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Using SWAT (Soil Water and Assessment Tool) to evaluate streamflow hydrology in a 

small mountain watershed in the Sierra Nevada, CA 

 

By 

 

 

 

David J. Bailey 

 

Master of Arts in Geography, GIS Program 

 

Hydrological models have been increasingly used for the effect of land cover change and 

forest management operations on hydrological processes. In the Sierra Nevada, where 

timber harvest and prescribed fire are commonly employed for forest management, 

hydrological models have rarely been used, especially in small watersheds. In this 

research, the SWAT model (Soil Water and Assessment Tool) was used to simulate 

streamflow on a daily time-step in P301, a small headwater mountain watershed located 

in the southern Sierra Nevada. The watershed is 1 km2, where about 72% of the land is 

covered by a dense mixed-conifer forest. SWAT performs satisfactorily with a coefficient 

of determination (R2) of 0.59 and a Nash-Sutcliffe efficiency value (NSE) of 0.59. This is 

important to know given the complexity arising from model uncertainty and the 

intricacies of Sierra Nevada hydrology. Although SWAT performed “satisfactory”, the 

model still missed two key hydrological processes:  the timing of snowmelt and isolated 

peak flow events. In addition, simulating streamflow on the daily time-step is good for 

understanding watershed processing and functioning but is not as useful for forest and 
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land management. SWAT will need further model adjustments as well as monthly and 

yearly water yield estimates in order to be considered for the evaluation of forest 

management operations in P301. 
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Chapter 1.  Introduction 

Water from the Sierra Nevada is a critical component of the human-

environmental system in California. Sierra Nevada streams support aquatic and terrestrial 

ecosystems, provide recreation services, and drive California’s economy by providing 

urban and agricultural centers with clean water (Bales, et al., 2011). Many different 

issues affect water in the Sierra Nevada – an increasing population and the associated 

resource demands, climate change, and forest management operations. Forest 

management takes on many forms such as tree harvesting for commercial timber, tree 

removal because of insect outbreaks, or hazards along roads, and the establishment of 

recreation areas or restoration/protection of wildlife habitat or plant species of concern.  

Because of past fire suppression, recent forest management has focused primarily on fuel 

reduction strategies. However, in recent decades, mechanical thinning and prescribed fire 

operations have been used to integrate the establishment of both wildlife habitat and 

ecosystem restoration with fuels reduction (North, 2012). In contrast to wildlife, minimal 

research and economic resources have been focused on management for improving water 

quantity and quality in forested streams of the Sierra Nevada. In response to the limited 

research on Sierra Nevada streams, the Kings River Experimental Watersheds (KREW) 

project has been collecting an array of physical, chemical and biological data including 

sediment, streamflow, water chemistry, meteorology, and vegetation since 2003 in the 

Providence and Bull Creek watersheds of the Kings River in California. The purpose of 

KREW is to monitor the characteristics of headwater stream ecosystems and to evaluate 

the effects of forest thinning and prescribed fire on watershed functioning (Hunsaker, 

2007). Hydrologic modeling is an effective tool for evaluating the effects of land cover 
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changes on streamflow. The SWAT (Soil Water and Assessment Tool) model in 

particular, has been very successful in simulating streamflow before, during and after 

land management activities in large-scale watersheds (Arnold et al., 1996). However, 

there is a lack of modeling information on small mountain watersheds with associated 

snow hydrology, especially in the Sierra Nevada. The goal of this research is to assess the 

SWAT model and its effectiveness in modeling daily streamflow for KREW watershed 

P301, a 1 km2 mountain watershed. Water years (WY) 2010 to WY 2011 will be 

evaluated; WY2011 is the highest precipitation year since data collection started at 

KREW. SWAT results will give insight into parameter sensitivities, prediction 

uncertainties, and the overall performance of the SWAT model in simulating streamflow 

in a small headwater mountain watershed in the Sierra Nevada. In addition, a validated 

SWAT model can be used in subsequent research on the effects of forest management 

operations in KREW. 
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Chapter 2. Background and Literature Review 

2.1 Sierra Nevada setting 

The Sierra Nevada is a mountain range in California that lies between the Central 

Valley to west and the Basin and Range region to the east. Its Mediterranean climate is 

characterized by wet winters and dry summers. The western side of the Sierra Nevada is 

described by a significant elevation gradient that ranges from oak woodland zones to 

alpine zones, and contributes to a wide variability in temperature and precipitation. The 

Sierra Nevada provides approximately 60% of the water for the entire state of California 

where precipitation typically falls across the Sierra Nevada and northern sections of the 

state in the winter (Hanak et al., 2011). Twelve main rivers flow from the western slope 

of the Sierra Nevada: Feather, Yuba, American, Cosumnes, Mokelumne, Stanislaus, 

Tuolumne, Merced, San Joaquin, Kings, Kaweah, and Kern. Each of these main river 

systems has many tributaries associated with them, and all rivers with the exception of 

the Kern, Kings and Kaweah drain into the San Francisco Bay (Storer et al., 2004). 

2.2 Kings River Experimental Watersheds (KREW) 

The Sierra Nevada plant species composition and tree structure have changed 

over the past 100 years because of human activities. Historically, forests in the Sierra 

Nevada were dominated by larger trees than exist today. Mixed-conifer stands had low 

tree densities and uneven-aged distributions. Frequent low-intensity fires were also 

present (recurrence interval of 12-15 years); this strongly influenced the forest structure 

and composition which resulted in more open mixed-conifer stands (Rojas, 2004). 

However, past timber harvest and fire suppression in the Sierra Nevada has resulted in 
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widespread changes in vegetation cover and the reduction of hardwood and shrub cover 

(Parsons and DeBenedetti 1979). In addition, the exclusion of fire has allowed for woody 

fuels to accumulate thus increasing the probability of large, high-severity fires (Stephens, 

1998). As a result of fire suppression over the past 100 years, forest management in the 

last 20 years has focused on fuel reduction and thinning strategies. In particular, the 

emphasis was and is on the reduction of fuels and stem density in hopes of creating a 

more resilient forest, especially to large-scale crown fires. It wasn’t until the 1990’s that 

Sierra Nevada forest management policies started focusing on the complex, interrelated 

issues of sensitive species, wildfires, climate change and thus a more ecosystem-approach 

to forest management (North, 2012).  

In response to the habitat degradation of the California spotted owl (Strix 

occidentalis occidentalis) as well as the changing attitude of management approaches, the 

Kings River Sustainable Forest Ecosystem Project was launched in 1994. The Kings 

River Project was a formal administrative study that started a collaborative effort between 

line officers and staff of the Sierra National Forest, the Kings River Ranger District, and 

the Pacific Southwest Research Station (PSW) (Vernor and Smith, 2002). There were 

three research components of the Kings River Project: fisher (Martes pennanti), 

California Spotted Owl (Strix occidentalis occidentalis), and the experimental watershed 

study (KREW). While the larger Kings River Project no longer exists, the research efforts 

led by PSW continue within the Dinkey Creek and Big Creek watersheds. This new effort 

is called the Dinkey Collaborative Forest Landscape Restoration Plan 

(http://www.fs.usda.gov/detailfull/sierra/landmanagement/planning). Their purpose is to 

evaluate the effects forest management practices and provide scientific information to 
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improve sustainable ecosystem forest management. Even though each of these research 

components continues, forest management funding has predominantly been on wildlife 

and trees. Even with the recent droughts, watershed research has struggled for funding 

and adequate staff. The Kings River Experimental Watershed (KREW) was developed in 

2000 with the purpose of establishing the variability in important characteristics of 

headwater stream ecosystems and evaluating the effects of forest thinning and prescribed 

fire on watershed functioning (Hunsaker, 2007; 

http://www.fs.fed.us/psw/topics/water/kingsriver/documents/miscellaneous/KREW_Stud

y_Plan_Sep2007.pdf).  

There are many types of forest management practices that are employed in the 

Sierra Nevada. In KREW, three treatments have been used: uneven-aged group selection 

thinning, prescribed fire (understory burning), and a thinning with burn combination. 

