSE and R? success criteria
was not achieved in water quality calibration except for TN. As shown in Figure 20,
the model is not able to catch the peak NO3 loads in March and April 2009, and there
IS an overestimation in May 2009. Uncontrolled discharges to the water bodies from
the industries located in the watershed may be the cause of large errors in peak NO3
loads. It is hard comment on TN calibration results since there are only three monthly
TN load data available within the simulation period (see Figure 21). The most
problematic point in TP calibration is May 2009 (see Figure 22). There is a significant
underestimation of TP load in this month. The most likely explanation of this error is

the uncontrolled discharge of a pollutant to Yavrucak causing a jump in the TP
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concentration in the river. Except for May 2009, the model is able to follow the
increasing and decreasing trends in TP loads. The primary reason for the poor model

performance in nutrient simulations is the insufficient data availability.
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Figure 20. Simulated vs. observed NO3 loads after calibration at Yavrucak monitoring
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Figure 22. Simulated vs. observed TP loads after calibration at Yavrucak monitoring
station

Table 33. Summary statistics of water quality calibration

Summary of statistics

Number of simulations 1500
Best simulation number 409

NOs | TN TP
p-factor 0.14 | 0.67 | 0.2
r-factor 1.33 | 2.08 | 0.15
NS -0.20 | 0.64 | 0.26
PBIAS 37.9 11.7 | -15
R?2 0.0 0.68 | 0.27

In Table 34, the means of monthly observed and simulated (from January 2008 to
September 2010) streamflow, sediment and nutrient loads are given. The results show
that when the long term monthly averaged values are of concern, the model
performance is quite satisfactory except for NOs. As it can be seen in Table 34, the
mean of NOs mass transported monthly is quite high compared to other nutrient loads.
The reason can be due to the fact that the fertilizers used to enhance the growth of
wheat in the watershed is mainly nitrogen based (see Table 15). Four types of
fertilizers namely urea, ammonium nitrate, ammonium sulfate and diamonium

phosphate are used in agricultural lands. The percentage of nitrogen included in these
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fertilizers are 46%, 33%, 21%, and 18%, respectively. Therefore, the source of such

high amount of NOz is most probably the fertilizers.

Table 34. Observed and simulated means of monthly streamflow and nutrient loads at
Yavrucak monitoring station

Mean
Observed Simulated
Streamflow (m®/s) 0.10 0.12
Sediment (tons) 121 8.3
NOs-N (kg) 1567.1 973.7
TN (kg) 369.4 326.1
TP (kg) 91.3 92.7

As it was mentioned in Section 3.3, the calibration and validation period excluding the
warm-up was between January 2008 and September 2010. Within the specified period,
all monthly streamflow values were available at Yavrucak and Sukesen monitoring
stations. However, water quality calibration was troublesome due to data limitation.
For instance, total nitrogen concentration was available only for three months at
Yavrucak monitoring station. For total phosphorus and total suspended solids, 10 and
12 monthly data were available within the calibration period, respectively (see Section
4.1.1). Data availability at Sukesen monitoring station was slightly better compared to
Yavrucak monitoring station. The model performance evaluation statistics; i.e., NSE,
PBIAS and R?, show that (see Section 4.1.3 and Section 4.1.4), the model does not
simulate the sediment and water quality parameters satisfactorily. Although the
general performance ratings suggest that the model performance is poor, the statistics
for Lake Mogan watershed are not very meaningful because of the limited number of
data. Therefore, long-term observed data (from January 2008 to September 2010) are
compared with the mean * 2 standard deviation (STD) range of the simulated data (see
Figure 24). Two STD range corresponds to 95% probability. Figure 24 shows that all
sediment loads observed in Yavrucak monitoring station remain within 95%
probability range of the simulated data. In Sukesen, only one sediment load
measurement stays outside the 2 STD range. Both at Yavrucak and Sukesen, only one
total phosphorus measurement remains out of the range. These months are May and
March, respectively. Similarly, all measured total nitrogen loads in Yavrucak are
comprised within the 95% probability range. Lastly, only one total nitrogen load

observation in March is outside the range in Sukesen. As a result, nearly all of the
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observed water quality data were encompassed by the 95% probability range of the
simulated data apart from few exemptions both in Yavrucak and Sukesen monitoring

stations.

4.1.5. Model Validation Results

The model was validated at Sukesen monitoring station (see Section 3.3.5). The
simulated and observed streamflow comparison for the validation is shown in Figure
23. NSE, PBIAS and R? values of the streamflow validation simulation are 0.4, 62.4
and 0.35, respectively. The results show that the model performance was poor
according to Table 7. Although the general trend in the streamflow of Sukesen is
simulated acceptably, the model is not able to catch the peak values in March and
April 2009, and Jan., Feb. and March 2010. Sukesen is a quite different subbasin than
Yavrucak especially in terms of land use classification (see Section 4.2.1). Therefore,
the validation results imply that model is not capable of simulating spatial variability
of the watershed. To represent spatial variability better and thus to improve model
reliability, it could have been healthier to prefer multi-gauge calibration. In fact, there
are numerous studies emphasizing the importance of multi-gauge calibration in arid
and semi-arid watersheds (Niraula et al., 2012; Shrestha et al., 2016). Consequently,
the results highlighted the importance of increasing monitoring campaigns in Lake

Mogan watershed.
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Figure 23. Simulated vs. observed streamflow values at Sukesen monitoring station
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+2 STD range of simulated data on a monthly basis
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The mean values of observed and simulated streamflow, and nutrient loads at Sukesen
monitoring station are given in Table 35. As can be seen from Table 35, Yavrucak
creek is exposed to higher nutrient loads compared to Sukesen creek. This is because
Yavrucak and Sukesen subbasins are different from each other in terms of land/land
cover characteristics. Detailed comparison of Yavrucak and Sukesen subbasins in

terms of landuse, soil and slope is given in the following section (Section 4.2.1).

Table 35. Observed and simulated means of monthly streamflow and nutrient loads at
Sukesen and Yavrucak monitoring station

Sukesen Yavrucak
Mean Mean
Observed Simulated Observed Simulated
Streamflow (m?/s) 0.03 0.01 0.10 0.12
Sediment (tons) 23.9 1.8 12.1 8.3
NO3-N (kg) 514.9 361.7 1567.1 973.7
TN (kg) 55.3 112.9 369.4 326.1
TP (ko) 6.2 14.2 91.3 92.7

4.2. Sensitivity Analysis

One-at-a-time sensitivity analysis was performed after calibration to see the overall
effect of each calibration parameter on the model outputs. There are two parameter
sensitivity statistics, the t-stat and the p-value. While the smaller values of p-value

shows higher sensitivity, the sensitivity increases with higher values of t-stat.

A total of 20 parameters were used in streamflow calibration (see Section 3.3.3). Table
36 lists the streamflow calibration parameters with their sensitivity statistics. The
groundwater and snow related parameters were found as the most sensitive variables
for the semi-arid region, Lake Mogan watershed. The six most sensitive parameters
are SNO50COV, GW_DELAY, GWQMN, RCHRG_DP, SNOCOVMX, and
SFTMP. Greater sensitivity of the snow related parameters was not surprising since
the snowmelt has a substantial effect on the streamflow in Lake Mogan watershed.
Furthermore, the groundwater supply in Lake Mogan watershed being quite low may
result in higher sensitivity of groundwater parameters. Even small changes in
groundwater supply may result in considerable impacts on the flowrates of the

seasonal creeks located in the Lake Mogan watershed.
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The results obtained in this study show that the streamflow parameters that are found
to significantly affect simulations in the Lake Mogan are consistent with those
specified in the studies carried out in regions showing similar characteristics with Lake
Mogan watershed. For instance, Yang et al. (2014) performed a study in Amur river
where the stream hydrograph is dominated by spring snowmelt. They found that the
parameters SNOCOVMX and SNO50COV were found as the top-ranked sensitive
parameters. CN2, curve number, which is generally the most sensitive streamflow
calibration parameter came after the snow parameters in sensitivity ranking. Likewise,
CN2 was found as the 7" sensitive parameter, less sensitive than snow parameters, in
Lake Mogan watershed. Lévesque et al. (2008) carried out a study in two agricultural
watersheds located in southeastern Canada. They stated that among the 10 most
sensitive parameters, the top four were snowmelt related parameters. Noor et al.
(2014) performed a study in a semi-arid mountainous watershed, Taleghan, and
specified that the calibration of five snow related parameters, SMFMN, SMFMX,
SNOCOVMX, SNO50COV, and TIMP had the greatest effect on the model
performance. Moreover, Stratton et al. (2009) modeled the water balance processes in
a semi-arid mountainous watershed of Idaho. They found that the groundwater related
parameters namely ALPHA BF, RCHRG_DP, REVAPMIN, and two snow
parameters SMTMP and TIMP were among the top eleven sensitive parameters. Our
results are in good agreement with the result of these studies. A total of 20 parameters
were used in the sediment calibration. Table 37 shows the sediment calibration
parameters with their sensitivity statistics. The most sensitive parameter was found to
be USLE_K which is the soil erodibility factor. USLE_K is followed by USLE_P,
support practice factor. USLE_P and USLE_K are two parameters of Modified
Universal Soil Loss Equation (MUSLE) which is defined by the following equation:

sed = 11.8. (qurf-CIpeak-areahru)o'%-KUSLE-CUSLE-PUSLE-LSUSLE- CFRG  (5)

where sed = sediment yield on a given day (metric tons), Q= surface runoff
volume (mm H20/ha), qpeqr = peak runoff rate (m%/s), areay,, = area of the HRU
(ha), Kys.r = USLE soil erodibility factor, Cyg,z = USLE cover and management
factor, Pys . = USLE support practice factor, LSy = USLE topographic factor,

CFRG = coarse fragment factor.
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Table 36. Streamflow calibration parameters’ sensitivity statistics

Parameter Name t-stat p-value

SNO50CQOV.bsn -34.76 0.00
GW_DELAY.gw 10.82 0.00
GWQMN.gw 9.63 0.00
RCHRG_DP.gw -9.42 0.00
SNOCOVMX.bsn -7.88 0.00
SFTMP.bsn -6.98 0.00
CN2.mgt -5.04 0.00
SMFMX_.bsn 4.13 0.00
CH_N1.sub 2.56 0.01
SOL_AWC(..).sol 1.82 0.07
CH_N2.rte 1.46 0.14
ALPHA BF.gw -1.45 0.15
SMFMN.bsn 1.34 0.18
GW_REVAP.gw 1.20 0.23
SURLAG.bsn 0.65 0.52
EPCO.hru 0.64 0.52
SMTMP.bsn -0.64 0.52
ESCO.hru 0.60 0.55
REVAPMN.gw -0.35 0.73
TIMP.bsn 0.27 0.79

USLE_P is normally used to represent support practices including contour tillage,
strip-cropping on the contour, and terrace systems (Arnold et al., 2012a). Its default
value is 1. However, it can be used as a scaling parameter to further reduce sediment
yield as needed (Almendinger et al., 2014). Initially, USLE_P was not included among
the sediment calibration parameters since there is no support practice implemented in
Lake Mogan watershed. However, the simulated sediment yield was overestimated
with default sediment parameters (see Figure 66 in Appendix C), and the best sediment
simulation result was obtained when USLE P was calibrated. Therefore, it was
included in the calibration. SOL_ROCK, rock fragment content; BIOMIX, biological
mixing efficiency; CH_BNK_D50, median particle size diameter of channel bank
sediment, comes sequentially after USLE_P in the sensitivity ranking.
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Table 37. Sediment calibration parameters’ sensitivity statistics

Parameter Name t-stat p-value

USLE_K(..).sol -25.73 0.00
USLE P.mgt -24.88 0.00
SOL_ROCK(..).sol 11.59 0.00
BIOMIX.mgt -3.07 0.00
CH_BNK D50.rte -2.26 0.02
CH _BED BD.rte -1.73 0.08
SPEXP.bsn -1.51 0.13
CH BED KbD.rte -1.16 0.25
ADJ PKR.bsn 1.00 0.32
CH_COV2.rte 0.93 0.35
SPCON.bsn 0.85 0.40
RSDCO.bsn -0.64 0.52
CH_BNK_ BD.rte 0.62 0.54
C_FACTOR.bsn 0.49 0.63
CH_WDR.rte -0.35 0.72
CH_BED D50.rte 0.35 0.73
CH_BNK_KD.rte 0.31 0.76
CH_COV1l.rte 0.21 0.83
CH _BNK TC.rte 0.19 0.85
CH_ERODMO(..).rte 0.10 0.92

In nitrogen and phosphorus calibration a total of 15 parameters were used. Table 38
lists the nitrogen and phosphorus calibration parameters according to their sensitivity
statistics. The six most sensitive parameters are found to be the ones related to nitrogen
processes. NPERCO, nitrate percolation coefficient, was the most sensitive parameter.
In their study Santhi et al. (2001) explained the calibration procedure of SWAT which
was applied in the Bosque River watershed. According to the calibration procedure
given in this study, for nutrients, after adjusting initial soil concentrations of organic
nitrogen (SOL_ORGN) and phosphorus (SOL_ORGP), NPERCO, phosphorus
percolation coefficient (PPERCO), and phosphorus soil partitioning coefficient
(PHOSKD) should be adjusted (Santhi et al., 2001). For Lake Mogan watershed, as
well as SOL_ORGN and SOL_ORGSP, initial nitrate concentration in the soil layer
(SOL_NO3) which was found as the third sensitive parameter, was also adjusted.
Among the parameters controlling the phosphorus processes, SOL_ORGP was found
as the most sensitive one. RS5 and PHOSKD were the second and third sensitive

parameter, respectively.
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Table 38. Nitrogen and phosphorus calibration parameters’ sensitivity statistics

Parameter Name t-stat p-value
NPERCO.bsn -5.44 0.00
CDN.bsn 4.13 0.00
SOL_NO3(..).chm -2.24 0.03
SOL_ORGN(..).chm -1.50 0.13
BC4 BSN.bsn 1.38 0.17
SDNCO.bsn 1.29 0.20
SOL_ORGP(..).chm -1.28 0.20
RS5.swq 1.05 0.29
PHOSKD.bsn -0.96 0.34
ERORGP.hru -0.61 0.54
PPERCO.bsn -0.52 0.60
BC3 BSN.bsn -0.35 0.73
BC2_ BSN.bsn -0.15 0.88
PSP.bsn -0.09 0.93
BC1 BSN.bsn -0.02 0.98