Understory burning is a low- to moderate-intensity surface fire used to reduce the amount 

of fine fuel, duff, large woody fuel, shrubs and other live surface fuel. Uneven-aged 

stands are stands with trees of three or more distinct age classes, either intimately mixed 

or in small groups. Selection thinning is the removal of trees in the dominant crown class 

in order to favor the lower crown classes. Uneven-aged group selection thinning is the 

removal of groups of trees in a stand in order to create an uneven-aged condition in a 

forest stand, one that mimics a more natural and historic mixed-conifer forest (Helms, 

1998). These forest management practices are being employed in the KREW experiment 

using a paired-watershed design so that effects of these practices on a variety of 

hydrological processes can be evaluated.  
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2.3 Sierra Nevada Hydrology 

The forest in watershed P301 is a unique biotic community controlled by trees 

and woody vegetation. Forests have their own distinctive microclimate compared to other 

land uses, providing natural resources as well as a variety of important environmental 

functions. Environmental functions may include: water regulation, mitigation if flood 

damage, erosion control, protection of headwater and reservoir watershed and riparian 

zone, preservation of wildlife habitats, and sinks for atmospheric carbon dioxide (Chang, 

2006). Conifer trees in particular remove large amounts of water from a watershed by 

interception and evaporation from leaves as well as water use via their root system and 

subsequent transpiration through their stomata (Calder, 1990). In the Sierra Nevada, the 

hydrological cycle is determined by extreme seasonal moisture changes in the dry 

summers and wet winters. This seasonality, as well as elevation differences, causes a 

complex hydrological regime that is dominated by precipitation (snow and rain), runoff 

and evapotranspiration. P301 is located in a rain-snow zone, characterized by rapid 

seasonal changes and rain on snow events. During the winter months, precipitation falls 

as snow in high elevations and accumulates throughout the winter and spring months, 

subsequently melting in late June or July. In lower elevations, precipitation falls as snow 

but quickly melts after a precipitation event (Bales et al., 2006). In these lower 

elevations, rain is the dominate form of precipitation, therefore runoff and lag time 

between precipitation and streamflow will be different. It is reported that snow-

dominated watersheds can have up to three months lag time between precipitation and 

streamflow (Hunsaker, 2003). Evapotranspiration is also a key component to the forest 

hydrological cycle. Because of the presence of dense conifer stands in the present forest, 
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large volumes of water are lost to the atmosphere through transpiration and interception 

(Bales et al., 2011).  

2.4 SWAT Model 

Hydrological modeling is a method that employs an array of interconnected 

environmental variables with associated mathematical equations to model a hydrological 

process within an area over a period of time. Hydrological modeling has become an 

integral part of studying hydrological processes (Singh, 2012). The SWAT (Soil and 

Water Assessment Tool) model is a public domain model jointly developed by USDA 

Agricultural Research Service and Texas A&M AgriLife Research, part of The Texas 

A&M University System. The SWAT model was the direct successor of the SWRRB 

(Simulator for Water Resources in Rural Basins) model, which was developed in the 

early 1980’s in order to simulate land management impacts on water and sediment in 

rural ungauged basins. SWAT is a physically-based, spatially-distributed model which 

can simulate the effects of soil, vegetation, and topography on the movement of water at 

and near the land surface (Arnold, 2010).  

The SWAT model has been used in a diverse set of applications that provided 

satisfactory results for simulating streamflow, especially in large-scale agricultural 

watersheds. Kushwaha and Jain (2013) tested the suitability of SWAT in a 70 km2 

forested watershed in the Kumaun region of the Himalayas. Model results were proven to 

be satisfactory for monthly streamflow values with the following objective function 

statistics: root mean square error (RMSE) value of 0.81; Nash-Sutcliffe efficiency (NSE) 

value of 0.77; and a coefficient of determination (R2) value of 0.90 (Kushwaha and Jain, 
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2013). Ahl et al. (2008) used SWAT to simulate the streamflow in a 22 km2 high-

elevation, snow-dominated watershed in the Rocky Mountains. NSE values of 0.90 and 

0.76 for monthly and daily streamflow, respectively, were reported thus indicating that 

SWAT performed “very good”. However, when looking at seasonal performances of 

SWAT, the model performed well during the spring and early summer snowmelt runoff 

period, but was a poor predictor of late summer and winter baseflow (Ahl et al., 2008). 

Stratten et al. used SWAT to simulate daily and monthly streamflow values in an 8 km2 

semi-arid mountain watershed in Idaho. Results showed that monthly streamflow 

estimates produced satisfactory results with a NSE of 0.79. Results also revealed that for 

daily streamflow SWAT was unable to accurately capture flow for selected rain-on-snow 

events (Stratten et al 2009). SWAT model results vary across landscapes but ultimately 

have good performances in forested and mountainous watersheds.  
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Chapter 3. Methods 

3.1 Site Description  

This study took place in P301, small watershed in the Sierra National Forest 

(Figure 1). The P301 watershed has a first-order, perennial stream in the headwaters of 

the Kings River in the Sierra National Forest, CA. The total drainage basin of P301 is 1 

km2, and elevation ranges from 1,779 to 2,107 meters. Climate is characterized as 

Temperate/Mediterranean with dry summers and wet winters. P301 is located in a mixed-

conifer forest within a rain-snow transition zone, which is a zone that is characterized by 

rapid seasonal changes, rain-on-snow events and rain-dominated streamflow. Overstory 

vegetation consists mostly of white fir (Abies concolor), California incense cedar 

(Calocedrus decurrens) and pine species such as ponderosa (Pinus ponderosa) and sugar 

pine (Pinus lambertiana). Understory vegetation consists of white thorn (Ceanothus 

cordulatus), manzanita (Arctostaphylos manzanita), black oak (Quercus kelloggii) and 

dogwood trees and shrubs (Cornus). Wet meadows are also scattered throughout the 

watershed particularly near the headwaters. Soils are characteristically granitic with 

gravely sand to loamy sand and are shallow (< 50 cm) in parts of the watershed with low 

tree density and many rock outcrops. Shaver and Gerle-Cagwin soil families dominate 

the watershed. A gauging station is located at the outlet of the watershed and provides a 

continuous 15-minute dataset since WY 2003 (Figure 1). Two Forest Service 

meteorological stations are located near P301, one at the upper region of the watershed 

and the other at the lower region. Hunsaker et al. (2011) describe the design and 

measurements at KREW which is run by the Pacific Southwest Research Station, Forest 

Service, in Fresno, CA. Streamflow patterns in P301 are strongly influenced by the 
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seasonal cycle of snow accumulation in the winter months and snowmelt in the late 

spring. Peak flows occur in response to snowmelt and spring rainfall between April and 

June, creating a sharply peaked hydrograph with steep rising and falling limbs. Starting in 

late August, baseflow begins to dominate the flow regime. This period persists through 

April when snowmelt occurs. Summer rainfall is very limited; occasional high intensity 

thunderstorms occur but contribute only small amount of total streamflow (Figure 2).  
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Figure 1. Instrument locations for watershed P301 are shown and the location within the 

Sierra National Forest and California are identified. 
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Figure 2. Average minimum, maximum, and mean daily streamflow calculated from P301 

data for WY 2005 to WY 2011 and displayed for one year. 

 

3.2 SWAT Modeling 

SWAT is a physics-based determinist model that operates on a daily time step at 

basin scale. SWAT has two main components: the land phase and the routing phase. For 

the land phase, SWAT partitions incoming precipitation into different hydrological 

pathways via the hydrologic cycle which is simulated by SWAT based on the following 

water balance equation:  

 

where: t is the time in days, SWt is the final soil water content (mm), SW0 is the initial soil 

water content (mm), Rday is amount of precipitation on day i (mm), Qsur is the amount of 

surface runoff on day i (mm), Ea is the amount of evapotranspiration on day i (mm), Wseep 
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the amount of water entering the vadose zone from the soil profile on day i (mm), and 

Qgw is the amount of return flow on day i (mm) (Arnold 2010). The routing phase 

consists of algorithms that route water though reservoirs and channels using either the 

variable storage coefficient method developed by Williams (1969). The ability for SWAT 

to sufficiently simulate streamflow in P301 was evaluated though sensitivity analysis, 

which consist of ranking a set of parameters by varying them over defined ranges and 

comparing those parameters with changes in the output , as well as manual and auto 

model calibration. The model results were validated by comparing observed streamflow 

values with calibrated SWAT generated streamflow values. An array of localized 

parameters was used to run these procedures. These parameters are shown in Table 2. 

3.2.1 Data Collection and Processing 

Four required variables were used to run the SWAT model in the P301: digital 

elevation model (DEM), land cover raster, soil raster and meteorological data (Figure 3 

and Table 1). These variables were entered into ArcSWAT, which is an ArcGIS interface 

for the SWAT model. ArcSWAT version 2012.10.16 was used with ArcGIS version 10.2. 

The DEM data were obtained for the Providence Creek Watershed at 1 meter resolution 

from the Southern Sierra Nevada Critical Zone Observatory in April 2010 (Figure 3a). A 

digital surface model (DSM) was also obtained at 1 meter resolution for the same area. 

The DSM is an elevation model that includes trees, buildings and other objects. Slope 

was calculated from the DEM and reclassified into four slope classes (Figure 3d). A 

canopy cover model was created by subtracting the DSM values by the DEM values. The 

subtracted values were then used to classify bare ground, shrubs, and trees. (Figure 3b).  
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Table 1. The area (ha) and percent area is given for slope classes, land cover classes, and 

soil classes in watershed P301. 

 

Three separate National Agriculture Imagery Program (NAIP) geotiff images were 

downloaded from Cal-Atlas.com for the Providence Watershed area in 2010. NAIP 

imagery has a 1-meter spatial resolution and a spectral resolution of Red, Green, Blue and 

NIR bands. NAIP imagery was classified using a supervised classification method and 

then was fused with the canopy cover model in order to create a land cover map for the 

Providence Creek Watershed. The initial land cover map was modified in order to fit 

SWAT-specific land cover types. Modified land cover classes were classified using the 

Anderson II USGS land cover scheme (Anderson, 1975). The land cover map was field 

verified in July 2014 by surveying 14 10 x 10 meter plots distributed in a random 

stratified sample across P301. A total of 1,400 pixels out of 998,957 pixels were field 

verified. An error matrix was then created to assess the accuracy of the classification with 

an overall accuracy of 81%. Soil information was obtained from the USDA SURGGO 

database for the study area (Figure 3c). The watershed is dominated by Cagwin, Gerle, 

and Shaver family soils. Slope characteristics separate the two Cagwin and Gerle types. 

Cagwin 465187 has a slope % of 50 -75 and Cagwin 465191 has a slope % of 15 – 30. 

Gerle 465110 has a slope % of 35 -55 and Gerle 465109 has a slope % of 5 – 35. 

Slope Classes Area (ha) % Area Land Cover Classes Area (ha) % Area Soil Classes Area (ha) % Area

0-20% (Shallow) 77.8 78%

Urban/Residental-

URMD * 4 4% Cagwin (465187) 5.2 5%

20-40% 

(Intermediate) 20.1 20% Forest-Evergreen-FRSE 72.3 74% Cagwin (465191) 32.4 33%

20-60% 

(Intermediate) 1.8 2%

Shrub and Brush 

Rangeland-RNGB 4.6 5% Gerle (465109) 45.3 46%

60-100% (Steep) 0.3 0%

Herbaceous Rangeland-

RNGE 14.6 15% Gerle (465110) 1.3 1%

Emergent Herbaceous 

Wetlands-WETN 2.7 3% Shaver (465132) 14.0 14%

* Category accounts for granite rock 

outcrops and forest roads
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Figure 3. The digital elevation model, land cover, soils, instrument locations and slope maps 

for P301. 

Meteorological variables were collected at two Forest Service stations. Meteorological 

variables include precipitation, minimum and maximum temperature, relative humidity, 

wind speed, and solar radiation. Each variable was measured at 15-minute intervals and 

was processed into daily values from WY 2004 to WY 2011. Streamflow data were 

measured by the Forest Service at 15-minute intervals and processed into daily values 

from WY 2004 to WY 2011 (Figure 3d).  
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3.2.2 SWAT Set up 

In ArcSWAT, DEM data were used to delineate a watershed boundary and create 

17 sub-basins for P301 (Olivera et al., 2007). ArcSWAT is the ArcGIS interface. DEM, 

soil, and land use data were then overlapped and used to create hydrological response 

units (HRU’s). HRU’s are unique combinations of land use, soil type and slope. There 

were 624 HRU’s created for P301 each having a distinctive response to incoming 

precipitation (Figure 4). Precipitation, minimum and maximum temperature, relative 

humidity, wind speed, and solar radiation at the two meteorological site locations were 

entered into the SWAT model. With data entered for topography, soil, land cover, and 

meteorological data, SWAT generates default input values in an ArcGIS Geodatabase for 

each HRU and subbasin. All spatial data used in ArcSWAT used the 

D_North_American_1983 datum and were projected to NAD_1983_UTM_Zone_11N. 

All tabular SWAT inputs used the metric unit system.  
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Figure 4. Spatial distribution of the 17 subbasins created in P301 with an example of some 

HRU’s. 

 

3.2.3 Sensitivity Analysis and Calibration 

After the SWAT inputs were processed, streamflow at the daily time scale was 

simulated using the default parameter values in ArcSWAT from WY 2001 to WY 2011. 

The first four years were used as a “warm-up” period. The “warm-up” period allows the 

model to calculate values that become initial values for the period of interest. The first 

four years of streamflow data were not available; therefore streamflow values from WY 

2005 to WY 2008 were used as dummy data for the initial four years of “warm-up”. It is 

important to have a variation of wet and dry years when calibrating the SWAT model, 
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especially if the validated period has similar dry and wet years. The calibration period has 

two wet years (WY 2005 and WY 2006) and three dry years (WY 2007, WY 2008, and 

WY 2009). Based on previous SWAT modeling efforts in mountain watersheds (Stratten 

et al 2009, Rahman et al., 2013, Ahl et al., 2008, Noor et al., 2014), 35 parameters were 

chosen and used in a global sensitivity analysis in order to determine which parameters 

were most sensitive to the streamflow output (Table 2). 
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Table 2. Initial parameters used for sensitivity analysis 

 

Sensitivity analysis was accomplished using the Sequential Uncertainty Fitting (SUFI-2) 

algorithm. SUFI-2 is a program that is linked with SWAT in the Calibration Uncertainty 

Program known as SWAT CUP (Abbaspour, 2008). SUFI-2’s global sensitivity ranked 

the 35 parameters by varying them over defined ranges and comparing those parameters 

with changes in the output (streamflow). The t-stat provided the measure of sensitivity 

and the p-value determined the significance of the sensitivity. The 12 most sensitive 

parameters were then chosen for calibration (Table 3). 

Min Max

1 Groundwater SHALLST Ini tia l  depth of water in the shal low aqui fer (mm) 0 50000

2 Groundwater DEEPST Ini tia l  depth of water in the deep aqui fer (mm) 0 50000

3 Groundwater GW_DELAY Groundwater delay time (days) 0 500

4 Groundwater ALPHA_BF Baseflow a lpha factor (1/days) 0 1

5 Groundwater GWQMN Threshold depth of water in the shal low aqui fer (mm H2O) 0 5000

6 Groundwater GW_REVAP Groundwater "revap" coefficient 0.02 0.2

7 Groundwater REVAPMN Threshold depth of water in the shal low aqui fer for "r" 0 500

8 Basin, Snow SFTMP Snowfal l  temperature (oC) -20 20

9 Basin, Snow SMTMP Snow melt base temperature (
o
C) -20 20

10 Basin, Snow SMFMX Maximum melt rate for snow during year (in summer) 0 20

11 Basin, Snow SMFMN Minimum melt rate for snow during year (in winter) 0 20

12 Basin, Snow TIMP Snow pack temperature lag factor 0 1

13 Basin, Snow SNOCOVMX Minimum snow water content that corresponds  to 10% of snow cover 0 500

14 Basin, Snow SNO50COV Snow water equiva lent that corresponds  to 50% snow cover 0 1

15 Basin SURLAG Surface runoff lag coefficient 0.05 24

16 Subbasin PLAPS Precipi tation lapse rate. -1000 1000

17 Subbasin TLAPS Temperature lapse rate (oC/km) -10 10

18 Subbasin CH_K1 Effective hydraul ic conductivi ty in main channel  a l luvium (mm/hr) 0 300

19 Subbasin CH_N1 Manning's  "n" va lue for the main channel 0.01 30

20 HRU CN2 SCS runoff curve number for moisture condition 35 98

21 HRU SLSUBBSN Average s lope length 10 150

22 HRU OV_N Manning's  "n" va lue for overland flow 0.01 30

23 HRU LAT_TTIME Latera l  flow travel  time. 0 180

24 HRU SLSOIL Slope length for latera l  subsurface flow. 0 150

25 HRU CANMX Maximum canopy s torage (mm H2O) 0 100

26 HRU ESCO Soi l  evaporation compensation factor 0 1

27 HRU EPCO Plant uptake compensation factor. 0 1

28 Routing ALPHA_BNK Baseflow a lpha factor for bank s torage (days) 0 1

29 Soil SOL_Z Maximum rooting depth of soi l  profi le 0 3500

30 Soil SOL_BD Moist bulk dens i ty (Mg/m
3
) 0.9 2.5

31 Soil SOL_AWC Avai lable water capaci ty of the soi l  layer (mm H2O/mm soi l ) 0 1

32 Soil SOL_K Saturated hydraul ic conductivi ty (mm/hr) 0 2000

33 Plant EVLAI Leaf area  index at which no evaporation occurs  from water surface 0 10

34 Plant BLAI Maximum potentia l  leaf area  index 0.5 10

35 Plant CHTMX Max canopy height. 0.1 20

Range
SWAT component Name Description
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Table 3. Most sensitive parameters from Table 2 ranked from 1 to 12 based on Sequential 

Uncertainty Fitting and used for auto-calibration. 