4.2.1. Landuse, Soil and Slope Characteristics of Yavrucak and Sukesen

Subbasins

Yavrucak and Sukesen subbasins’ land use/land cover areas and percentages are given
in Table 39. Figure 25 shows the percentages of each landuse class. Figure 26 is the
landuse/landcover map of Yavrucak and Sukesen subbasins. As shown in Table 39,
Yavrucak subbasin is mostly covered with agricultural land (47%). Pastures also
occupy a significant part (31%) of the basin. Sukesen, on the other hand, is mainly
covered with pastures (55.2%). Residential areas (21.6%) comprise other significant
part of the basin (see Table 39, Figure 25). When the pollutant loads in Yavrucak and
Sukesen are compared (see Table 35), the nutrient loads are relatively higher in
Yavrucak than Sukesen. The difference is, in fact, because of the differences in land
use percentages. The fact that the agricultural lands cover large portion of the

Yavrucak basin results in higher amounts of nutrient loads transported in this stream.
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Table 39. Areas and percentages of land use classes in Sukesen and Yavrucak
subbasins

Sukesen Yavrucak
Land use class Area (ha) | Area (%) | Area (ha) | Area (%)
Water 2.8 0.1 3.0 0.0
Forest 0.8 0.03 0.2 0.0
Agricultural land 325.8 11.1 4339.1 47.0
Transportation 60.9 2.1 39.5 0.4
Residential area 631.2 21.6 1059.8 115
Mining site 0.2 0.01 4.8 0.1
Fallowing land 134.1 4.6 781 8.5
Pasture 1616.7 55.2 2853.9 30.9
Range land 155.3 5.3 151.5 1.6
Total area 2927.7 9232.7
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Figure 25. Sukesen and Yavrucak subbasins’ landuse percentages

Yavrucak and Sukesen subbasins were also compared in terms of soil and slope
classes. The percentages of soil and slope classes in both subbasins are given in Table
40 and Table 41, respectively. Soil and slope maps of the subbasins are given in Figure
27 and Figure 28, respectively. As it was mentioned in Section 3.1.4, 49 soil classes
were determined in Lake Mogan watershed. The properties of the soil classes were
previously given in Table 13. As it can be seen from Table 40, the majority of
Yavrucak subbasin is composed of two classes namely Mogan 28 (33.9%) and Mogan
30 (27.06%). In Sukesen subbasin, on the other hand, Mogan 7 is the main soil class
constituting 52.1% of the basin. See Table 13 for the properties of the mentioned soil

classes.
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As can be seen from Figure 28, Yavrucak is not a very sloping subbasin. The largest
percentage (36.05%) belongs to the slope class of 3 — 5% while the lowest percentage
(2.12%) is of >10% soil class. In contrast to Yavrucak, Sukesen is a more sloping
subbasin. At Sukesen subbasin, 54.13% of the area has slopes greater than 10%. As

can be seen from Figure 28, the steep region is located in the eastern part of the basin.

Table 40. Soil class percentages in Yavrucak and Sukesen subbasins

Soil Class Yavrucak Subbasin Sukesen Subbasin
(10336 ha) (2928 ha)
Area (%) Area (%0)
Mogan 5 - 0.17
Mogan 6 - 33.59
Mogan 7 - 52.08
Mogan 8 - 14.02
Mogan 10 - 0.15
Mogan 19 0.00 -
Mogan 22 0.58 -
Mogan 24 5.99 -
Mogan 25 9.17 -
Mogan 27 7.08 -
Mogan 28 34.86 -
Mogan 29 4.75 -
Mogan 30 27.06 -
Mogan 31 10.49 -

Table 41. Slope class percentages in Yavrucak and Sukesen subbasins

Yavrucak Subbasin | Sukesen Subbasin
Slope (%) (10336 ha) (2928 ha)
Area (%) Area (%)
0-1 4.46 0.55
1-3 31.93 5.45
3-5 36.05 12.23
5-10 25.43 27.64
10-9999 2.12 54.13
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Figure 28. Slope map of Yavrucak and Sukesen subbasins

4.2.2. Overall Evaluation of Calibration Results and Model Performance

Application of deterministic models in semi-arid regions is a challenging task. The
challenges in modelling these regions are mainly due to varying hydrological
characteristics and lack of observed data. Schneider et al. (2007) mentioned that there
can be unexpected challenges in modelling the hydrology of semi-arid watersheds
compared to similar efforts made in humid environments. Moreover, the author added
that differing precipitation and temperature patterns together with the differences in
soil and vegetation properties cause alterations in the distribution of runoff processes.
Wheater (2008) pointed out that modelling methods have been used for decades but
nearly all of them were developed for humid regions. The author also mentioned that
the challenges experienced in arid and semi-arid area modelling have received little
attention so far. Pilgrim et al. (1988) specified that the major problem for runoff
modelling in arid regions is the lack of observed data. Similarly, Hughes (2008) stated
that a lack of spatial and temporal detail in rainfall data is among the main constraints
of modelling in arid and semi-arid regions. Furthermore, data on evapotranspiration,
another significant component of water balance, is generally less available compared

to rainfall in these regions. The limited availability of data on evapotranspiration is,
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therefore, another challenge in modeling semi-arid and arid hydrology. According to
Croke and Jakeman (2008), poor raingauge density is another issue limiting the
capacity of any rainfall-runoff model to simulate the observed flow. Mirshahi (2010)
listed the features of semi-arid and arid regions making hydrological modelling
challenging as poor data quality, data paucity, poor raingauge density, rainfall spatial
variability, low frequency of events, highly non-linear relationships between rainfall
and runoff, and less documentation for rainfall-runoff modelling in such regions
compared to humid watersheds. In Lake Mogan, a semi-arid watershed located in
Turkey, almost all of the mentioned limitations of semi-arid regions for modelling are
encountered. Firstly, there are only two raingauges found within a watershed area of
970 km?. Therefore, the spatial variability of rainfall cannot be reflected truly. Next,
available rainfall data period is really short in these raingauges. Only the data between
2007 and 2010 are available for the modelling study. When the temporal variability of
rainfall in semi-arid regions is taken into account, the limited rainfall data becomes
another significant problem for the hydrological modeling in Lake Mogan watershed.
In addition to limited data availability, evaporation data, a critical component of water
balance, is not available. Finally, it is know that there are several irrigation wells
located in the watershed, however, no information is available about them.
Consequently, it is really challenging to represent the actual water balance in Lake
Mogan watershed.

Although SWAT is widely used all over the world, its application in the arid/semi-
arid regions like Lake Mogan watershed is not so common but increasing (Yuan,
2010). In addition, the majority of these studies focused on the calibration of
streamflow. Thus, the calibration of water quality parameters are not reported
frequently. Niraula et al. (2012) used SWAT model in the semi-arid Santa Cruz
watershed to simulate the streamflow and to evaluate the impacts of multi-gauge
calibration on flow predictions. The calibration of water quality parameters was not
carried out in this study. Chahinian et al. (2011) modelled the flow and water quality
dynamics of a coastal Mediterranean intermittent river via SWAT 2005. Within the
scope of this study, sediment, nitrogen and phosphorus simulations were also carried
out together with streamflow. The authors reported that the model performed well in
streamflow simulation but the sediment and nutrient simulations were less
satisfactory. Yuan (2010) assessed the applicability of SWAT model on a semi-arid

watershed in Arizona. The model was calibrated and validated satisfactorily for
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streamflow. The water quality calibration was not carried out. The author reported that
the model can be used to evaluate the current conditions in the watershed, and to assess
different management scenarios. Shrestha et al. (2016) compared the single and multi-
site calibration by using SWAT in terms of flow and nutrient loads simulations in the
semi-arid Onkaparinga catchment in South Australia. The success criteria were met
for the streamflow calibration. However, sediment and nutrient loadings were not
simulated satisfactorily. The model performance statistics reported in the mentioned
studies are summarized in Table 42. The studies given in Table 42 were carried out in

semi-arid areas, and the statistics given are for the monthly time-step.

Table 42. The summary of the model performance statistics for the selected studies

Streamflow (Calibration) Streamflow (Validation)

NS PBIAS R? NS PBIAS R?

Min/Max | Min/Max Min/Max | Min/Max Min/Max Min/Max
Shrestha et al. (2016) 0.64/0.84 -27.3/8.1 0.7/0.85 0.69/0.87 - -
Niraula et al. (2012) 0.61/0.90 -18/72 0.62/0.91 | 0.41/0.85 -51/26 0.61/0.85
Chahinian et al. (2011) | 0.89/0.94 -1.31/4.32 - 0.67/0.79 -13.7/3.77 -
Yuan (2010) 0.52/0.56 -1.29/24.63 | 0.55/0.57 | 0.55/0.57 -9.23/3.00 0.70/0.70
This study 0.74 -19.1 0.8 0.4 62.4 0.35

Sediment (Calibration) Sediment (Validation)
NS PBIAS R? NS PBIAS R?
Min/Max | Min/Max Min/Max | Min/Max Min/Max Min/Max

Shrestha et al. (2016) 0.06/0.36 -221.9/39.3 | 0.07/0.38 - - -

Niraula et al. (2012)

Chahinian et al. (2011) | -2.06/0.09 | -65.02/101.11 - -1.5/0.01 -84.98/-24.68 -

Yuan (2010) - - - - - -
This study -0.01 31.7 0.1 -0.1 925 0.0
Nitrate (Calibration) Nitrate (Validation
NS PBIAS R? NS PBIAS R?
Min/Max Min/Max Min/Max | Min/Max Min/Max Min/Max

Shrestha et al. (2016) - - - - - R

Niraula et al. (2012) - - - - - R

Chahinian et al. (2011) -2.86/-

207 -98.83/-97.59 - -5.82/-1.59 -100/-100 -
Yuan (2010) - - - - - -
This study -0.20 37.9 0.0 -2.05 29.7 0.06
Total Nitrogen (Calibration) Total Nitrogen (Validation)
NS PBIAS R? NS PBIAS R?
Min/Max | Min/Max Min/Max | Min/Max Min/Max Min/Max

Shrestha et al. (2016) -0.10/0.39 23.5/55.9 0.04/0.41 - - -

Niraula et al. (2012) - - - - - R

Chahinian et al. (2011) - - - - - R

Yuan (2010)

This study 0.64 11.7 0.68 -8.8 -104.3 0.02

Total Phosphorus (Calibration) Total Phosphorus (Validation)
NS PBIAS R? NS PBIAS R?
Min/Max Min/Max Min/Max | Min/Max Min/Max Min/Max

Shrestha et al. (2016) 0.13/0.40 -30.1/49.2 0.17/0.4 - - -

Niraula et al. (2012) - - - - - R

Chahinian et al. (2011) - - - - - N

Yuan (2010)

This study 0.26 -1.5 0.27 -3.7 -129.1 0.15
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The calibration results revealed that the model performance is quite satisfactory in
streamflow simulations. However, sediment and especially nitrogen and phosphorus
simulations are not as successful as streamflow. At this point, judgment of whether
the model can be used effectively for the comparison of agricultural BMPs should be
made. In other words, is the calibrated SWAT model performance is sufficient for the
purpose of the study? Harmel et al. (2014) divided the intended model uses into three
category; Exploratory, Planning, and Regulatory/Legal. The studies falling into the
Exploratory category aim to carry out initial or approximate comparisons. The
Planning category includes modelling projects for planning purposes such as urban
development and watershed planning. The Regulatory/Legal category comprises the
studies with regulatory, legal, and/or human health implications. The required
accuracy in model predictions becomes more critical towards the Regulatory/Legal
category. The authors stated that reduced confidence in predictions is acceptable in
the Exploratory category. Similar comparison regarding the models’ intended use was
carried out by Moriasi et al. (2007). The authors mentioned that stricter model
performance ratings are required in studies involving potentially large consequences
such as development of new laws and regulations and congressional testimony. The
studies in which there is no regulatory action is required, the accuracy in model
simulations is less significant. Furthermore, the authors specified that basic
exploratory studies will require even lower performance ratings. Arabi et al. (2012)
stated that “exploratory models are used to provide insights about potential outcomes,
opportunities, and risks associated with alternative management strategies”. Given the
objective of this thesis study is to compare different agricultural best management
practices, the study can be placed on the exploratory category. Therefore, it can be
said that the model accuracy is not very critical. Finally, a spectrum showing the
relationship between required model accuracy and model’s intended use was created
based on literature to emphasize that when the model is to be used for screening
purposes then there is no need for strict accuracy (see Figure 29). As a conclusion,
although the SWAT model performance for water quality simulations was assessed as
unsatisfactory in Lake Mogan watershed, the model can be used for the evaluation and

comparison of agricultural best management practices.
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Figure 29. Continuum of model’s intended use from least accuracy to most required
accuracy

4.3. Evaluation of BMP Scenarios

As mentioned in Section 3.4, 11 BMP scenarios were developed within the scope this
study. To evaluate and compare the impacts of BMP scenarios on water quality, model
simulations were performed over a three year period from 2008 to 2010. SWAT
requires daily input data but the model results can be printed daily, monthly and
annually. For instance, if monthly print-out option is selected, the model is still run on
a daily time-step but the results are aggregated to evaluate monthly yields. Therefore,
the model was run and the results were printed out both on a monthly and yearly basis.
The average monthly and annual loads for each pollutant (sediment, NO3, TN and TP)
were calculated at Yavrucak and Sukesen subbasin outlets. The percent changes in the
amounts of average monthly and annual pollutant loads obtained for each scenario
were compared with the ones simulated in the baseline scenario to evaluate the
effectiveness of each BMP. The percent change in the pollutant loads was calculated

with the following formula:

‘(postBMP-preBMP
*
preBMP

percent change, %= 100 (6)
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where preBMP and postBMP are the average monthly or yearly pollutant loads before

and after BMP is applied, respectively.