 

After sensitivity analysis, both manual and automatic calibration methods were 

used in order to optimize the SWAT parameters. First, all 35 parameters were manually 

calibrated from WY 2005 to WY 2009 in ArcSWAT. The 12 most sensitive parameters 

in particular were assessed more than the others. The default SWAT model simulations as 

well as the model that was used in the manual calibration process were deterministic in 

nature, meaning that there was one streamflow output used as the best simulation. The 

statistical measure that was used to assess the manual calibration model performance was 

the coefficient of determination (R2). The R2 is a statistic that will give information about 

the goodness of fit of a model and ultimately measures how well the regression line 

approximates the observed streamflow values. R2 can be expressed by the following 

equation: 

 

Min Max

1 Groundwater GW_DELAY Groundwater delay time (days) 0 500

2 Groundwater ALPHA_BF Baseflow a lpha factor (1/days) 0 1

3 Basin, Snow SMTMP Snow melt base temperature (oC) -20 20

4 Basin, Snow SFTMP Snowfal l  temperature (oC) -20 20

5 Basin, Snow TIMP Snow pack temperature lag factor 0 1

6 Basin, Snow SNO50COV Snow water equiva lent that corresponds  to 50% snow cover 0 1

7 Basin SURLAG Surface runoff lag coefficient 0.05 24

8 HRU CN2 SCS runoff curve number for moisture condition 35 98

9 HRU CANMX Maximum canopy s torage (mm H2O) 0 100

10 HRU ESCO Soi l  evaporation compensation factor 0 1

11 HRU EPCO Plant uptake compensation factor. 0 1

12 Soil SOL_K Saturated hydraul ic conductivi ty (mm/hr) 0 2000

SWAT 

component
Name Description

Range
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where n is the number of events, Qsimi and Qobsi are simulated and observed flow at event 

i, and Qsimave and Qobsave are the simulated and observed flow over the calibration period 

respectively. Manual calibration was accomplished by adjusting each parameter 

individually in an ArcGIS Geodatabase, which was linked to ArcSWAT, and then the 

model was run in order to observe the effect each parameter had on the streamflow 

output. Next, the 12 most sensitive manually calibrated parameters were used as the 

initial values for the auto-calibration procedure.  

Auto-calibration was accomplished using the SUFI-2 algorithm in SWAT CUP. 

SUFI-2 is a stochastic procedure and does not investigate the goodness of fit measures 

like the initial SWAT model in ArcSWAT; rather it looks at the degree at which 

uncertainties are accounted for, and generates a range of output values (Abbaspour et al., 

2008). In SUFI-2, parameter uncertainty accounts for all sources of uncertainties. The p-

factor is the measure that quantifies the uncertainties, which is the percentage of 

measured data bracketed by 95% prediction uncertainty (95PPU). The r-factor is the 

relative width of the 95% probability band. Latin hypercube sampling was then used in 

calculating the 95PPU at 2.5% and 97.5% levels of the cumulative distribution of the 

output variable (Yang et al., 2008). All forms of uncertainty are shown in the streamflow 

measurements, thus the parameter uncertainties generating the 95PPU accounts for all 

uncertainties (Arnold, 2012). The SUFI-2 algorithm was run with all 12 parameters using 

200 simulations from WY 2005 to WY 2009 with 4 years of warm up (Figure 5). After 

each model iteration, each parameter was adjusted based on SUFI-2’s suggested 

parameter ranges. A total of 3 model iterations were used to calibrate the SWAT model. 

The goodness of calibration and prediction uncertainty was evaluated based on the 
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closeness of the p-factor to 100% and the r-factor to 1. The r-factor was estimated in 

every run and the best simulation was judged based on the simulation with the most 

observed and modeled data within the 95PPU. The coefficient of determination (R2) and 

the Nash and Sutcliffe efficiency value (NSE) were also used as goodness of fit measures 

between the daily observed streamflow and the best simulated streamflow generated in 

SWAT CUP. NSE is a common statistical measure in hydrological modeling and is used 

as a goodness of fit measure. NSE and R2 are typically evaluated together when assessing 

hydrological model performance (Zhou et al., 2012). NSE can be expressed by the 

following equation: 

 

where n is the number of time steps, Qsimi and Qobs are the simulated and observed 

streamflow at time step i respectively, and Qave is the average observed streamflow over 

the calibration period (Nash and Sutcliffe 1970). 

3.2.4 Model Validation  

After the model was calibrated, model validation was accomplished using the 

SWAT CUP interface. Model validation refers to running the model using the parameter 

values determined in calibration and comparing the new daily streamflow simulation 

values with measured daily streamflow values. The SWAT model was run with the 12 

calibrated parameters from WY 2010 through WY 2011 with no further parameter 
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adjustment. The p-factor and r-factor were used to quantify the prediction uncertainty and 

the NSE and R2 were used to measure the performance of the SWAT model. 

 

Figure 5. Measured streamflow is shown during the three SWAT model periods. 
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Chapter 4. Results 

4.1 SWAT Sensitivity Analysis and Calibration 

The uncalibrated SWAT model, which was based on default SWAT parameters 

from WY 2001 to WY 2011 showed very poor results when simulating daily streamflow 

values in P301. An R2 of 0.0584 was reported indicating that about 6% of variation in the 

data was accounted for using this initial model. Peak streamflow values were drastically 

overestimated by 1.2 m3/s and baseflow values were underestimated by 0.08 m3/s (Figure 

6 and 7). 

 

Figure 6. Uncalibrated model results are shown with the measured hydrograph. 
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Figure 7. Scatter plot is shown for uncalibrated streamflow simulations against observed 

streamflow. 

SWAT model parameters were calibrated through global sensitivity analysis, and 

manual and auto-calibration methods from WY 2005 to WY 2009. Manual calibrations 

were undertaken to understand the streamflow behavior based on the individual 

parameter sensitivity, whereas automatic calibrations based on set algorithms were 

performed to obtain the optimal values for a set of iterations. Average daily observed 

streamflow from WY 2005 to WY 2009 was 0.0148 m3/s and the uncalibrated simulated 

streamflow was 0.0340 m3/s, indicating that the water balance within the watershed was 

off. Out of the 35 initial parameters, 12 were determined to be the most sensitive to the 

streamflow output based on high t-stat values and associated low p-values (<0.05) (Table 

5). The most sensitive parameter was the SCS runoff curve number (CN2) with a t-stat of 

6.15 and p-value of 0.000, followed by four snow based parameters, Snow melt base 

temperature (SMTMP), Snowfall temperature (SFTMP), Snow pack temperature lag 
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factor (TIMP), Minimum snow water content (SNO50COV) with t-stats of 4.15, 3.10, 

3.05, and 2.00 respectively.  

Table 4. The most sensitive parameters are shown with their associated statistical measures. 

 

Manual calibration was then attempted on all 35 parameters with special 

consideration given to the 12 most sensitive parameters. CN2 showed the most change to 

the streamflow output. Initial CN2 values were generated by SWAT based on general 

land cover, slope and soil. Those CN2 values were loosely adjusted based on the Runoff 

Curve table in the SWAT manual (SWAT Manual, 2012). CN2 was initially decreased by 

25%, which decreased peak streamflow values by 0.8 m3/s. A further 10% decrease in 

CN2 showed an additional 0.3 m3/s decrease in overall peak streamflow. After these 

adjustments, observed and simulated peak flow values in WY 2005 and WY 2006 were 

within 0.06 m3/s of each other (Figure 8). 

Rank t-stat p-value

1 HRU CN2 SCS runoff curve number for moisture condition 6.15 0.00

2 Basin, Snow SMTMP Snow melt base temperature (
o
C) 4.15 0.00

3 Basin, Snow SFTMP Snowfal l  temperature (oC) 3.10 0.00

4 Basin, Snow TIMP Snow pack temperature lag factor 3.05 0.00

5 Basin, Snow SNO50COV Snow water equiva lent that corresponds  to 50% snow cover 2.00 0.00

6 Basin SURLAG Surface runoff lag coefficient 1.29 0.02

7 Groundwater GW_DELAY Groundwater delay time (days) 1.17 0.00

8 Groundwater ALPHA_BF Baseflow a lpha factor (1/days) 1.12 0.00

9 HRU CANMX Maximum canopy s torage (mm H2O) 1.10 0.03

10 HRU ESCO Soi l  evaporation compensation factor 0.45 0.34

11 Soil SOL_K Saturated hydraul ic conductivi ty (mm/hr) 0.09 0.00

12 HRU EPCO Plant uptake compensation factor. 0.04 0.02

SWAT 

component
Name Description

Uncertainty 
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Figure 8. The Spatial distribution is mapped for CN2 values for uncalibrated and manually 

calibrated situations in P301. 

Peak flow values in WY 2007, WY 2008, and WY 2009 were still overestimated by 0.09 

m3/s. The falling limbs of each flow event were extremely gradual and baseflow periods 

were overestimated. Peak flow was also early by approximately 20 days, indicating that 

snow and temperature-based parameters needed to be evaluated. After CN2 adjustments, 

the R2 increased from 0.0584 to 0.3602, indicating that the CN2 parameter was initially 

set too high and is actually much lower than the default SWAT values (Figure 9). 
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Figure 9. Streamflow simulation is shown after decreasing CN2 by 35% during manual 

calibration. 

Snow parameters were manually adjusted on a basin scale, meaning the parameters were 

adjusted across the entire basin rather than within each HRU. SMTMP was increased 

from 0.5 oC to 3 oC in an attempt to delay melt in the spring. SMFMX and SMFMN were 

decreased from 4.5 mm °C-1 d-1 to 10 and 2 and 4 mm °C-1 d-1 respectively. These 

parameters were decreased in order to slow rate of the melt. Out of the 7 snow basin 

parameters, these parameter adjustments brought the most change to the streamflow 

output in manual calibration. The soil evaporation compensation factor (ESCO) and the 

plant uptake compensation factor (EPCO) were adjusted from the default value of 0.95 

and 0 to 0.70 and 0.70 for both ESCO and EPCO in forested areas. Decreasing ESCO 

reduced peaks and overall water yield by extracting more evaporative demand from lower 

soil levels. Groundwater parameters were also adjusted: the Baseflow alpha factor 

(ALPHA_BF) and the Groundwater delay time (GW_DELAY). ALPHA_BF was 

increased by 0.02 to reach a value of 0.05 and GW_DELAY was decreased from 31 days 

R
2
 = 0.3602 
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to 15 days. Reducing GW_DELAY to 15 days affected the width of peak streamflow 

values as well as the quantity of water available for baseflow. Maximum canopy storage 

(CANMX) was also identified as a sensitive parameter and was increased from 0 to 50 in 

forested areas. This allowed for more interception and therefore increased 

evapotranspiration. Surface runoff lag coefficient (SURLAG) was also a critical 

parameter and was adjusted from the default value of 4 to 8. SURLAG sped up the rate of 

runoff during the snowmelt period thus sharpening the hydrograph during peak flow. All 

manual calibration adjustments are shown in Table 6. Finally, the method in which runoff 

was calculated was changed from the Soil Moisture method to the Plant 

Evapotranspiration (ET) method. This method was developed for mountainous 

watersheds with shallow soils. Although the Plant ET method typically reduced the 

overestimation of runoff, the reductions were very marginal. The potential 

evapotranspiration (PET) method was changed from the Penman-Monteith equation to 

the Hargreaves equation. The PET method calculates daily PET, which is the amount of 

evaporation that would transpire if a suitable water source were available. The 

Hargreaves method tends to work better when water yields are overestimated. Together, 

the Plant ET method for runoff and the Hargreaves method for PET, allowed for an 

overall 5% decrease in stream flow. After all parameter adjustments, the hydrograph 

revealed that the timing of snowmelt was much closer to the observed melting. The 

falling limbs were less gradual and followed the observed falling limb pattern more 

closely than before; however,peak streamflow was still overestimated in WY 2007, WY 

2008, and WY 2009. Simulated baseflow was closer to the observed levels in WY 2005, 

WY 2006, and WY 2007. In WY 2008 and WY 2009, the falling limbs were sharper and 
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the baseflow was closer to the observed levels. SWAT consistently missed a 1-day spike 

at the very beginning of snowmelt. After manual calibration, the R2 increased from 

0.0584 to 0.4606 (Figure 10 and 11).  
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Table 5. A comparison of the SWAT parameter values after the manual calibration process 

to the default value and allowed range.

 

Min Max

Groundwater SHALLST 0 50000 0.5 mm 12500

Groundwater DEEPST 0 50000 50000 mm 37500

Groundwater GW_DELAY 0 500 31 days 15

Groundwater ALPHA_BF 0 1 0.048 days 0.05

Groundwater GWQMN 0 5000 0 mm 1599

Groundwater GW_REVAP 0.02 0.2 0.02 0.1

Groundwater REVAPMN 0 500 1 255

Basin, Snow SFTMP -20 20 1 oC 3

Basin, Snow SMTMP -20 20 0.5 oC 3

Basin, Snow SMFMX 0 20 4.5  °C-1 d-1 10

Basin, Snow SMFMN 0 20 4.5  °C-1 d-1 8

Basin, Snow TIMP 0 1 1 0.53

Basin, Snow SNOCOVMX 0 500 1 mm 350

Basin, Snow SNO50COV 0 1 0.5 0.081

Basin SURLAG 0.05 24 4 8

Subbasin PLAPS -1000 1000 0 mm H2O/km -5

Subbasin TLAPS -10 10 0 oC/km -5

Subbasin CH_K 0 300 0.01 mm/h 125

Subbasin CH_N 0.01 30 0.014 0.1

HRU CN2 35 98 * 55.0-70.5 35-50

HRU SLSUBBSN 10 150 *121 2.4-40.8

HRU OV_N 0.01 30 0.1 0.011-0.321

HRU LAT_TTIME 0 180 0 25-35

HRU SLSOIL 0 150 0 m 30

HRU CANMX 0 100 0 77

HRU ESCO 0 1 0.95 0.70

HRU EPCO 0 1 0 0.70

Routing ALPHA_BNK 0 1 0 days 0.06

Soil SOL_Z 0 3500 5.79 mm 130-360

Soil SOL_BD 0.9 2.5 *0.9-2 g/cm3 0.9 - 1.1

Soil SOL_AWC 0 1 *0-1 mm/mm 0.35-0.77

Soil SOL_K 0 2000 *0-2000 mm/hr 100-500

Plant EVLAI 0 10 **2-9 2-9

Plant BLAI 0.5 10 **2-9 2-9

Plant CHTMX 0.1 20 **0.1 -15 1-10

** Range - varies by plant.

Default Value
Manually 

Calibrated Value

Range

* Range - varies by land use and/or hydrologic soil  group.

SWAT component Name
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Figure 10. Hydrograph results after manual calibration are shown. 

 

Figure 11. Scatter plot is shown for manually calibrated streamflow simulations. 

Auto-calibration was accomplished in SWAT CUP using the SUFI-2 algorithm. 

The 12 most sensitive parameters were used in the SUFI-2 algorithm for further 

parameter optimization. Three model iterations were completed with 200 simulations 
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each. In all three iterations, snow parameters (SMTMP, SFTMP, TIMP, SNO50COV) 

were marginally adjusted from the manual calibration values based on SUFI-2 best 

parameter estimates (Table 7). 

Table 6. Values are shown for snow-related parameters after final calibration. 

 

CN2 was further decreased by 2%. ESCO and EPCO values were further adjusted to their 

final fitted values of 0.89 and 0.85 respectively. SURLAG was decreased from 8 to 1.41. 