4.3.1. Nutrient Management

As it was mentioned in Section 3.4.1, three different nutrient management scenarios
were developed by reducing the fertilizer amount by 10%, 20% and 30% compared to
current fertilizer application rates in agricultural lands. The results showed that
reduction in fertilizer application for agricultural lands provided considerable decrease
in nitrogen (NO3z and TN) loads at the Yavrucak subbasin outlet. There was not a
significant change in the TP and sediment loads which is most probably due to the fact
that the fertilizers applied in agricultural lands are mainly nitrogen based (see Section
3.1.5). As the reduction ratio increased, the amount of transported pollutant loads
decreased, as expected. Among the nutrient management scenarios the highest
pollutant load reduction was achieved with the alternative in which fertilizer
application rates were decreased by 30%. Other scenarios did not lead to a significant
change in the sediment and nutrient loads. The effect of changes in fertilizer
application at Yavrucak is observed more prominently compared to Sukesen
monitoring station. The reason is that the percentage of agricultural lands in Yavrucak

subbasin is much higher compared to Sukesen subbasin (see Section 4.2.1).

In some months, increases in nutrient loads were calculated. These increases are most

probably due to fluctuations in numeric calculations and approximations in the model.

The monthly percent changes in pollutant loads in Scenario-1, Scenario-2 and
Scenario-3 are given in the following sub-headings in detail. The comparison of

scenario results on a yearly basis is given in Section 4.4.
Scenario-1

The monthly percent changes in sediment and nutrient (NO3z, TN and TP) loads at
Yavrucak and Sukesen monitoring stations when the fertilizer application rates in
agricultural lands are reduced by 10% is shown in Figure 30 and Figure 31,
respectively. The averages of percent changes in NO3, TN, TP and sediment loads are
-1.6%, -1.1%, -0.02% and -0.06%, respectively in Yavrucak. The monthly percent
changes in NOs and TN loads range from -14.5% to 0.25% and -8.4% to 0.13%,

respectively. The magnitude of maximum monthly percent change in NOs load is -
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14.5. The highest load change in TN, on the other hand, is -8.4%. TP and sediment
loads are less affected by the changes in the fertilizer application rates compared to
NOsz and TN. The utmost reductions in TP and sediment loads are -1.5% and -1.5%,
respectively.

In Sukesen monitoring station, the averages of monthly percent changes in NOs, TN,
TP and sediment loads are -0.23%, -0.15%, -0.03% and -0.01%, respectively. The
magnitude of highest NOz and TN load reductions are -3.3% and -1.9%, respectively.
Similar to Yavrucak, there is not a considerable reduction in TP and sediment loads in
Sukesen. The maximum load reductions in TP and sediment loads are -0.5% and -
0.1%, respectively.

Scenario-1 NO, - Yavrucak Scenario-1 TN - Yavrucak
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Figure 30. The results of Scenario-1 at Yavrucak monitoring station: Percent changes
in NOs, TN, TP and sediment loads
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Figure 31. The results of Scenario-1 at Sukesen monitoring station: Percent changes
in NOs, TN, TP and sediment loads

Scenario-2

The monthly percent changes in sediment and nutrient (NO3z, TN and TP) loads at
Yavrucak and Sukesen monitoring stations when the fertilizer application rates in
agricultural lands are reduced by 20% is shown in Figure 32 and Figure 33,
respectively. The simulated average monthly loads for NO3, TN, TP and sediment are
reduced by -4%, -2.8%, -0.2% and -0.02%, respectively, compared to the baseline
scenario in Yavrucak monitoring station. Similar to Scenario-1, Scenario-2 shows that
NOs and TN loads are affected more by the reductions in fertilizer application rates
than TP and sediment loads. The percent changes in NOz and TN loads range from -
29.2% to 0% and -17.1% to 0.3%, respectively. The highest monthly percent
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reductions in TP and sediment loads, on the other hand, are -2.7% and -1.9%,

respectively.

In Sukesen monitoring station, the averages of monthly percent changes in NOs, TN,
TP and sediment loads are -0.42%, -0.28%, -0.08% and 0.03%, respectively. The

percent reductions in monthly NOz and TN loads are higher compared to TP and

sediment loads. The percent changes in NO3z and TN ranges from -5.5% to 0% and -

3.2% to 0%, respectively. The highest reductions in TP and sediment loads are -1.1%

and -0.17, respectively.
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Figure 32. The results of Scenario-2 at Yavrucak monitoring station: Percent changes

in NOgs, TN, TP and sediment loads
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Figure 33. The results of Scenario-2 at Sukesen monitoring station: Percent changes

in NOs, TN, TP and sediment loads

Scenario-3

The monthly percent changes in sediment and nutrient (NO3z, TN and TP) loads at

Yavrucak and Sukesen monitoring stations when the fertilizer application rates in

agricultural lands are reduced by 30% is shown in Figure 34 and Figure 35,

respectively. The averages of percent changes in monthly NO3, TN, TP and sediment
loads are -6.2%, -4.4%, -0.38% and -0.04%, respectively in Yavrucak. The percent
changes in monthly NOs and TN loads range from -39% to 0% and -24.2% to 0.17%,

respectively. The magnitude of highest percent reductions in TP and sediment loads

are -4.8% and -11.2%, respectively.

97



In Sukesen, the averages of percent changes in monthly NO3, TN, TP and sediment
loads are -0.58%, -0.4%, -0.11% and 0.11%, respectively. The reduction of monthly
NOz and TN loads range from -6.64% to 0% and -4.78% to 0%, respectively. The
maximum percent reductions in TP and sediment loads were calculated as -1.55% and
-0.29%, respectively. The results show that the most effective scenario among the
three nutrient management scenarios was Scenario-3. In addition, it can be concluded
that nitrogen (NOs and TN) loads are more effectively controlled compared to TP and
sediment loads via reduction in fertilizer application. Furthermore, reduction in
fertilizer application rate does not result in considerable impacts on pollutant loads in
Sukesen. The reason is most probably due to the fact that Sukesen is a more urbanized

subbasin, and thus agricultural activities are not as intense as they are in Yavrucak.
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Figure 34. The results of Scenario-3 at Yavrucak monitoring station: Percent changes
in NOs, TN, TP and sediment loads
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Figure 35. The results of Scenario-3 at Sukesen monitoring station: Percent changes
in NOs, TN, TP and sediment loads

4.3.2. Conservation Tillage / No Tillage

As it was mentioned in Section 3.4.2, four different tillage scenarios were developed
to assess the impacts of different tillage methods on pollutant loads. Application of
tillage scenarios did not have significant impacts on sediment and nutrient loads. There
was also no significant difference between the conservation tillage and no tillage
scenarios. Still, no tillage operation was more successful in terms of nutrient load
reduction compared to conservation tillage. This was expected since the soil is mixed
to a depth of 25 mm with 5% efficiency in no tillage operation involving minimum
disturbance of soil. If the soil is tilled with conservation tillage, on the other hand, the

soil will be mixed to a depth of 100 mm with a mixing efficiency of 25%. As in the
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nutrient management scenarios, the pollutant loads were more effectively reduced in
Yavrucak where the agricultural lands are dominated. The monthly percent changes
in pollutant loads in Scenario-4, Scenario-5, Scenario-6 and Scenario-7 are given in
the following sub-headings in detail. The comparison of scenario results on a yearly

basis is given in Section 4.4.
Scenario-4

In Scenario-4, the conventional tillage applications carried out in agricultural lands
with duck-foot cultivator was replaced with conservation tillage. The monthly percent
changes in sediment and nutrient (NOs, TN and TP) loads at Yavrucak and Sukesen
monitoring stations when conservation tillage is implemented are shown in Figure 36
and Figure 37, respectively. The results showed that conservation tillage scenario
reduced the average monthly NOs, TN, TP and sediment loads -0.53%, -0.53%, -
0.86% and -0.11%, respectively. The utmost percent reductions for monthly NOs, TN,
TP and sediment loads were calculated as -23.6%, -22.5%, -4.2% and -2.5%,

respectively.

In Sukesen, application of conservation tillage resulted in -0.07%, -0.05%, -0.56% and
-0.02% reduction on average in the monthly NOs, TN, TP and sediment loads,
respectively. The highest percent reductions in NOs, TN, TP and sediment loads were
-2.5%, -1.6%, -4.3% and -0.35%, respectively.

The results show that conservation tillage application was more effective in reducing

TP load compared to nitrogen and sediment loads.
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Figure 36. The results of Scenario-4 at Yavrucak monitoring station: Percent changes

in NOs, TN, TP and sediment loads
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Figure 37. The results of Scenario-4 at Sukesen monitoring station: Percent changes
in NOs, TN, TP and sediment loads

Scenario-5

In Scenario-5, the impact of no tillage on pollutant loads was evaluated. The monthly
percent changes in sediment and nutrient (NO3z, TN and TP) loads at Yavrucak and
Sukesen monitoring stations when no tillage is implemented in agricultural lands are
shown in Figure 38 and Figure 39, respectively. In Yavrucak, the averages of monthly
percent changes in NOs, TN, TP and sediment loads are -0.83%, -0.84%, -2.2% and -
0.19%, respectively. The magnitude of maximum reductions calculated for NO3, TN,
TP and sediment loads are -38.6%, -37%, -9.3% and -3.9%, respectively.

In Sukesen, Scenario-5 resulted in average reductions of -0.1%, -0.07%, -1.3% and -

0.03% in NOs, TN, TP and sediment loads, respectively. The highest monthly
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reductions calculated for NOs, TN, TP and sediment loads within the simulation period
are -4%, -2.5%, -8.5% and -0.58%, respectively.

Similar to Scenario-4, no tillage scenario

was more effective in reducing TP load

compared to nitrogen and sediment loads. Furthermore, no tillage operation was more

successful in terms of nutrient load reduction compared to conservation tillage.
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Figure 38. The results of Scenario-5 at Yavrucak monitoring station: Percent changes

in NO3, TN, TP and sediment loads
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Figure 39. The results of Scenario-5 at Sukesen monitoring station: Percent changes
in NOs, TN, TP and sediment loads

Scenario-6

In Scenario-6, conservation tillage was applied in agricultural lands with low clay ratio
(< 30%). The monthly percent changes in sediment and nutrient (NOs, TN and TP)
loads at Yavrucak and Sukesen monitoring stations are shown in Figure 40 and Figure
41, respectively. As it can be seen from Figure 40 and Figure 41, implementation of
Scenario-6 did not result in considerable impacts on pollutant loads both in Yavrucak
and Sukesen subbasins. The average change in the amount of all pollutant loads was
approximately zero or zero. Based on the soil analyses 49 soil types were determined
in Lake Mogan watershed (see Section 3.1.4). The soil types having clay ratio smaller
than 30% were determined as Mogan 6, Mogan 14, Mogan 15, Mogan 25, Mogan 38,

Mogan 46 and Mogan 48. Among these soil classes only two of them namely Mogan
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6 and Mogan 25 are found on agricultural lands. Therefore, it is not surprising that
Scenario-6 has negligible impacts on pollutant loads.
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Figure 40. The results of Scenario-6 at Yavrucak monitoring station: Percent changes

in NOs, TN, TP and sediment loads
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Figure 41. The results of Scenario-6 at Sukesen monitoring station: Percent changes
in NOs, TN, TP and sediment loads

Scenario-7

Scenario-7 is the application of no tillage in agricultural lands having soils with a low
clay ratio. The monthly percent changes in sediment and nutrient (NOs, TN and TP)
loads at Yavrucak and Sukesen monitoring stations are shown in Figure 42 and Figure
43, respectively. Similar to Scenario-6, Scenario-7 was not an effective scenario for
pollution reduction. The average of percent changes in nutrient and sediment loads
was nearly zero. The highest percent reduction, -0.12%, was calculated in TP load. As
it was mentioned in Scenario-6, since only two soil classes with low clay ratios are

found in agricultural lands, the impact of Scenario-7 on pollutant loads was not
considerable.
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Figure 43. The results of Scenario-7 at Sukesen monitoring station: Percent changes
in NOs, TN, TP and sediment loads

4.3.3. Contouring and Terracing

As it was mentioned in Section 3.4.3, application of contouring and terracing in the
agricultural lands were simulated in Scenario-8 and Scenario-9, respectively. The
results indicate that contouring and terracing scenarios achieved remarkable pollutant
load reduction at the Yavrucak and Sukesen subbasin outlets. In addition, the terracing
scenario was the most effective scenario among the individual scenarios developed.
The average monthly reductions achieved in Sukesen subbasin was comparably lower.
The difference was not surprising since the percentage of agricultural lands in

Yavrucak (47%) is more than 4 times that of Sukesen (11%) (see Section 4.3.3).
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Moreover, since the adjustment of parameters to represent contouring and terracing
was carried out according to percent slope (Table 25 and Table 26), there occurred
differences in the results obtained in the two subbasins. The monthly percent changes
in pollutant loads in Scenario-8 and Scenario-9 are given in the following sub-
headings in detail. The comparison of scenario results on a yearly basis is given in
Section 4.4.

Scenario-8

Scenario- 8 is the application of contouring in agricultural lands. The monthly percent
changes in sediment and nutrient (NOs, TN and TP) loads at Yavrucak and Sukesen
monitoring stations are shown in Figure 44 and Figure 45, respectively. In Yavrucak
subbasin, the average monthly percent reductions in NOs, TN, TP and sediment loads
are -2.3%, -1.5%, -2.4% and -3.3%, respectively. The highest percent reductions are -
27.6%, -19.9%, -10.6% and -24.5% for NOs, TN, TP and sediment, respectively.