Decreasing SURLAG smoothed the hydrograph by slowing the rate of runoff during the 

snowmelt period. SOL_K is the rate of saturated hydraulic conductivity. This was 

drastically reduced from a range of 100-400 mm/hr to 2-10 mm/hr depending on soil 

type. ALPHA_BF was adjusted from 0.050 days to 0.065 days. GW_DELAY was further 

optimized by increasing the value from 15 to 27 days (this is close to the default value of 

31 days). Following the auto-calibration process, the calibrated SWAT model continued 

to underestimate peak streamflow values in WY 2005 and WY 2006 and overestimated 

peak stream flow values from WY 2007 to WY 2009. SWAT simulated the falling limb 

portions of the hydrograph well in WY 2005 and WY 2006. From WY 2007 to WY 2009, 

the shape and timing of the falling limbs were not well fitted with the observed falling 

limbs. Simulated baseflows were highly correlated with the observed baseflows in all 

years. SWAT continued to miss the 1-day spike at the very beginning of snowmelt. The 

green shaded region of the hydrographs shows uncertainty in the model as it brackets a 

manual calibration final range final fitted value

Basin, Snow SMTMP 3 1.71 - 3.10 2.3

Basin, Snow SFTMP 3 1.89 - 4.01 2.8

Basin, Snow TIMP 0.5 0.45 - 0.79 0.53

Basin, Snow SNO50COV 0.081 0 - 0.23 0.053

SWAT 

component
Name

Paramter Values
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large amount of the measured data which contains all uncertainties in the model (95PPU 

band). The p-factor was 0.73 and the r-factor was 0.74, indicating that 73% of the data 

was bracketed by the 95PPU. Final model calibration yielded an R2 value of 0.59 and 

NSE value of 0.60 (Figure 12 and 13). 

 

Figure 12. Final calibrated model: the simulated vs observed streamflow values are graphed 

with the associated 95PPU values. 
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Figure 13. Scatterplot for final calibrated streamflow 

 

4.2 SWAT Validation 

During the validation period, the calibrated parameters were used to simulate 

daily streamflow values from WY 2010 to WY 2011. The overall pattern of the simulated 

streamflow in P301 appeared to be in agreement with the observed streamflow values. 

Peak streamflow in WY 2010 was underestimated and slightly early by 1 to 2 weeks. 

Simulated baseflows appeared to be highly correlated with the observed baseflows in 

both years. In WY 2011, SWAT completely missed the 1 day spike in early January. 

Peak flow values were also early and missed the rise and fall pattern of the observed 

flows. Finally, the model was unable to capture the streamflow response to small high 

intensity rainfall events (Figure 14).  
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Figure 14.  Simulated streamflow in P301 for WY2010 and WY2011 using the final 

calibrated model. 

Daily streamflow values simulated by SWAT in P301 showed satisfactory results with an 

R2 of 0.59 and NSE of 0.59. About 67% of the data was bracketed by the 95PPU with an 

r-factor of 0.93. This indicates that the SWAT model has low levels of uncertainty within 

67% of the data bracketed by the 95PPU (Table 8 and Figure 15). 

Table 7. SWAT results: prediction uncertainty and goodness of fit statistics 

 

p-factor r-factor

Calibration WY 2005 - WY 2009 0.73 0.74 0.59 0.60 Satisfactory (NSE < 0.50)

Validation WY 2010 - WY 2011 0.67 0.93 0.59 0.59 Satisfactory (NSE < 0.50)

Period Water Years R2 NSE Performance Rating
Uncertainty  measures
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Figure 15. Scatterplot showingthe simulated streamflow using the final calibrated model 

and observed values in P301 during the validation water years 
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Chapter 5. Discussion 

5.1 Evaluation of SWAT Model in P301 

Simulating streamflow at the watershed-scale is challenging for many reasons: an 

array of possible uncertainties may exist in the form of input parameter inaccuracies, 

processes not accounted for by the model, and processes in the watershed that are 

unknown to the modeler (Abbaspour et al., 2008). Hydrological modeling is even more 

difficult in small mountainous watersheds because of irregular topography and complex 

hydrological processes such as snowmelt (Rahman et al., 2013). In this research, SWAT 

was used to simulate streamflow at the daily time step in a small mountain watershed (1 

km2) in the Sierra Nevada, CA. Although most modeling efforts involving SWAT were 

done on large-scale agricultural watersheds, the literature does suggests that the SWAT 

model is capable of simulating streamflow with satisfactory results in mountain 

watersheds in the Himalayas (Kushwaha and Jain 2013), Rocky Mountains (Ahl et al., 

2008 and Lemonds and McCray 2007), and the Taleghan mountains in Iran (Noor et al., 

2014). However, the SWAT model has not been tested in a temperate conifer forest of the 

Sierra Nevada. Moriasi et al., 2008, introduces model evaluation guidelines where NSE 

values between 0.50 and 0.65 conclude that the model performance is “satisfactory” and 

NSE values less than 0.50 are considered “unsatisfactory”. These guidelines can dictate 

when a model is suitable to predict outcomes and when it is suitable for decision making 

operations. The SWAT model in P301 was satisfactory in simulating streamflow at the 

daily time step during the validation period, WY 2010 to WY 2011 with an NSE value of 

0.59. This suggested that the parameters captured most of the hydrological processes 

within the watershed therefore validating the use of the SWAT model in P301. However, 
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because the model missed a few key hydrological processes, further model adjustments 

need to be made in order for the SWAT model to be used as a predicting tool at the daily 

time-step. 

The runoff curve number (CN2) was one of the most sensitive parameters in 

P301. CN2 is an empirical parameter that is used to predict the quantity of water that is 

likely to either infiltrate into the soil or runoff of the surface from incoming precipitation. 

The high sensitivity of CN2 is typical in most watersheds because of the influence of 

runoff and infiltration on streamflow. As summarized by Douglas-Mankin et al. (2010) 

and Tuppad et al. (2011), the CN2 parameter was the most used parameter in calibration 

studies that aim to simulate streamflow, with SOL_ACW (available water content in the 

soil) being the second most used parameter. In regards to the SWAT model, lowering the 

CN2 values to acceptable ranges was shown to be critical in stabilizing the water balance 

and thus producing a better model fit in P301. 

Although SWAT performance was considered satisfactory, the model had 

difficulties in capturing two key hydrological processes: the timing of snowmelt and 

isolated peak flow events. The calibrated model was able to capture the timing of 

snowmelt better than the validation period but was still unable to capture small isolated 

peak flow events. The validated model was unable to capture neither the correct timing of 

snowmelt nor the small isolated peak flow events. These difficulties are not uncommon 

when simulating streamflow in mountain watersheds and since SWAT is a 

comprehensive model that simulates process interactions, different parameter interactions 

can impact multiple processes (Arnold, 2008). Therefore it is challenging to determine 

which parameter or parameter combination is reducing model performance. In the case of 
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snowmelt timing, the snow parameters are usually the first to be investigated. The snow 

parameters that dictate the timing of snowmelt are generally very difficult to parameterize 

and therefore special considerations must be made (Levesque et al., 2008). In this 

research, snow melt base temperature (SMTMP), snowfall temperature (SFTMP), snow 

pack temperature lag factor (TIMP), and minimum snow water content (SNO50COV) 

were manually calibrated and then further optimized using the SUFI2 algorithm in the 

auto calibration method. However, modeled snowmelt still exhibited an early release of at 

least 1 week in the validation period.  The reason for this behavior is difficult to identify 

because of the complex interactions between parameters. A possible explanation may be 

due to the spatial variability of snowmelt in different land cover types throughout the 

watershed. Snow parameters were calibrated at basin scale with one value representing 

the entire watershed. Because snowmelt processes can vary significantly based on land 

cover type, and specifically can vary in open areas as compared to canopy covered areas 

where snow tends to sit for longer periods of time (Lopez-Moreno and Latron 2008), 

improved results may require adjusting the values based on the HRU. In addition, the 

SWAT model was also unable to capture the 1-day spike at the very beginning of 

snowmelt. This is likely due to a high SMTMP value (2.3 oC). The SMTMP was meant to 

delay the snowmelt until later, but in the processes may have allowed snow to stick and 

push the melting until later. More careful snow parameter adjustments, specifically in the 

spatial distribution of the parameters will likely produce better results. 

SWAT was also unable to capture small isolated peak flow events that were the 

result of short, high intensity rainfall events in the summer and fall. Many studies 

attribute this miscalculation to the spatial variability of precipitation, or simply bad 
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precipitation data (Ndomba et al., 2008; Mutenyo et al., 2013). In this research, this was 

likely not the case as two meteorological stations recording precipitation were used in a 

small 1-km2 area. In addition, precipitation records for both meteorological sites show 

substantial rainfall during these periods when the model missed a peak flow event. Others 

attribute this problem to the inability of the SWAT model to accurately account for 

rainfall intensity. In SWAT, simulated runoff is not sensitive to rainfall intensity. For 

example, given the same amount of rainfall, SWAT will compute the same amount of 

runoff regardless of the duration or distribution of rainfall intensity during that event. 

Furthermore, a proper fit to the runoff process of P301 would require increasing the 

runoff for high intensity rainfall events and at the same time keeping the runoff the same 

for the snowmelt periods (Qiu et al., 2012). A possible solution would be to increase the 

CN2 values, but in P301, a marginal increase in CN2 allowed for large increases in 

streamflow values for both baseflow and snowmelt periods. After manual and auto 

calibration procedures, it was concluded that none of the parameters were found to 

produce short, high intensity events. Typically, SWAT is used in monthly and annual 

simulations with great success. On a daily time scale, the CN2 method is simply unable 

to accurately predict flow responses to high intensity rainfall events. 

Many of the modeling difficulties in P301 were likely related to the spatial 

distrubution of the parameters as well as the inability of the built-in SWAT model 

algorithms to accurately calculate hydrological processes. The next two sections will 

discuss a few of the research limitations as well as the recommendations to resolve these 

issues subsequently allowing for a better SWAT model in P301.   
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5.2 Research Limitations and Assumptions 

The initial model inputs are critical in determining SWAT model parameters 

which ultimately dictate the the flow output. The accuracy of the land cover dataset is of 

concern since there was not reliable ground truthing done. The land cover dataset is a 

critical SWAT input as vegetation characteristics control ET and PET estimated as well 

as runoff and snowmelt processes. The final land cover dataset was developed using two 

high-resolution datasets: 1 meter DEM/DSM’s and 1 meter NAIP imagery. Using the 

DEM and DSM information, the vertical characteristics of the forest were calculated. 

Using NAIP imagery, the spectral properties of the landscape were determined. The two 

datasets were fused to create a final land cover raster. The land cover raster was field 

verified with an overall accuracy of 81%. Further attention to reclassifying the land cover 

classification would likely create a more accurate land cover map. In addition to the 

accuracy of the land cover classification, the land cover classes that were used in the 

SWAT model may be in problematic when KREW attempts to investigate streamflow 

responses to tree thinning. P301 was lightly thinned in 2012 with about 20% of the forest 

being disturbed. SWAT-generated land cover classes are broad and may not be 

appropriate for evaluating such a change in P301. Further investigation on how SWAT 

will handle the effects of tree thinning will need to be addressed, and specifically how 

each parameter will be changed based on the thinning. Another limitation is the accuracy 

of the meteorological data. Meteorological data for both sites were used as main inputs 

that drive the energy balance in P301. Therefore it is important to note that there were 

short periods (periods ranging from 20 hours to 6 days) of noise in the meteorological 

data where the instrument either malfunctioned or human error was introduced when 
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checking the data. In this case the data from the opposite site was used as a substitute.  

Finally, streamflow measurements were obtained by an ISCO 730 Bubbler® device at a 

small flume at the outlet of P301. The device had a few malfunctions during WY 2009, 

WY 2010, and WY 2011. Malfunctions usually occurred when the fume was overtopped 

in the winter or in high intensity rain storms; however, design redundancy provides two 

backup instruments (Sequoia Scientific Aquarods®, Telog Water Level Systems®) that 

were utilized. Nonetheless it is important to mention that in some of the malfunction 

periods, stream flow measurements may have been less accurate than when the primary 

instrument was working.  

5.3 SWAT Recommendations 

In order to increase the SWAT model performance level in P301, it is 

recommended that two model refinements be further investigated: 1) additional snow 

parametrization that would take into account space and elevation, and 2) season-based 

evaluation that would separate wet and dry periods. 

The SWAT model presented here is a good first step towards having a robust 

hydrological model in P301. First, as shown in this research, it is imperative that the 

snow-related parameters are optimized and represented spatially across the watershed. 

Because snowpack is rarely uniformly distributed throughout the watershed, it is 

recommended that SMTMP, SMFMX, SMFMN, TIMP, and SNO50COV are optimized 

spatially within each HRU rather than at the basin level. In addition, the SWAT elevation 

bands algorithm may also be a good option to explore in order to better optimize the 

snow parameters. The elevation bands algorithm adjusts precipitation and temperature to 
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account for orographic effects. Precipitation and temperature are calculated for each band 

as a function of their respective lapse rates and differences between the meteorological 

site elevation and the average elevation specified for each band (Fontaine et al., 2002). 

This method can be applicable in P301 since elevation ranges from 1,779 meters to 2,107 

meters. 

Second, because of the strong seasonal influences in the Sierra Nevada, a method 

of splitting seasons into wet and and dry periods for parameter evaluation may yield a 

better model performance. Presently, the modeling techniques practiced in hydrology 

largely ignore seasonal parameter variations (Mueleta, 2012) and aim to optimize 

parameters based on the entire year with seasonal invariability. In this research, SWAT 

parameters did not account for parameter variability very well. By splitting the model 

evaluation into two periods, a wet and a dry, SWAT parameters can be optimized based 

on seasonal characteristics thus yielding better a model performance. This 

recommendation is verified by several studies (Mueleta, 2012; Zhang, et al., 2012; Kim 

and Lee, 2014). 

In addition to model refinements, it is recommended that SWAT be simulated at 

the monthly and yearly time scale. Longer time steps are of more interest to forest and 

land managers as well as the public who are more interested in water yields than model’s 

ability to reproduce the watershed’s small-time step functions. Simulating monthly and 

yearly water yields will give KREW a better understanding of how SWAT can predict 

water yields at P301.  
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Chapter 6. Conclusion 

The SWAT model was used to simulate streamflow in P301, a small mountain 

watershed in the Sierra Nevada. The comparison between observed and simulated 

streamflow showed that the simulation results are satisfactory with an R2 of 0.59 and an 

NSE value of 0.59. However, SWAT was unable to capture the correct timing of 

snowmelt as well as the hydrological response to high intensity rainfall events. The 

conclusions of this research have implications in P301 for further model refinements, 

including the use of elevation bands and season-based parameter evaluations that could 

improve process representation of snowmelt runoff and rainfall events. In general, the 

approach presented in this paper is a good first step in building a robust hydrological 

model that can be used in other small Sierra Nevada watersheds. This is particularly 

important because of the lack of modeling literature on small mountain watersheds. 

Although results are considered “satisfactory”, because the SWAT model missed two key 

hydrological processes, the results are not yet acceptable as a predicting tool. In addition, 

simulating streamflow on the daily time-step is good for understanding watershed 

processing and functioning but is not as useful for forest and land management. Monthly 

and yearly simulations will need to be calculated in order to determine whether the 

SWAT model is useful for evaluating the effects of forest management activities in P301. 

6.1 Future Research 

As a part of KREW (Kings River Experimental Project), P301 was thinned by 

uneven-aged, group selection in the fall of 2012 and will be burned by prescribed fire in 

the fall of 2015 if weather conditions permit. KREW is the only long-term paired-
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watershed experiment that measures streamflow from headwater streams in the Sierra 

Nevada; streamflow will continue to be measured after the thinning and burning 

operations. The overall purpose of KREW is to monitor and characterize stream 

ecosystems and subsequently evaluate the effects of forest thinning and prescribed fire on 

watershed functioning. This research provides KREW with the SWAT model, which has 

been tested with acceptable validation measures on a daily time step. Based on the 

recommendations of this study, further research can be done to further optimize SWAT 

model parameters and subsequently build a more robust model. Future work will need to 

be made in simulating monthly and yearly water yields from the daily streamflow values 

that were presented in this research. Monthly and yearly water yield estimates will be 

more useful for deciding whether the SWAT model is useful for evaluating the effects of 

forest management activities on streamflow, water chemistry and sediment yields in 

P301. 

 

 

 

 

 

 

 

 



47 
 

References 

Bales, R.C., Battles, J.J., Chen, Y., Conlin, M. H., Holst, E., O’Hara, K.L., Saksa, W.S.,        

2011, Forests and Water in the Sierra Nevada: Sierra Nevada Watershed Ecosystem 

Enhancement Project, Sierra Nevada Research Institute report number 11.1. 