The pollution reductions obtained in Sukesen subbasin was lower compared to that of
Yavrucak subbasin. The average percent reductions were calculated as -0.5%, -0.3%,
-1.1% and -0.36% for NOz, TN, TP and sediment, respectively. The utmost percent
reductions in NOz, TN, TP and sediment loads were -6.8%, -3.9%, -5.4 and -2.9%,

respectively.
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Figure 44. The results of Scenario-8 at Yavrucak monitoring station: Percent changes

in NOs, TN, TP and sediment loads

110



Scenario-8 NO, -Sukesen Scenario-8 TN -Sukesen

Date Date
Ty 2 9, 8, 6, 9. 2, 6, 9 %o %20 %0 0, %0 %, %2 0,2, 5, 2
G 0 0y 0 00,0y 00 0 0,0 02, % Gp G Op Cp 00 0o G0 Do p o o o
15 15

Percent Change (%)
&
Percent Change (%)
a1

-25

-35 35

-45 5

Scenario-8 TP -Sukesen Scenario-8 Sediment -Sukesen
Date Date
2 2 90 2 6 90 2 6, 9 2, 2, 92 2 6 9 R 2 0,90
G G G U G T % D % Y v o o %% G Gp G Cp 00 U D0l g o o ‘o
15 15
’0\3 5 g 5
g  [tesettestess, rf"""s I g0 RN S aneatemsenentnn s iines
g S 5
ey =
(@] (@]
£.15 e 15
3 3
5 5
O 25 & 25
35 -35
-45 -45

Figure 45. The results of Scenario-8 at Sukesen monitoring station: Percent changes
in NOs, TN, TP and sediment loads

Scenario-9

In Scenario-9, terracing on agricultural lands in Lake Mogan watershed was simulated.
The monthly percent changes in NOs, TN, TP and sediment loads in Yavrucak and
Sukesen subbasins are shown in Figure 46 and Figure 47, respectively. The results
revealed that the terracing scenario can visibly improve the environmental conditions
in the watershed. In Yavrucak, the average percent changes in the monthly NO3, TN,
TP and sediment loads are -3.4%, -2.2%, -3.8% and -5.2%, respectively. The highest
percent reductions for NOs, TN, TP and sediment were calculated as -41.6%, -29.9%,
-15.5% and -39.7%, respectively.
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In Sukesen, a more urbanized subbasin, the pollutant reductions were lower compared

to Yavrucak as in the other scenarios. The terracing scenario resulted in average
percent reductions of -0.58%, -0.44%, -1.6% and -0.48% in NO3, TN, TP and sediment

loads, respectively. The maximum percent

reductions for NOs, TN, TP and sediment

loads were -6.8%, -6.1%, -8.1% and -4%, respectively.
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Figure 46. The results of Scenario-9 at Yavrucak monitoring station: Percent changes

in NOs, TN, TP and sediment loads
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Figure 47. The results of Scenario-9 at Sukesen monitoring station: Percent changes
in NOs, TN, TP and sediment loads

4.3.4. Combined Scenarios

The results indicate that each class of BMPs is more effective in controlling certain
types of diffuse pollution. For instance, Scenario-3, a fertilizer management scenario,
was the most effective scenario in reducing nitrogen loads in both Yavrucak and
Sukesen subbasins. TN and NOs loads on average were nearly 5% lower compared to
the baseline scenario in Yavrucak. Total phosphorus and sediment loads were most
effectively reduced by the terracing scenario in both subbasins. Application of
individual BMP scenarios achieved pollutant load reductions at a certain level but they
did not significantly contribute to water quality improvement. Thus, instead of
individual BMPs, the combinations; i.e. Scenario-10 and Scenario-11, were simulated

to achieve more effective pollution load reductions. Scenario-10 is the combination of
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the 30% fertilizer reduction scenario and the no tillage scenario. In Scenario-11, on
the other hand, nutrient management (30% reduction in the fertilizer application rates)
and no tillage were combined with terracing. Scenario-11 provided better reductions
in pollutant loads than Scenario-10. The monthly percent changes in pollutant loads
in Scenario-10 and Scenario-11 are given in the following sub-headings in detail. The

comparison of scenario results on a yearly basis is given in Section 4.4.

Scenario-10

Scenario-10 is the combination of the most effective nutrient management scenario
with the no tillage scenario. The monthly percent changes in sediment and nutrient
(NO3, TN and TP) loads at Yavrucak and Sukesen monitoring stations are shown in
Figure 48 and Figure 49, respectively. In Yavrucak, the average percent reductions in
monthly NOs, TN, TP and sediment loads are -7.1%, -5.3%, -2.5% and -0.2%,
respectively. The utmost percent reductions for NO3, TN, TP and sediment were -39%,
-37%, -9.1% and -14.3%, respectively.

In Sukesen, Scenario-10 resulted in average percent changes of -0.64%, -0.44%, -1.4%
and 0.1% in NOs, TN, TP and sediment loads, respectively. The highest percent
reductions were calculated as -6.6%, -4.7%, -8.6% and -0.7% for NOs, TN, TP and

sediment, respectively.
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Figure 49. The results of Scenario-10 at Sukesen monitoring station: Percent changes
in NOs, TN, TP and sediment loads

Scenario-11

Scenario-11 is the combination of 30% reduction in the fertilizer application rate, no
tillage and terracing. The monthly percent changes in sediment and nutrient (NOsz, TN
and TP) loads at Yavrucak and Sukesen monitoring stations are shown in Figure 50
and Figure 51, respectively. In Yavrucak, the average percent reductions in NOz, TN,
TP and sediment loads were -9.1%, -6.7%, -6.0% and -5.3%, respectively. The highest
reductions for NOgz, TN, TP and sediment loads were calculated as -60.0%, -42.2%, -
16.7% and -41.3%, respectively.

The results revealed that even the most efficient scenario; i.e. Scenario-11, could not

achieve significant pollution reduction in Sukesen subbasin. The average percent
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reductions in NO3z, TN, TP and sediment loads were determined as -0.82%, -0.63%, -

2.5% and -0.45%, respectively. The highest monthly percent reductions for NO3, TN,
TP and sediment were -9.1%, -7.5%, -11.3% and -3.9%, respectively.
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Figure 51. The results of Scenario-11 at Yavrucak monitoring station: Percent
changes in NOs, TN, TP and sediment loads

4.4. Comparison of Scenario Results on a Yearly Basis and Overall Evaluation
of the BMP Scenarios

In Section 4.3, the impacts; i.e. the changes in monthly nutrient and sediment loads, of
each BMP scenario are given in detail. In this section, the average annual pollutant
loads reductions are evaluated. For this purpose, the model was run on a yearly basis
and the average annual loads for each pollutant (sediment, NOs, TN and TP) were
calculated at Yavrucak and Sukesen subbasin outlets. The simulation time period was
from January 2007 to December 2010 and 2007 was used as the warm-up period. The

simulated annual loads in each scenario were compared with the loads simulated in
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the baseline scenario. The average annual loads were calculated by taking the average
of loads simulated in 2008, 2009 and 2010. The percent changes in the amounts of
average annual pollutant loads were calculated with Eqn. 6. The results of each BMP
scenario are summarized in Table 43, Figure 52 and Table 44, Figure 53 for Yavrucak

and Sukesen subbasins, respectively.

In Scenario-1, Scenario-2 and Scenario-3, the reduction in fertilizer application rate
led to reduction in NOz and TN loads. The sediment and TP loads were not affected
significantly. As mentioned in Section 4.3.1, the reason why the reductions in the
nitrogen load is more pronounced is most probably because of the types of fertilizer
used in the watershed. The fertilizers applied in the agricultural lands (ammonium
sulfate, 21-00-00; ammonium nitrate, 33-00-00; urea, 46-00-00; diammonium
phosphate (DAP), 18-46-00) are mainly nitrogen based. Furthermore, as the rate of
reduction in the fertilizer application increased, the reduction in the amount of
pollutants improved. In the Yavrucak subbasin, annual NOs and TN loads were
reduced approximately 5% when the fertilizer application rate was decreased by 30%.
A very similar study was carried out by Lam et al. (2011) in a watershed of 50 km? in
Northern Germany. The study revealed that when the fertilizer application rate in
arable lands were reduced by 20%, the simulated values of average annual loads for
TN, NOs, TP and sediment were decreased by 8.6%, 9.9%, 1.1% and 0.82%,
respectively. Although the average annual nitrogen load reduction was slightly higher
than the reductions obtained in the Yavrucak subbasin, TP and sediment loads were
not affected significantly similar to the Yavrucak subbasin. Another study performed
by Park et al. (2015) in a watershed of 50 km? where 55% of the watershed is an
agricultural area. The authors found that reducing nutrient application resulted in
8.6%, 1.1% and 0.8% reductions in the annual TN, TP and sediment loads. Similar to
the results obtained in Lake Mogan, TP and sediment load reductions were lower
compared to TN.

In Scenario-4, all tillage operations carried out with duck foot cultivator in agricultural
lands were replaced by conservation tillage. Scenario-4 led to reduction in NOs, TN
and TP loads. In addition, the reduction rate achieved in NOz and TN loads was higher
than the TP load. However, conservation tillage did not affect the sediment load
significantly. Annual average NOs, TN and TP loads were decreased by 2.3%, 2.0%

an 1.6%, respectively. Scenario-5, no tillage scenario, seems to be better than
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Scenario-4 since the calculated percent reductions were on average higher to some
extent. Average annual percent reductions were calculated as 3.7%, 3.3% and 3.8%
for NO3, TN and TP loads, respectively. When Scenario-5 and Scenario-3 are
compared, it is seen that the no tillage scenario is more effective in reducing the TP
load. On the other hand, reduction in fertilizer application achieved higher percent
reductions in NOs and TN loads. Similarly, Lam et al. (2011) reported that application
of tillage scenarios did not result in considerable impacts on nitrogen load at the
watershed outlet. Tuppad et al. (2010) assessed that the impacts of several BMPs
including conservation tillage in the Bosque River watershed in Texas. The authors
stated that the application of conservation tillage resulted in 3.6% reduction in the
annual average TN load at the sub-watershed level which is very close to the percent
reduction calculated in the Lake Mogan watershed.

In Scenario-6 and Scenario-7, the impacts of conservation tillage and no tillage
operations were tested when they are applied on agricultural lands with low lay ratio.
The implementation of these two scenarios did not have any impact on the average

annual nutrient and sediment loads.

Contour farming was expected to result in reduction of sheet and rill erosion by
decreasing the erosive capacity of surface runoff and minimizing the development of
rills (Mazdak Arabi et al., 2008). In Scenario-8, contouring was simulated and the
results revealed that it achieved a considerable annual average percent reduction
(around 5%) in the sediment load, as expected. Moreover, contour farming brought
about 4.4% reduction in the TP load. However, average annual NOs and TN loads

were not affected considerably by contour farming.

Scenario-9 is the simulation of terraces in all agricultural lands. The results
demonstrated that the terracing application reduced the TP and sediment loads quite
successfully. In Yavrucak subbasin, TP and sediment loads were decreased by 6.9%
and 8.4%, respectively. The annual percent reductions in NOz and TP loads, on the
other hand, were 0.6% and 0.6%, respectively. Regarding the individual BMP
scenarios, the results revealed that terracing provided more efficient TP and sediment
load reduction than the others in Yavrucak subbasin. Thus, terraced agriculture can
obviously enhance the environmental quality in the Lake Mogan watershed. Strauch

et al. (2013) used SWAT model to assess the impacts of BMPs including terracing on
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streamflow and sediment loads in the Pipiripau River Basin. The terracing scenario
led to sediment load reductions of up to 31%. The authors reported that, the terraces
were implemented in approximately 74% of the watershed area. Considering the
extent of implementation in Yavrucak subbasin (up to 47% of the total subbasin area),
the predicted reduction in sediment loads in Yavrucak is reasonable. Tuppad et al.
(2010) stated that the long-term annual average sediment percent reduction at the
watershed outlet was estimated as 17.2% when the terraces implemented on 10% of
the catchment area. Gassman et al. (2006) specified that terraces achieved the greatest
sediment reduction among the simulated BMPs. Up to 60% reduction in sediment

loads provided when terraces implemented on 80% of the total watershed area.

The results demonstrated that each individual BMP scenario is effective in controlling
certain types of pollutant. For instance, reducing fertilizer rate can play an important
role in enhancing environmental quality by lessening NOs and TN loads in river. The
outcomes obtained from tillage scenarios show that replacing the conventional tillage
operations by no tillage can clearly reduce TP loads in addition to NOz and TN loads.
Neither nutrient management scenarios nor changing tillage practices resulted in
effective sediment control in the watershed. The highest percent reductions in
sediment loads were simulated in the terracing scenario. As the results revealed, none
of the scenarios was effective in reducing all kind of pollutant. Thus, the combined
effects of the scenarios were tested. In Scenario-10, 30% fertilizer reduction and no
tillage scenario were combined. Scenario-10 achieved 0.5%, 8.4%, 7.7%, and 4.2%
reductions at sediment, NOs, TN, and TP loads, respectively in Yavrucak. In Scenario-
11, nutrient management and no tillage were combined with terracing. The highest
reductions in pollutant loads among all BMP scenarios were obtained in this scenario.
The annual average pollutant load reductions in Yavrucak subbasin were 8.4%, 8.9%,
8.2%, and 10.5% for sediment, NOs, TN, and TP respectively.

The annual average percent reductions achieved in each BMP scenario were discussed
based on the results obtained in the Yavrucak subbasin. The reason is that this subbasin
is more representative of whole Lake Mogan watershed. Pastures and agricultural
lands occupy a significant part of Lake Mogan watershed, 31% and 42%, respectively
(see Table 12). The watershed has a very low slope in general. Similarly, Yavrucak
subbasin is mostly covered with agricultural lands (47%). Pastures also occupy a
significant part (31%) of the basin. The subbasin is flat, and only 2% of the total area
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has a slope higher than 10%. Thus, it is assumed that the results obtained in Yavrucak
subbasin can be adapted for whole Lake Mogan watershed. As expected, the impacts
of agricultural BMP scenarios on pollutant loads at Yavrucak subbasin were more
obvious compared to Sukesen subbasin. In Sukesen, even the most efficient BMP
scenario achieved 0.72%, 1.13%, 1.04% and 5.01% reductions in sediment, NOsz, TN
and TP loads, respectively. The reason is that the agricultural lands in Sukesen occupy
only 11% of the total subbasin area. Therefore, the differences obtained between the

results in the two subbasins were reasonable.

The results of this study suggest that the combination of reducing fertilizer rate by
30%, changing tillage practice from duckfoot cultivator to conservation tillage and
implementation of terraces in agricultural lands in Lake Mogan watershed is a viable
solution for controlling the agricultural diffuse pollution and improving the
environmental quality in the area. However, it is important to consider that the
required fertilizer rates and tillage measures may change depending on different soil
types, climate, and landscape (Liu and Lu, 2014). Moreover, the cost-effectiveness of
BMPs at the watershed scale should be evaluated. Thus, the farmers and the decision-
makers should take into account all the benefits and drawbacks before implementing

the BMPs which seem to be as effective solution for the pollution.

Table 43. Percent changes in annual average loads at Yavrucak monitoring station

Sediment NOsz TN TP

Scenario (%) (%) (%) (%)
Scenario-1: 10% reduction in fertilizer

application rate -0.08 -1.2  -11  0.04
Scenario-2: 20% reduction in fertilizer

application rate -0.04 29 -27 -014
Scenario-3: 30% reduction in fertilizer

application rate -0.23 -48 -45 -0.3
Scenario-4: Conservation tillage scenario -0.15 23  -20 -16
Scenario-5: No tillage scenario -0.30 -37 -33 -38
Scenario-6: Conservation tillage scenario (at low

clay (<30%) agricultural lands) 0.00 0.00 0.00 -0.01
Scenario-7: No tillage scenario (at low clay

(<30%) agricultural lands) 0.00 0.00 0.00 -0.02
Scenario-8: Contouring scenario -5.3 -04 -04 -44
Scenario-9: Terracing scenario -8.4 -06 -06 -6.9
Scenario-10: Combination of Scenario 3 and 5 -0.5 -84 7.7 4.2
Scenario-11: Combination of Scenario 3,5 and 9 -8.4 -89 -82 -105
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Table 44. Percent changes in annual average loads at Sukesen monitoring station

Sediment NOs3 TN TP
Scenario (%) (%0) (%) (%)
Scenario-1: 10% reduction in fertilizer
application rate 0.03 -0.15 -0.14 0.02
Scenario-2: 20% reduction in fertilizer
application rate 0.07 -0.32  -0.27 -0.01
Scenario-3: 30% reduction in fertilizer
application rate 0.27 -0.48 -0.44 0.06
Scenario-4: Conservation tillage scenario -0.01 -0.05 -0.06 -1.31
Scenario-5: No tillage scenario -0.03 -0.05 -0.09 -2.96
Scenario-6: Conservation tillage scenario (at low
clay (<30%) agricultural lands) 0.00 0.00 0.00 -0.01
Scenario-7: No tillage scenario (at low clay
(<30%) agricultural lands) 0.00 0.00 0.00 -0.04
Scenario-8: Contouring scenario -0.60 -0.60 -0.56 -1.91
Scenario-9: Terracing scenario -0.79 -0.80 -0.76 -2.86
Scenario-10: Combination of Scenario 3 and 5 0.25 -0.53 -0.52 -2.91
Scenario-11: Combination of Scenario 3, 5 and 9 -0.72 -1.13  -1.04 -5.01
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Figure 52. Percent changes in annual average loads at Yavrucak monitoring station
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Figure 53. Percent changes in annual average loads at Yavrucak monitoring station

4.5. Evaluation of the Scenario Results for Wet Periods

As it was mentioned before in Section 3.1, the amount of streamflow in rivers is either
very low or zero in Lake Mogan watershed. When there is no or negligible flow in the
rivers, transport of pollutants and thus modelling of this process are not possible. In
other words, there must be advection in order to talk about transport of pollutants. To
this end, the hydrographs of Yavrucak and Sukesen creeks were analyzed. It was
decided that when the streamflow rate is smaller than 5% and 10% of the maximum
streamflow values simulated respectively for Yavrucak and Sukesen, the pollutant
loads are negligible. Thus, the pollutant loads in Yavrucak and Sukesen were ignored

when the streamflow is smaller than 0.03 m®/sec and 0.02 m®/sec, respectively.

The percent changes in the pollutant loads calculated in the best BMP scenario
(Scenario-11) in Yavrucak is shown in together with the baseline streamflow values
in Figure 54. The red line seen in the figure represents the streamflow of 0.03 m3/sec.
As it can be seen from Figure 54, when the streamflow is smaller than or equal to 0.03
md/sec, the percent changes in the pollutant loads are either negligible or zero.
Therefore, evaluating dry and wet periods together may be misleading since the
pollutant transport model may not be functioning properly when there is no or

negligible flow in the rivers.
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The percent changes in the pollutant loads calculated for wet periods (Yavrucak > 0.03
mé/sec; Sukesen > 0.02 m3/sec) in each BMP scenario are given in Table 45 and Table
46 for Yavrucak and Sukesen subbasins, respectively. The results revealed that when
the wet periods are considered, the percent reductions in the pollutant loads get higher.
For instance, the percent reductions in sediment, NOs, TN and TP were 8.4, 8.9, 8.2
and 10.5, respectively when the dry and wet conditions were considered together for
the best simulation (Scenario-11) in Yavrucak. On the other hand, the percent
reductions increases t0 9.84, 12.9, 10.7 and 10.7, respectively when the wet conditions

are taken into account separately.
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Figure 54. Comparison of the percent changes in the pollutant loads with the baseline
streamflow
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Table 45. Percent changes in annual average loads at Yavrucak monitoring station for
wet conditions

Sediment NOs3 TN TP

Scenario (%) (%) (%) (%)
Scenario-1: 10% reduction in fertilizer

application rate -0.11 -2.05 -1.64 -0.01
Scenario-2: 20% reduction in fertilizer

application rate -0.04 -5.34  -433 -0.31
Scenario-3: 30% reduction in fertilizer

application rate -0.07 -8.67 -7.11 -0.60
Scenario-4: Conservation tillage scenario -0.22 -1.04 -1.01 -1.61
Scenario-5: No tillage scenario -0.35 -1.63 -1.60 -4.04
Scenario-6: Conservation tillage scenario (at low

clay (<30%) agricultural lands) 0.00 0.00 0.00 0.00
Scenario-7: No tillage scenario (at low clay

(<30%) agricultural lands) 0.00 0.00 0.00 -0.02
Scenario-8: Contouring scenario -6.14 -2.68 -2.03 -4.29
Scenario-9: Terracing scenario -9.77 -409 -3.08 -6.69
Scenario-10: Combination of Scenario 3 and 5 -0.41 -10.4 -8.75 -4.62

Scenario-11: Combination of Scenario 3, 5and 9 -9.84 -129 -10.7 -10.7

Table 46. Percent changes in annual average loads at Sukesen monitoring station for
wet conditions

Sediment NO3 TN TP

Scenario (%) (%) (%) (%)
Scenario-1: 10% reduction in fertilizer

application rate 0.09 -0.33  -0.27 0.09
Scenario-2: 20% reduction in fertilizer

application rate 0.19 -0.66 -0.53 0.14
Scenario-3: 30% reduction in fertilizer

application rate 0.56 -1.00 -0.81 0.31
Scenario-4: Conservation tillage scenario 0.00 0.05 0.02 -211
Scenario-5: No tillage scenario 0.00 0.10 0.05 -4.90
Scenario-6: Conservation tillage scenario (at low

clay (<30%) agricultural lands) 0.00 0.00 0.01 -0.01
Scenario-7: No tillage scenario (at low clay

(<30%) agricultural lands) 0.00 0.02 0.01 -0.05
Scenario-8: Contouring scenario -0.65 -0.56 -048 -2.55
Scenario-9: Terracing scenario -0.96 -0.90 -0.76 -4.02
Scenario-10: Combination of Scenario 3 and 5 0.53 -0.92 -0.77 -4.66

Scenario-11: Combination of Scenario 3, 5 and 9 -0.82 -1.61 -1.36 -7.63

126



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

In this study, SWAT model was used to estimate the effectiveness of several BMPs at
subbasin level in Lake Mogan watershed. Lake Mogan is a semi-arid watershed
located in Ankara, Turkey. Since agricultural activities are carried out intensively,
agricultural diffuse pollution is a significant concern in the region. The quality of water
bodies found in the region are under threat. Thus, this study aimed to identify efficient
BMPs in terms of reducing diffuse pollution loads. For this purpose, the SWAT model
was utilized to simulate the streamflow, sediment and nutrient loads in Lake Mogan
watershed. The model was calibrated for streamflow, sediment and water quality
(nitrogen and phosphorus) with SWAT-CUP. The model performance was quite
satisfactory in simulating monthly streamflow. The statistical performance evaluation
criteria NS, PBIAS and R? values are 0.74, -19.1 and 0.8, respectively, demonstrating
a reasonable model simulations. The results for sediment and water quality were not
as successful as streamflow simulations. The statistical coefficients NS, PBIAS and
R? pointed out poor model performance. The main reason behind the unsatisfactory
sediment and water quality simulations is the limited data availability which is actually
one of the commonly experienced problems in semi-arid regions. The conclusion
which is frequently mentioned in the literature and supported by the results of this
study is that application of deterministic models like SWAT in semi-arid regions is a
challenging task. Most reported reasons for the difficulties encountered in these
regions are varying hydrological characteristics, lack of spatial and temporal detail in
rainfall data and poor rain gauge density. In addition, less documentation for rainfall-
runoff modeling compared to humid watersheds is another problem. Moreover, the
number of studies reporting the water quality modelling results is even lower. The
ones performing water quality calibration generally reported to demonstrate less
satisfactory model performance compared to that of streamflow (see Table 42).

Based on literature, it was concluded that the intended use of SWAT model in this

study which is to compare different BMPs falls into the exploratory category. Thus,
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strict model accuracy in model simulations is not very critical. Therefore, it was
decided that SWAT model can be used to assess and compare agricultural best
management practices in Lake Mogan watershed even though the model performance

is not very successful in water quality simulations.

The calibrated and validated SWAT model was used to develop 11 different BMP
scenarios. Simulated BMPs included fertilizer management, conservation/no tillage,
contouring and terracing, and combined scenarios. The results were evaluated at the
two subbasins of Lake Mogan watershed namely Yavrucak and Sukesen. Average
monthly and annual sediment, nitrate, total nitrogen, and total phosphorus loads were
calculated for each scenario in both subbasins. The scenarios were compared with the
baseline scenario which represents the current situation in the watershed. The results
indicate that each BMP is effective in controlling certain type of diffuse source
pollutant. In addition, individual BMP scenarios are not very effective in reducing
pollutant loads. Therefore, combined BMP scenarios were developed and simulated.
The most successful scenario (Scenario-11) was the one in which the amount of
fertilizers reduced by 30% together with no tillage and parallel terraces applied in
agricultural lands. It achieved 8.4%, 8.9%, 8.2%, and 11% reductions in average
annual sediment, nitrate, total nitrogen, and total phosphorus loads, respectively in
Yavrucak subbasin. However, there was not a significant impact on pollutant loads in
Sukesen with the implementation of Scenario-11 due to high urbanization. The
scenario results were also evaluated for wet periods since the pollutant transport model
may not be functioning properly when there is no or negligible flow in the rivers. The
results showed that the percent reductions in the pollutant loads get higher when the
wet conditions are considered separately. For instance, the percent reductions in
annual average sediment, NOs, TN and TP loads increased to 9.84%, 12.9%, 10.7%
and 10.7%, respectively under wet conditions for the best simulation (Scenario-11) in
Yavrucak.

The results of this study suggest that the combination of reducing fertilizer rate by
30%, changing tillage practice from duckfoot cultivator to no tillage and
implementation of terraces in agricultural lands in Lake Mogan watershed is a viable
solution for controlling agricultural diffuse pollution and improving the environmental
quality in the area. However, it is important to consider that the required fertilizer rates

and tillage measures may change depending on different soil types, climate, and
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landscape (Liu and Lu, 2014). Moreover, the cost-effectiveness of BMPs at the
watershed scale should be evaluated. Thus, the farmers and the decision-makers
should take into account all the benefits and drawbacks before implementing the
BMPs which seem to be as effective solution for the pollution.

Evaluating the impacts of different management alternatives on pollution control is
one of the steps of integrated watershed management plans which is proposed by the
European Union Water Framework Directive. The goal of this study was to provide
guidance for decision makers to implement effective best management practices in
terms of controlling agricultural diffuse pollution in Lake Mogan watershed, and in
watersheds showing similar characteristics with Lake Mogan. Hence, the proposed
practices can help to protect the environment and increase the economic value of the

agricultural activities due to cost and time related benefits.

Recommendations

Based on the challenges encountered and the results obtained in this study, it can be
suggested that the monitoring studies carried out in the Lake Mogan watershed should
be improved. To this end, the number of monitoring stations, and the frequency and
the number of parameters monitored should be increased. The greatest difficulty
experienced in this study was due to data limitation. Especially, the sediment and
water quality calibration of SWAT model was challenging because of limited data
availability. Moreover, the calibration and validation of the model could not be carried
out in the same monitoring station since available data was not long enough to do so.
In other words, there was not enough data for warm-up, calibration and validation at

a single station.

In this study, only 1 year warm-up period has been used due to data limitation. Longer
warm-up period would have been healthier. Thus, the available data series could have
been copied at the beginning of the real one in order to allow for longer warm-up

period.

Model validation results show that it could have been healthier to prefer multi-gauge
calibration to represent spatial variability of the watershed better and thus to increase
model reliability. This actually depends on the availability of continuous data in other

monitoring stations located in the watershed.
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Point sources were not considered in this study since there is no available information
about the point sources located in the watershed. Once the information about them is

available, their impacts on the water bodies should also be included.

Within the scope of this study, it was assumed that winter wheat is the only crop type
cultivated in the agricultural lands. The effects of different crop patterns should also
be assessed when detailed information about them is available.

In the context of this study, only sediment and nutrient simulations were carried out.
If the monitoring of pesticides is performed in the future, it is recommended to carry

out pesticide simulations as well.

It is recommended that the effects of climate change on diffuse pollution in Lake

Mogan watershed is also evaluated.

Regarding the BMPs, it is important to consider that each BMP evaluated within the
scope of this study has a different economic cost. For instance, while reducing
fertilizer application rate is economically favorable, initial investment cost of
implementation of terraces may become an important limiting parameter at the
decision phase. Therefore, cost-effectiveness analyses should be performed before

selecting the BMPs for the study area.

As a future study, development of the water quality model of Lake Mogan should be
beneficial. SWAT model should be integrated with the lake water quality model, and
holistic solution proposals should be developed.
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APPENDIX A

SWAT MODEL CONSTRUCTION STEPS

Watershed Delineation

HRU Analysis

Write Input Tables

Edit SWAT Input

SWAT Simulation

Figure 55. Swat Model Construction Steps

Watershed Delineation

Through Watershed Delineation tool subbasins are delineated via an automatic
procedure according to the Digital Elevation Model data provided by the user. The
parameters specified by the user determine the size and the number of subbasins
generated. Furthermore, it is possible to carry out stream definition by importing pre-

defined streams and watersheds (Winchell et al., 2010).

Watershed Delineation tool consists of five sections; DEM Setup, Stream Definition,
Outlet and Inlet Definition, Watershed Outlet(s) Selection and Definition, and
Calculation of Subbasin Parameters (Srinivasan, 2014). The sections in the Watershed

Delineator menu are shown schematically in Figure 56.
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Figure 56. SWAT model construction steps: Watershed Delineation

Input DEM must be in ESRI grid format. If the pre-defined streams network is to be
imported, the file can be in ArcView shapefile or geodatabase feature class (PolyLine)
format (Winchell et al., 2010).

As it was mentioned before DEM of Lake Mogan watershed used in this thesis study
was generated within the scope of the project carried out by Alp et al., (2014). The
spatial reference information about the DEM (Figure 8) is given in Table 47. After
DEM was loaded in the DEM Setup section of Watershed Delineation tool, DEM
properties; vertical and horizontal units, were defined. The Z unit of DEM was edited
as meter. In DEM Setup section there are two other steps namely mask and burn-in
which are optional. The first option, mask, allows user to specify the watershed area
of interest. Via burn-in option, on the other hand, the stream network can be
superimposed onto the DEM (Srinivasan, 2014). If the location of the stream network
cannot be estimated precisely since the DEM does not provide sufficient detail, burn-
in option can be used to deal with this problem. In this study, the mask option was not

utilized but the stream network was burned in.
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Table 47. Lake Mogan watershed DEM: spatial reference information

Spatial Reference WGS 1984 UTM_Zone 36N
Linear unit Meter (1.000000)

Angular unit Degree (0.017453292519943299)
False Easting 500000

False Northing 0

Central Meridian 33

Scale Factor 0.9996

Latitude of Origin 0

Datum D WGS 1984

After DEM Setup was completed, the stream definition through which the stream
network and subbasin outlets are defined was carried out by using the threshold
method. Firstly, the Flow Direction and Accumulation was calculated. In the threshold
method the model provides a minimum and maximum subbasin area, and suggests a
threshold area. The threshold area determines the detail of the stream network and the
size and number of subbasins (Winchell et al., 2010). In this study the minimum and
maximum subbasin area was estimated as 544 and 108886 hectares respectively by
the model. The threshold area was selected as 600 hectares in order to obtain a detailed

and a more representative stream network.

The next section in the Watershed Delineation tool is the Outlet and Inlet Definition.
In this section the subbasin outlets can be edited manually. New subbasin outlets can
be added, if required, and unwanted outlets can be deleted. Moreover, inlets and point
sources can be defined. Inlets represent either a point-source discharge or the inlets of
drainage into the watershed from an upstream area (Srinivasan, 2014). In this study,
one inlet was defined at the outlet of Célova stream and; therefore, the upstream of
COlova stream is not directly modeled by SWAT. The reason is that the streamflow is
really low in C6lova and so the model does not simulate the streamflow well at this
outlet. Therefore, discharge data records and available water quality data; i.e. NOz and
NO, at this inlet point were provided to the model. The location of the inlet can be
seen in Figure 57. In addition, ‘Add point source to each basin’ option was selected
since it is not possible to define a point source in the subsequent steps of the model
construction. The values for water, sediment, and nutrient inputs of added point
sources are zero by default. However, the user has the option to define the inputs later

on. In this way, the user is able to create scenarios to test the impacts of any point
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source located within any subbasins of the watershed. However, within the scope of
this study no point source input definition was done since there is no available

information about the point sources found in Lake Mogan watershed.

After Outlet and Inlet Definition was completed, the whole watershed outlet was
defined. This step is required to define the boundary of the main watershed
(Srinivasan, 2014). The location of the whole watershed outlet is indicated in Figure
57. After the whole watershed outlet definition is completed, the watershed can be

delineated.

The last step in watershed delineator is the ‘Calculation of Subbasin Parameters’. With
this function basic watershed characteristics from DEM are estimated. Moreover,
definition of the reservoirs found in the watershed is carried out in the section. If there
are natural/artificial lakes or reservoirs in watershed, they should be added in this step.
Within the boundaries of Lake Mogan watershed there are two natural lakes namely
Lake Mogan and Lake Eymir. Therefore, two reservoirs were added to the watershed.
The location of the reservoirs; the boundary of the watershed, streams, and subbasins

obtained after watershed delineation is shown in Figure 57.
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Figure 57. Location of the inlet and whole watershed outlet

Lastly, topographic reports can be viewed under the Watershed Delineator menu. In
this report the area and percentage wise distribution of land surface elevations is
provided. The statistics of the elevation report for Lake Mogan watershed is given in
Table 48.

Table 48. Elevation report statistics of Lake Mogan watershed

Min. Elevation (m) 964
Max. Elevation (m) 1704
Mean. Elevation (m) 1127.35
Std. Deviation (m) 116.53
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HRU Analysis

HRU Analysis menu on the ArcSWAT Toolbar allows the characterization of land
use, soil, and slope for a watershed (Winchell et al., 2010). There are three options in
the HRU Analysis menu: Land use, Soil and Slope Definition, HRU Definition and
HRU Analysis Reports (see Figure 58).

Watershed Delineation

4 )
HRU Analysis

*Land use, Soil and Slope Definition
*HRU Definition
*HRU Analysis Reports

- J

Write Input Tables

Edit SWAT Input

SWAT Simulation

Figure 58. SWAT model construction steps: HRU Analysis

The first option under HRU Analysis menu is Land Use/Soils/Slope Definition. Via
this option land use and soil datasets are loaded into the model. Then, the land
use/soil/slope class combinations and distributions for the watershed and the subbasins
are determined. Land use and soil data can be in either shape or grid format
(Srinivasan, 2014). The important thing is that the projections of the datasets must be

the same with the DEM used in the watershed projection.

There are three steps in Land Use/Soils/Slope Definition option. The first step is the
definition of land use data. After the land use data is loaded into the model, land use
classification is carried out. As it was mentioned in Section 3.1.3 nine land use classes

were determined in Lake Mogan watershed. These classes are water, forest,
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agriculture, fallowing land, road, settlement, mine site, rangeland and bare land.
SWAT land use classification table is given in Table 49. The first column includes the
unique values in the Grid Field chosen (Srinivasan, 2014) which was chosen as
‘Value’ in this study. The second column shows the area of each land use class. The
last column indicates the land use names in the SWAT database corresponding to each
index value. In the last step the land use map was reclassified by clicking on the

‘Reclassify’ button.

Table 49. SWAT Land Use Classification Table

Value | Area (%) | LandUseSwat
1.88 | WATR
1.64 | FRST
31.88 | AGRL
2.95 | UTRN
17.08 | URBN
0.03 | OAK
8.24 | AGRR
33.02 | PAST
3.28 | RNGE

OO NOOOIRIW|IN|F-

The next step is the definition of soil data. After the soil file was loaded into the map,
the field used as the index to define different soil types was selected as ‘Value’, and
SWAT Soil Classification Table was created automatically. The soil map grid has to
be linked to a database. There are two soil database options as ArcSWAT STATSGO
and ArcSWAT SSURGO, or UserSoil. Since the available databases within SWAT
are valid for United States, the user soil table was created specifically for this study.
Detailed information about the soil analysis for Lake Mogan watershed is given in
Section 3.1.4, and the user soil table was created accordingly. Then, the new soil types
was added to the default user soil table found in the SWAT database. SWAT soil
classification table is shown in Table 50. The third column in the table was filled
through a look-up table (in .txt or .dbf format). As it can be seen from the table there
are forty nine different soil types but not all of them do have area value. The reason is
that the outlet of Cdlova stream outlet is selected as inlet and so the upstream part of
this stream is not modeled. Finally, the soils grid was reclassified using the Reclassify
button.
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Table 50. SWAT Soil Classification Table

Value | Area (%) | Name Value Area (%) | Name

0 4.48 Mogan1 |25 3.34 Mogan 26
1 3.95 Mogan 2 | 26 6.84 Mogan 27
2 2.55 Mogan 3 | 27 7.52 Mogan 28
3 451 Mogan4 | 28 1.02 Mogan 29
4 1.71 Mogan 5 |29 5.84 Mogan 30
5 4.26 Mogan 6 | 30 3.91 Mogan 31
6 5.92 Mogan 7 | 31 - Mogan 32
7 3.51 Mogan 8 | 32 - Mogan 33
8 3.08 Mogan9 | 33 - Mogan 34
9 2.72 Mogan 10 | 34 - Mogan 35
10 2.16 Mogan 11 | 35 - Mogan 36
11 3.34 Mogan 12 | 36 - Mogan 37
12 3.50 Mogan 13 | 37 - Mogan 38
13 0.23 Mogan 14 | 38 - Mogan 39
14 - Mogan 15 | 39 - Mogan 40
15 4,98 Mogan 16 | 40 - Mogan 41
16 4.79 Mogan 17 | 41 - Mogan 42
17 1.34 Mogan 18 | 42 - Mogan 43
18 0.00 Mogan 19 | 43 - Mogan 44
19 2.71 Mogan 20 | 44 - Mogan 45
20 1.89 Mogan 21 | 45 - Mogan 46
21 3.56 Mogan 22 | 46 - Mogan 47
22 3.07 Mogan 23 | 47 - Mogan 48
23 1.29 Mogan 24 | 48 - Mogan 49
24 1.98 Mogan 25

The last step in Land Use/Soils/Slope Definition option is the slope classification. In
this step, HRUs are divided according to slope classes together with land use and soils.
There are two options for slope discretization as ‘Single Slope’ and ‘Multiple Slope’.
If the Single Slope option is selected, then the mean value of slope will be used for the
whole watershed. Multiple Slope option, on the other hand, allows the classification
of slope into several levels (Srinivasan, 2014). In this study the slope was divided into

five classes. SWAT slope classification table is shown in Table 51. In order to add the

classified soil layer to the map, Reclassify button was used.
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Table 51. SWAT Soil Classification Table

Class | Lower Limit (%) | Upper Limit (%)
1 0 1

2 1 3

3 3 5

4 5 10

5 10 9999

After the land use, soil, and slope classification were completed, all these three layers
were overlaid by clicking the overlay button.

The next step after Land Use/Soils/Slope Definition is ‘HRU Definition’. In this
option the user specifies the criteria used in determining the HRU distribution. There
are two options to complete the HRU distribution. The user can assign a single HRU
to each subbasin by selecting the ‘Dominant Land Use, Soils, Slope’ option. On the
other hand, it is possible to define multiple HRUs in a subbasin by defining the land
use, soil class, and soil class percentage (or area) thresholds. The first threshold is
‘Land use percentage (%) over subbasin area’ which eliminates the minor land uses in
each subbasin. The second threshold ‘Soil class percentage (%) over land use area’
controls the elimination of the minor soils within the land use area. The last threshold
‘Slope class percentage (%) over soil area’ is used to eliminate the minor slope classes.
The threshold levels are up to the modeler’s goals. The default values for the
thresholds are 20%, 10%, and 20% for land use, soil, and slope respectively (Winchell
et al., 2010). In this study, the threshold levels were selected as 5%, 5%, and 10%
respectively. According to ‘Final HRU Distribution’ report created after the HRU
Definition was completed, the number of HRUs generated is 1163 and the number of

subbasins is 44.

Write Input Tables for SWAT

“Write Input Tables’ menu is the next menu after ‘HRU Analysis’ (see Figure 59).
After HRU distribution is completed, weather data can be imported to the model via
the first command in ‘Write Input Tables’ menu. Using the second command ‘Write

SWAT Input Tables’, all the input data files are generated.
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Figure 59. SWAT model construction steps: Write Input Tables

After HRU distribution is completed, weather data can be imported to the model via
the first command in ‘Write Input Tables’ menu. The required weather data by SWAT
are daily precipitation, maximum/minimum air temperature, solar radiation, wind
speed, and relative humidity. However, the required inputs change according to the
evapotranspiration method used in the model as explained in Section 2.3.1. If the
observed data for the mentioned parameters is not available, they can be generated
with SWAT’s weather generator. The weather generator model WXGEN in SWAT
is used to produce climatic data or to fill the gaps in the measured data (Neitsch et al.,
2009). The weather generator input file includes the statistical data required to produce

representative daily climate data for the subbasins (Arnold et al., 2012a).

The weather stations found within the SWAT database are valid for United States.
Therefore, in order to introduce the weather stations outside the United States to the
model and to create the user weather station files for SWAT, there is an Excel macro
called “WGNmaker4’. This macro can be downloaded from SWAT’s website
(TAMU, 2016). Microsoft Excel is needed to run the macro. The input files required

to run the Excel macro are given in Table 52. In addition to the data given in the Table
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52, the station names, latitude, longitude, and elevation of weather stations have to be
introduced. If the observed dew point data is not available, it can be estimated via the
program provided by the SWAT website. Furthermore, maximum half-hour rainfall is
not a usual weather input file required to run SWAT, but this file is needed for the
weather generator. The required format for the input files can be found in the pdf file
called ‘wgen-excel’ provided within the excel macro zip file downloaded from the

SWAT website.

Table 52. WGNmaker4: Required input files

Data Type Units

Rainfall millimeters
Temperature Degrees Celsius
Solar Radiation MJ/m?/day
Wind Speed m/s

Dew Point Degrees Celsius
Max. ¥ Hour Rainfall millimeters

The output files will be generated as the number of weather stations found in the study
area. For instance, there are two meteorological stations located in Lake Mogan
watershed as Golbasi and Haymana (Section 3.1.1). Therefore, after the excel macro
was run, two output files which involve all of the calculated statistics were obtained.
The description about the variables in the weather generator input file is given in Table
53. The output file involving the statistical data shown in Table 53 was imported to
SWAT by updating the default WGEN-user table located in the model’s database.

To load the weather data into the model, the ‘Weather Stations’ option is selected from
the ‘Write Input Tables’ menu. Then, the ‘Weather Data Definition’ dialog is showed.
This dialog consists of six tabs namely; Weather Generator Data, Rainfall Data,
Temperature Data, Solar Radiation Data, Wind Speed Data and Relative Humidity
Data. Without setting the Weather Generator Data, it is not possible to proceed to
define other weather input data. From the Weather Generator Data tab, monthly
weather database was selected as “WGEN-user’ which was previously imported to the
database. When measured weather data are to be used, the location of the rain gages,
the temperature gages etc. have to be provided (Winchell et al., 2010). In the
subsequent tabs the gage location tables are selected. The gage location tables contain

the name of the individual weather data files, and they have to be located under the
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same folder as the weather data files. These tables can be in either dBASE or text

format. In this study, the gage location tables were prepared in text format. The table

prepared for rain gages is shown in Table 54. Since the format for the remaining

location tables is nearly the same, they are not indicated. In the table, pGolbasi and

pHayman are the name of the files including the precipitation data for Gélbas1 and

Haymana meteorological stations, respectively. In Table 55, the text table format is

shown. The data in this table belongs to pGolbasi precipitation file. The first row

represents the starting date of data. Please note that not whole recorded data is

provided in Table 55.

Table 53. Description of the variables in the weather generator input file

Variable name

Definition

Station

Weather station name

WLATITUDE Latitude of weather station used to create statistical parameters
(degrees).

WLONGITUDE | Longitude of weather station (degrees).

WELEV Elevation of weather station (m).

RAIN_YRS The number of years of maximum monthly 0.5 h rainfall data used

to define values for RAIN_ HHMX(1) - RAIN_HHMX(12).

TMPMX (mon)

Average or mean daily maximum air temperature for month (°C).

TMPMN(mon) Average or mean daily minimum air temperature for month (°C).
TMPSTDMX Standard deviation for daily maximum air temperature in month
(mon) (°C).
TMPSTDMN Standard deviation for daily minimum air temperature in month
(mon) (°C).

PCPMM (mon)

Average or mean total monthly precipitation (mm H-O).

PCPSTD (mon)

Standard deviation for daily precipitation in month (mm
H.O/day).

PCPSKW (mon) | Skew coefficient for daily precipitation in month.

PR_W (1,mon) Probability of a wet day following a dry day in the month.

PR_W (2,mon) Probability of a wet day following a wet day in the month.

PCPD (mon) Average number of days of precipitation in month.

RAINHHMX Maximum 0.5 hour rainfall in entire period of record for month
(mon) (mm H20).

SOLARAV(mon) | Average daily solar radiation for month (MJ/m?/day)

DEWPT (mon)

Average daily dew point temperature for each month (°C) or
relative humidity (fraction) can be input.

WNDAYV (mon)

Average daily wind speed in month (m/s).
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Table 54. Precipitation gage location table

ID | NAME LAT LONG | ELEVATION
1 pGolbasi 39.802 | 32.842 | 1105.000
2 pHaymana | 39.612 | 32.669 | 1075.000

Table 55. Daily precipitation data table for Golbas1 meteorological station

20070101

After the weather data definition is completed, writing the input tables is the next step.
In order to generate the input files “Write SWAT Database Tables’ option is selected

under the ‘Write Input Tables’ menu.

Editing SWAT Input

‘Edit SWAT Input’ menu allows user to adjust the default SWAT databases. Via this
menu it is possible to make edits on point source discharges, inlet discharges,

reservoirs, and subbasin and watershed data (see Figure 60).

Within the scope of this study no point source discharge was introduced to the model.
However, there is an inlet discharge since CoOlova stream outlet was selected as inlet
during HRU analysis. In order to edit inlet discharge database, ‘Inlet Discharges’
option was selected from the ‘Edit SWAT Input’. When this option was selected, the
subbasin number of Cdlova stream was displayed. The inlet discharge data can be
introduced to the model by one of the following formats; constant daily loadings,
average annual loadings, average monthly loadings, and daily loadings. In this study,
the inlet input data was loaded to the model as monthly records. The monthly flow
data was obtained from METU Limnology Labarotory, and the pollutant loadings
(kg/day); i.e. NO2 and NOs, were calculated by multiplying the flow rates with the

concentration of the pollutants at the corresponding months. The input data have to be
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provided to the model in .dbf format. Therefore, the table was prepared in Microsoft

Excel, then converted to .dbf format.

Watershed Delineation

HRU Analysis

Write Input Tables

e N
Edit SWAT Input

*Databases

*Point Source Discharges
*Reservoirs

*Subbasins Data
«Watershed Data

\_ J

SWAT Simulation

Figure 60. SWAT model construction steps: Edit SWAT Input

In SWAT, there is no distinction between naturally-occurring and man-made
structures. Therefore, the natural lakes within the study area have to be introduced to
the model as reservoirs. The water balance for a reservoir is calculated with the

following equation:
V= Vstored + Vflowin - Vflowout + Vpcp - Vevap - V:seep

where V is the volume of water in the impoundment at the end of the day (m® H.0),

Vstorea 1S the volume of water stored in the water body at the beginning of the day (m?

H20), Vriowin IS the volume of water entering the water body during the day (m® H0),
Vrowoue 1S the volume of water flowing out of the water body during the day (m®
H20), V¢ is the volume of water removed from the water body by evaporation during
the day (m® H,0), and Vseep 1S the volume of water lost from the water body by seepage

(M3 H20).”
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Two reservoirs, namely Lake Mogan and Lake Eymir, were defined in this study. The

variables in the reservoir input file and their descriptions is given in Table 56.

Table 56. The variables in the reservoir input file (Arnold et al., 2012a)

Variable Name Definition

MORES Month the reservoir became operational

IYRES Year the reservoir became operational

RES_ESA Reservoir surface area when the reservoir is filled to the
emergency spillway (ha).

RES_EVOL Volume of water needed to fill the reservoir to the principal
spillway (10* m3).

RES_PSA Reservoir surface area when the reservoir is filled to the
principal spillway (ha).

RES_PVOL Volume of water needed to fill the reservoir to the principal
spillway (10* m3).

RES VOL Initial reservoir volume.

RES SED Initial sediment concentration in the reservoir (mg/L).

RES_NSED Equilibrium sediment concentration in the reservoir (mg/L).

RES D50 Median particle diameter of sediment ().

RES K Hydraulic conductivity of the reservoir bottom (mm/hr).

EVRSV Lake evaporation coefficient. Default = 0.6

IRESCO Outflow simulation code

RES RR Average daily principal spillway release rate (m®/s).

IFLODI1R Beginning month of non-flood season

IFLOD2R Ending month of non-flood season.

NDTARGR Number of days to reach target storage from current reservoir

storage

OFLOWMN_FPS

Minimum reservoir outflow as a fraction of the principal
spillway volume (0-1).

STARG_FPS

Target volume as a fraction of the principal spillway volume.
This input is needed if ISRECO = 2. Default = 1.0

Although Lake Mogan and Lake Eymir are natural lakes, their water levels are
controlled by water control structures to prevent the flood damages in the watershed.
For instance, Lake Mogan water control structure is composed of two vertical sluice
gates of 3.25 m width. The sill elevation of this structure is 971.00 meters (Bozkurt,
2013). In addition, there is a lined canal between the Mogan and Eymir lakes, and the
capacity of this canal is around 7 — 10 m%/s. Similarly, there is a water control structure
at the exit of Lake Eymir. The structure consists of two vertical sluice gates with 1 m
wide, and the sill elevation is 966.65 m. Furthermore, Bozkurt (2013) stated that the
storage capacity of Lake Eymir is lower compared to Lake Mogan. Therefore, the

extra flood volume conveyed through the lined canal should not be accumulated. For
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this reason, it was mentioned that what comes to Lake Eymir via this canal has to be
discharged. The basic characteristics of Mogan and Eymir lakes including the
minimum, normal, and maximum water level, volume, and the surface area is given
in Table 57 and Table 58 respectively. According to all these mentioned information,
the variables in reservoir input file in SWAT was edited. However, not all of the
required information is available for the whole variables. Thus, some of the variables

given in Table 56 were left with their default values.

Table 57. Basic characteristics of Lake Mogan (Bozkurt, 2013)

Minimum Normal Maximum
Water Level (m) 971 972 973.25
Volume (hm?) 6.2 11.63 20.19
Area (km?) 477 5.43 7.72

Table 58. Basic characteristics of Lake Eymir (Bozkurt, 2013)

Minimum Normal Maximum
Water Level (m) 967 968.5 969.5
Volume (hm?) 2.16 3.88 5.2
Area (km?) 1.05 1.25 1.34

The next command under ‘Edit SWAT Input’ menu is ‘Subbasins Data’. When this
command is selected, the dialog containing the list of SWAT input tables and the list
of subbasins, land uses, soil types, and slope levels will show up. The tables listed
correspond to the file extensions of the SWAT ASCI| files required to run the SWAT
model (Winchell et al., 2010). The user can select a specific subbasin/land
use/soil/slope combination in order to make edits. The list of SWAT input tables is
given with their descriptions in Table 59. The definition of the parameters included in
each of these input files can be found in the SWAT Input/Output Documentation
Version 2012 (Arnold et al., 2012a). In order to introduce the agricultural activities
carried out within the study area to the model, ‘Management (.Mgt)’ input file should
be modified. If this file is selected, a dialog displaying the management data editor
will appear. There are two tabs in this dialog; General Parameters and Operations. In
the first tab, the general parameters regarding the Initial Plant Growth, General
Management, Urban Management, Irrigation Management, and Tile Drain
Management can be adjusted. The second tab allows the user to schedule the

management operations on the current HRU. The edits can be extended to other HRUs.
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The operations can

be scheduled either by date or by heat units. Scheduled

management operations simulated by SWAT are shown in Table 60.

Table 59. List of SWAT input tables to edit

SWAT Input Table

Description

Soils (.Sol) to edit soil parameters
Weather (\Wgn) to edit weather generator data
Subbasin (.Sub) to edit general subbasin data
HRU (.Hru) to edit general HRU data

Routing (.Rte)

to edit the main channel input file

Groundwater (.Gw)

to edit the groundwater input file

Water Use (.\Wus)

to edit the consumptive water use input data

Management (.Mgt) to edit the management file input data
Soil Chemical (.Chm) to edit the soil chemical data
Pond (.Pnd) to edit pond data

Stream Water Quality (.Swq) to edit stream water quality input data

Septic (.Sep)

to edit septic input data file

Operations (.Ops)

to edit operations input data file

Table 60. List of scheduled management operations simulated by SWAT

Scheduled Management Operations

Planting/Beginning of Growing Season

Irrigation Operation

Fertilizer Application

Pesticide Application

Harvest and Kill Operation

Tillage Operation

Harvest Only Operation

Kill/End of Growing Season

Grazing Operation

Auto Irrigation Initialization

Auto Fertilization Initialization

Street Sweeping Operation

Release/Impound

Continuous Fertilization

Continuous Pesticide

End of Year Rotation Flag

In the context of this study simulations were performed between 2007 and 2010. In

2007, wheat was planted in agricultural lands in Lake Mogan watershed. Therefore,

‘Initial Land Cover’ was selected as winter wheat from the General Parameters tab.

Other parameters were left with their default values. For detailed information about

the parameters found in General Parameters tab, please refer to Soil and Water
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Assessment Tool Input/Output Documentation Version 2012 (Arnold et al., 2012a).
After defining the initial land cover, the management operations carried out in
agricultural lands were scheduled. When the Operation tab is selected, the default
management operations performed on the selected land cover will be displayed. The
default operations were modified according to the operations carried out in Lake
Mogan watershed (Section 3.1.5), and they were scheduled by date. The list of
operations scheduled is shown in Table 61. In the table, 1, 2, 3, and 4 represent the
years 2007, 2008, 2009, and 2010 respectively. In the last column WWHT symbolizes

winter wheat.

Table 61. List of management operations scheduled

Year Month Day Operation Crop
1 2 28 Fertilizer application -

1 3 30 Fertilizer application -

1 7 15 Harvest and kill operation -

2 4 1 Tillage operation -

2 5 15 Tillage operation -

2 6 21 Tillage operation -

2 9 10 Tillage operation -

2 10 14 Plant/begin. growing season ~ WWHT
2 10 15 Fertilizer application -

2 10 15 Fertilizer application -

3 2 28 Fertilizer application -

3 3 30 Fertilizer application -

3 7 15 Harvest and kill operation -

4 4 1 Tillage operation -

4 5 15 Tillage operation -

4 6 21 Tillage operation -

4 9 10 Tillage operation -

4 10 14 Plant/begin. growing season ~WWHT
4 10 15 Fertilizer application -

4 10 15 Fertilizer application -

Planting/beginning of growing season operation initiates the plant growth. The timing
of the planting operation, and the type of the land cover to be simulated has to be
known to add this operation. Harvest and kill operation, on the other hand, ends plant
growth, and leaves the remaining fraction which is not removed from the HRU as yield
on the soil surface (Neitsch et al., 2009).

As it was mentioned in Section 3.1.5, there are four types of fertilizers used during

wheat cultivation in Lake Mogan watershed. These fertilizers are urea, ammonium
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nitrate, ammonium sulfate, and diammonium phosphate. There is a fertilizer database
provided with the SWAT maodel. In this database, the relative fractions of nitrogen and
phosphorus pools in the different fertilizers are summarized (Arnold et al., 2012a).
Moreover, if the required fertilizer type is not found in the database, it is possible to
add a new one by defining the fertilizer parameters. For instance, ammonium sulfate
(21-00-00) is not defined in the default SWAT fertilizer database. Therefore,
ammonium sulfate was added to the database. The fertilizer parameters are given in
Table 62. The values of the parameters for ammonium sulfate definition is shown in
Table 63.

Table 62. Fertilizer parameters and their descriptions

Fertilizer Parameter | Description

Fertilizer Name Fertilizer description name.

FERTNM Name of fertilizer/manure.

FMINN Fraction of mineral N (NOs and NHy) in fertilizer (kg min-
N/kg fertilizer).

FMINP Fraction of mineral P in fertilizer (kg min-P/kg fertilizer).

FORGN Fraction of organic N in fertilizer (kg org-N/kg fertilizer).

FORGP Fraction of organic P in fertilizer (kg org-P/kg fertilizer).

FNH3N Fraction of mineral N in fertilizer applied as ammonia (kg
NH3s-N/ min-N).

BACTPDB Concentration of persistent bacteria in manure/fertilizer (#
cfu/g manure).

BACTLPDB Concentration of less-persistent bacteria in manure/fertilizer
(# cfu/g manure).

BACTFDDB Bacteria partition coefficient.

Table 63. Ammonium sulfate fertilizer parameter values

Fertilizer Parameter Value
Fertilizer Name 21-00-00
FERTNM 21-00-00
FMINN 0.21
FMINP 0
FORGN 0
FORGP 0
FNH3N 0

Tillage database in SWAT contains various tillage type options. Similar the fertilizer
database, the user is able to define a new tillage operation type by describing the

required variables. The tillage parameters and the definitions are given in Table 64. In
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order to schedule the tillage operations, the user has to provide the timing and the type
of the operation. The timing of the tillage operations in Lake Mogan watershed
throughout the wheat cultivation can be seen in Table 61. In addition, the duckfoot
cultivator is used for the tillage. The tillage parameters for the duckfoot cultivator is
shown in Table 65.

Table 64. Tillage parameters and their descriptions

Tillage Parameters Description

Tillage Operation Name | Tillage operation description name

Tillage Name 8-character tillage code

EFTMIX Mixing efficiency for tillage (fraction)

DEPTIL Depth of mixing caused by the tillage operation (mm)
RRNS Random roughness (mm)

Table 65. Duckfoot cultivator tillage parameters

Tillage Parameters Value

Tillage Operation Name | Duckfoot Cultivator
Tillage Name Duckftc

EFTMIX 0.55

DEPTIL 150

RRNS 15

The last command under ‘Edit SWAT Input’ menu is ‘Watershed Data’. This
command allows users to adjust the parameters related to three main groups: (i) water
balance, surface runoff, and reaches; (ii) nutrients and water quality; (iii) basin-wide

management. No parameter modification was performed in this section.

SWAT Simulation Setup

The last menu in ArcSWAT toolbar is ‘SWAT Simulation’. This menu contains

commands to setup and run a SWAT simulation (see Figure 61).
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Figure 61. SWAT model construction steps: SWAT Simulation

If the ‘Run SWAT’ command under ‘SWAT Simulation’ is selected, SWAT data
setup and simulation dialog will be displayed. The simulation period in this study is
from 1/1/2007 to 31/12/2010. The simulation period was determined according to the
available observed streamflow data so that the calibration is possible. The simulations
were performed on a monthly time step. The warm-up period (NYSKIP) was selected
as one year. Arnold et al. (2012a) suggested that at least one year warm-up period is
used for the simulations covering 5 years or less to make hydrological cycle fully
operational. The SWAT simulation commands are summarized in Table 66. After
defining the simulation options and commands, the SWAT model was run, and the

model outputs were obtained.

Table 66. Summary of commands to set up a SWAT simulation

Period of Simulation | Starting Date: 1/1/2007
Ending Date: 12/31/2010
Rainfall Distribution | Skewed normal

SWAT .exe Version 64-bit, release

Printout Settings Monthly

NYSKIP: 1
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APPENDIX B

SWAT-CUP (SWAT Calibration and Uncertainty Procedures)

SWAT-CUP is an interface developed for SWAT. This generic interface enables to
link any calibration/uncertainty or sensitivity program to SWAT. SWAT-CUP
provides five different optimization procedures to the users, namely PSO, SUFI-2,
MCMC, ParaSol, and GLUE. The linkage between SWAT and these procedures is
illustrated in Figure 62 schematically. The file exchange between SWAT and the
procedures are carried out through text file formats (Abbaspour, 2015).
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Figure 62. Schematic diagram of the linkage between SWAT-CUP and optimization
procedures (Abbaspour, 2015)

The first step to create a SWAT-CUP project is importing the SWAT TxtIinOut
directory. All of the input and output files which are used and generated by the
SWAT2012 model are found in this folder (Winchell et al., 2013). Then, the selected
optimization program writes the model parameters to model.in, and SWAT _Edit.exe
edits the SWAT text files. The SWAT .exe is run, and then SWAT _Extract.exe extracts
the chosen variables from the SWAT output files, and writes the variables to model.out
(Rostamian et al., 2008).
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Since the SWAT divides the watershed into HRUS, it is possible to define a distributed
parameter for each HRU. Therefore, there are large number of input parameters.
However, SWAT-CUP provides convenience and flexibility in the calibration process
by allowing the parameter aggregation based on the hydrological group, soil texture,
land use, and subbasin number (Abbaspour, 2015). The parameter identifiers provided
by SWAT-CUP allow the users to adjust parameters based on soil hydrological group,
soil texture, land use, subbasin and slope. The parameter identifiers are formulated as

shown below:

X__<parname>.<ext>__ <hydrogrp>__ <soltext> _<landuse>__<subbsn>__<slope>

where

X___ = identifier code to indicate the type of change to be applied to the parameter:
V__means the existing parameter value is to be replaced by a given value,
a__means a given value is added to the existing parameter value, and
r__means an existing parameter value is multiplied by (1+ a given value).

<parname> = SWAT parameter name

<ext> = SWAT file extension code for the file containing the parameter

< hydrogrp> = (optional) soil hydrological group (‘A’, ‘B’, ‘C’, or ‘D’)

<soltext> = (optional) soil texture as it appears in the header line of SWAT input files

<landuse> = (optional) name of the land use category as it appears in the header line
of SWAT input files

<subbsn> = (optional) subbasin number(s) as it appears in the header line of SWAT

input files
<slope> = (optional) slope as it appears in the header line of SWAT input files

The identifiers <hydrogrp>, <soltext>, <landuse>, and <subbsn> are optional which

means that they can be omitted if the user wants to assign the parameters globally.

As it was mentioned before, the SUFI-2 algorithm was selected as the optimization
program in this study. In the SUFI-2 algorithm, the aim is to find the best range for

the parameters in concern rather than to find the set of best fit parameters (Abbaspour
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et al.,, 2004). In order to obtain the best range for each parameter, the prediction
uncertainties have to bracket most of the measured data, and the prediction uncertainty
band has to be as small as possible (Rostamian et al., 2008). Therefore, there are two
criteria to confirm the best parameter ranges. Initially, a large parameter uncertainty
is assumed, and then this uncertainty is decreased until the two criteria are fulfilled.
The first criterion is called the p-factor. The p-factor is the percentage of observed data
bracketed by the 95% prediction uncertainty (95PPU). This criteria is met when most
of the observations are bracketed by the 95PPU. For instance, it is suggested that the
p-factor is larger than 70% for discharge (Abbaspour, 2015). The second one is the r-
factor which is defined as the average thickness of the 95PPU band divided by the
standard deviation of the measured data. The thickness is the distance between the
upper (the 97.5th percentile) and the lower (the 2.5" percentile) parts of the 95PPU (
Abbaspour et al., 2007). When the p-factor is 1 and the r-factor is 0, the ideal situation

is obtained.

The connection between the SWAT and SUFI2 is shown schematically in Figure 63.
In Figure 63, par_inf.txt is the text file including the information about the parameters;
i.e., the range and the number of parameters, and the number of simulations.
SUFI2_LH_sample.exe is the executable file generating the Latin hypercube samples
(McKay et al., 1979). Latin hypercube sampling is used by the program, and the
parameters are sampled from the parameter intervals specified in par_inf.txt. The
sampled parameters are stored in par_val.txt file. SWAT_Edit.exe program substitutes
the parameters in the SWAT files. The program does not permit modification of the
parameters below or above the ranges given in Absolute SWAT_Values.txt file. This
file involves nearly all SWAT parameters together with their minimum and maximum
ranges. The ranges can be edited by the user, and the missing parameters can be added
to the file. SUFI2-swEdit.def file includes the starting and ending simulation years.
This file is used by the SWAT_Edit.exe program. SWAT.exe is an executable file which
execute the files required to run the model. SUFI2_extract_rch.exe extracts the
necessary outputs from the SWAT’s outputrch file by using the
SUFI2_extract_rch.def. SUFI_goal fn.exe calculates the objective function. SUFI2
provides ten different objective functions such as Nasch-Sutcliff (NS), mean square
error (MSE), and r?> (Abbaspour et al., 2015). SUFI2_95ppu.exe computes the 95%
prediction uncertainty (95PPU) band. SUFI2_new_pars.exe calculates the modified
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parameters for the next iteration. This process continues until the objective function,

the p-factor and the r-factor are satisfied.
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Figure 63. A schematic connection between SWAT and SUFI2 adapted from
Abbaspour (2015)
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APPENDIX C

MODEL PERFORMANCE EVALUATION BEFORE CALIBRATION

The comparison of observed and simulated streamflow before the model calibration
at Yavrucak and Sukesen monitoring stations are given Figure 64 and Figure 65,
respectively. As it can be seen from Figure 64, the streamflow values are not
consistently over- or under-estimated. Between March 2009 and June 2009 the model
underestimates the streamflow at Yavrucak. On the other hand, there is an
overestimation between January 2010 and May 2010. Moreover, the model simulates
unreal peaks in January and February 2009, and January 2010. Contrary to Yavrucak,
the model mostly underestimates the streamflow at Sukesen monitoring station. The
most noticeable underestimations are observed at March and April 2009, and between
January 2010 and April 2010 (see Figure 65).

The performance evaluation statistics i.e., NS, PBIAS, and R? for the simulation
carried out before the calibration are given in Table 67. These statistics show that
model performance was poor (see Table 7) both at Yavrucak and Sukesen monitoring
station with default model parameters. Therefore, the model had to be calibrated to
make the observed and simulated streamflow values closer to each other as much as
possible.

Table 67. Performance evaluation statistics for the streamflow simulation carried out
with default model parameters

Streamflow Simulation (before calibration)
Yavrucak Sukesen
NS -0.50 0.12
PBIAS 0.33 0.28
R? 55.2 62.1
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Figure 64. Simulated vs. observed streamflow values before calibration at Yavrucak
monitoring station
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Figure 65. Simulated vs. observed streamflow values before calibration at Sukesen
monitoring station

After streamflow was calibrated, sediment calibration was performed (see Section
3.3.4). The observed and simulated sediment loads with default sediment parameters;
i.e. before sediment calibration, at Yavrucak and Sukesen monitoring stations are
shown in Figure 66 and Figure 67, respectively. At Yavrucak monitoring station, the
sediment loads are overestimated except for December 2008. The overestimations are
comparably higher in April and May 2009, and April 2010. At Sukesen monitoring

station, on the other hand, there is not a consistent over- or underestimation. Sediment
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loads observed in March, April and May 2008, and in March and April 2009 are
underestimated while the loads in June, August, September 2008, and in April 2010

are overestimated.

The performance evaluation statistics i.e., NS, PBIAS, and R? for the sediment
simulation carried out before the calibration are given in Table 68. As it can be seen
from Table 68, none of performance evaluation statistics are satisfied (see Table 7)
unless the model is calibrated for sediment.

Table 68. Performance evaluation statistics for the sediment simulation carried out
with default model parameters

Sediment Simulation (before calibration)
Yavrucak Sukesen
NS -44.1 -0.16
PBIAS -460.4 71.5
R? 0.05 0.05
Yavrucak sediment (before calibration) ® Observed «««xe+-Simulated
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Figure 66. Simulated vs. observed sediment loads before calibration at Yavrucak
monitoring station
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Figure 67. Simulated vs. observed sediment loads before calibration at Sukesen
monitoring station

Before water quality calibration, the simulated and observed nitrate (NO3z), total
nitrogen (TN) and total phosphorus (TP) loads at Yavrucak monitoring station are
shown in Figure 68, Figure 69 and Figure 70, respectively. The loads observed and
simulated at Sukesen monitoring station are shown in Figure 71, Figure 72 and Figure
73, respectively. The simulated loads given in these figures were obtained after
streamflow and sediment calibration, and before the water quality parameters were
calibrated. At Yavrucak monitoring station, NOs loads in March and April 2009 are
underestimated. In May 2009, and April and May 2010, the model overestimates the
NO3z loads (see Figure 68). As it can be seen from Figure 69, there are only three
monthly observed TN loads available between 2008 and 2010 at Yavrucak monitoring
station. Therefore, it is hard to comment on total nitrogen simulation. However, it is
observed that the available observed loads are underestimated by the model (see
Figure 69). Figure 70 illustrates that total phosphorus loads at Yavrucak monitoring
station are mostly overestimated. The only underestimation is observed in May 20009.
At Sukesen monitoring station, NOs loads are mainly underestimated except for May
2010 (see Figure 71). TN loads, on the other hand, are not consistently over- or
underestimated. While there is an underestimation in March, April, and December
2008, the nitrate loads are overestimated in May, September and November 2008 (see
Figure 72). TP loads are generally overestimated by the model but there are also
underestimations in two months; i.e., March 2008 and March 2009 (see Figure 73).
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The performance evaluation statistics for NOs, TN and TP simulations with default
water quality parameters at Yavrucak and Sukesen monitoring stations are given in
Table 69. The statistics show that the model cannot satisfactorily simulate the water
quality processes (see Table 7).

Table 69. Performance evaluation statistics for the water quality simulation carried
out with default model parameters

NOs Simulation (before calibration)
Yavrucak Sukesen
NS -0.46 -0.9
PBIAS 56.9 74.2
R? 0.06 0.06
TN Simulation (before calibration)
Yavrucak Sukesen
NS -0.71 -0.26
PBIAS 73.7 50.7
R? 0.96 0.04
TP Simulation (before calibration)
Yavrucak Sukesen
NS 0.21 -1.3
PBIAS 25.7 -75.7
R?2 0.26 0.15
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Figure 68. Simulated vs. observed nitrate loads before calibration at Yavrucak
monitoring station
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Figure 69. Simulated vs. observed total nitrogen loads before calibration at Yavrucak
monitoring station
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Figure 70. Simulated vs. observed total phosphorus loads before calibration at
Yavrucak monitoring station
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Sukesen NO; (before calibration)
1600

@® Observed  +++X-+«Simulated

1400
1200
1000

800

NO3 (kg)

600
400

200

X

o
X, o

Xeeo...

X, X °
0 redeXeX 3o € Xo D€ 0 X0 D€ o 3(e 6 X0 X x..x.x..)(-’-*-)(")('x'

S \ S ) o O 9 9 9 Q
\\Q b&\Q (\\Q O,\Q \q>° ,‘)\Q ‘O\Q O,\Q \q>Q ,‘)\\

Figure 71. Simulated vs. observed nitrate loads before calibration at Sukesen
monitoring station
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Figure 72. Simulated vs. observed total nitrogen loads before calibration at Sukesen
monitoring station
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Figure 73. Simulated vs. observed total phosphorus loads before calibration at
Sukesen monitoring station
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