North, M., ed., 2012, Managing Sierra Nevada forests Gen. Tech. Rep. PSW-GTR-237.       

Albany, CA: U.S. Department of Agriculture, Forest Service, Pacific Southwest Research 

Station.1752- 

Hunsaker, C.T., Whitaker, T.W., Bales, R.C., 2012, Snowmelt runoff and water yield 

along elevation and temperature gradients in California’s southern Sierra Nevada. Journal 

of the American Water Resources Association 1-12, 1752-1688. 

 This citation has instrument descriptions 

Hunsaker, C., 2007, KREW (Kings River Experimental Watershed) Study Plan. 

http://www.fs.fed.us/psw/topics/water/kingsriver/documents/miscellaneous/KREW_Stud

y_Plan_Sep2007.pdf 

Arnold, J. G., J. R. Williams, R. Srinivasan, and K. W. King., 1996. SWAT: Soil and 

Water Assessment Tool. Temple, Tex.: USDAARS. 

Storer, T. I., Usinger, R. L., Lukas, D., 2004, Sierra Nevada Natural History. University 

of California Press. 

Hanak, E., 2011, Managing California's water: From conflict to reconciliation. Public 

Policy Instit. of CA. 

Rojas, R., 2004, Kings River Project historic forest condition, Prather, CA: High Sierra 

Ranger District, Sierra National Forest, USDA Forest Service, Unpublished internal 

report. 

Parsons, D.J., DeBenedetti, S.H., 1979, Impact of fire suppression on a mixed-conifer 

forest. Forest Ecology and Management 2, 21–33. 

Stephens, S., 1998, Evaluation of the effects of silvicultural and fuels treatments on 

potential fire behaviour in Sierra Nevada mixed-conifer forests. Forest Ecology and 

Management 105, 21–35. 

Verner, J., Smith, M.T., 2002, The Kings River sustainable forest ecosystems project: 

Inception, objectives, and progress. Proceedings of a symposium on the Kings River 

sustainable forest ecosystems project: Progress and current status. Gen. Tech. Rep. PSW-

GTR-183. Albany, CA: Pacific Southwest Research Station, Forest Service, U.S. 

Department of Agriculture; 2-12. 

Helms, J.A. (editor). 1998. The dictionary of forestry. Society of American Foresters, 

Bethesda, MD. 



48 
 

Chang, M., 2006). Forest hydrology. 2d ed. New York: CRC Press. 

Calder, I. R., 1990, Evaporation in the uplands. John Wiley & Sons. 

Bales, R. C., Noah P. Molotch, Painter, T. H., Dettinger, M., Rice, R., Dozier, J., 2006: 

Mountain hydrology of the Western United States. Water Resources Research, 42: 

W08432.  

Hunsaker, C.T.; Eagan, S.M., 2003, Small stream ecosystem variability in the Sierra 

Nevada of California. In K.G. Renard, S.A. McElroy, W.J. Gburek, H.E. Canfield, and 

R.L. Scott; editors. First interagency conference on research in the watersheds, 2003 

October 27-30; Agriculture Research Service, U.S. Department of Agriculture: 716-721. 

Singh, V. P., 2012, Computer models of watershed hydrology. Water Resources 

Publications, LLC. 

Arnold, J. G., 2010, SWAT: model use, calibration, and validation. Trans. ASABE 55(4): 

1491-1508. 

Kushwaha, A., Jain, M., 2013, Hydrological Simulation in a Forest Dominated 

Watershed in Himalayan Region using SWAT Model, Water Resources Management. 

Ahl et al., 2008, Hydrologic calibration and validation of SWAT in a snow-dominated 

rocky mountain watershed, Montana, USA, J Am Water Resour Assoc 44(6):1411–1430. 

Williams, J.R., 1969, Flood routing with variable travel time or variable storage 

coefficients. Trans. ASAE, 12(l): 100-103. 

Anderson, S.P., Qinghua, G., and Parrish, E.G., 2012, Snow-on and snow-off LiDAR 

point cloud data and digital elevation models for study of topography, snow, ecosystems 

and environmental change at Southern Sierra Critical Zone Observatory, California: 

Southern Sierra CZO, University of California at Merced , digital media. 

Cal-Atlas Geospatial Clearinghouse, 2010, National Agricultural Imagery Program 

(NAIP) 2010. Available online at 

http://www.atlas.ca.gov/download.html#/casil/imageryBaseMapsLandCover/imagery/nai

p/naip_2010. Accessed July, 1st 2014.  

Anderson. J., 1975, Land use and land cover classification system for use with remote 

sensor data. U.S. Geological Survey  

Soil Survey Staff, Natural Resources Conservation Service, United States Department of 

Agriculture. Web Soil Survey. Available online at http://websoilsurvey.nrcs.usda.gov/. 

Accessed July 1st 2014. 

Olivera, F., M. Valenzuela, R. Srinivasan, J. Choi, H. Cho, S. Koka, and A. Agrawal, 

2006. ArcGIS-SWAT: A geodata model and GIS interface for SWAT. Journal of the 

American Water Resources Association. 42(2): 295-309. 



49 
 

Stratton, B. T., Sridhar, V., Gribb, M. M., McNamara, J. P., and Narasimhan, B., 2009, 

Modeling the spatially varying water balance processes in a semiarid mountainous 

watershed of Idaho, Journal of the American Water Resources Association, 45, 1390–

1408.  

Rahman K., Maringanti, C., Beniston, M., Widmer, F., Abbaspour, K., Lehmann, A., 

2013. Streamflow modeling in a highly managed mountainous glacier watershed using 

SWAT: the upper Rhone River watershed case in Switzerland. Water Resources 

Management 27: 323–339 

Noor, H., Vafakhah, M., Taheriyoun, M., Moghadasi, M., 2014, Hydrology modelling in 

Taleghan mountainous watershed using SWAT. Journal of Water and Land 

Development. No. 20 p. 11–18. 

Abbaspour, K., 2008, SWAT-CUP2: SWAT Calibration and Uncertainty Programs - A 

User Manual. Department of Systems Analysis, Integrated Assessment and Modelling 

(SIAM), Eawag, Swiss Federal Institute of Aquatic Science and Technology, 

Duebendorf, Switzerland. 

Yang, J., K. C. Abbaspour, P. Reichert, and H. Yang, 2008, Comparing uncertainty 

analysis techniques for a SWAT application to Chaohe basin in China. J. Hydrol. 358(1-

2): 1- 23. 

Arnold, J. G., D. N. Moriasi, P. W. Gassman, K. C. Abbaspour, M. J. White, R. 

Srinivasan, C. Santhi, R. D. Harmel, A. van Griensven, M. W. Van Liew, N. Kannan, and 

M. K. Jha, 2012, SWAT: Model use, calibration, and validation. Trans. ASABE 55(4): 

1494-1508. 

Zhou, X., Zhang, Y., Wang, Y., Zhang, H., Vaze, J., Zhang, L., Yang, Y., and Zhou, Y, 

2012, Benchmarking global land surface models against the observed mean annual runoff 

from 150 large basins, J. Hydrol., 470–471, 269–279. 

Nash, J. E. and J. V. Sutcliffe, 1970, River flow forecasting through conceptual models 

part I — A discussion of principles. Journal of Hydrology, 10 (3), 282–290. 

Lemonds, P.J., and J.E. McCray, 2007, Modeling hydrology in a small rocky mountain 

watershed serving large urban populations. Journal of Water Resources. 43(4): 1-13. 

Moriasi, D. N., J.G. Arnold, M.W. Van Liew, R.L. Bingner, R.D. Harmel, and T.L. 

Veith, Model evaluation guidelines for systematic quantification of accuracy in 

watershed simulations, 2008, Transactions of the ASABE 50 (3), 885-900. 

Leveseque E., Ancil, F., Geiensven,  A., Beauchamp, N., 2008, Evaluation of streamflow 

simulation by SWAT model for two small watersheds under snowmelt and rainfall, 

Hydrological Sciences Journal, 53:5, 961-976, 

Lopez-Moreno, J.I., Latron, J., 2008, Spatial heterogeneity in snow water equivalent 

induced by forest canopy in a mixed beech-fir stand in the Pyrenees. Annals of 

Glaciology 49: 83-90. 



50 
 

Douglas-Mankin, K. R., R. Srinivasan, and J. G. Arnold, 2010, Soil and Water 

Assessment Tool (SWAT) model: Current development and applications. Trans. ASABE 

53(5): 1423- 1431. 

Tuppad, P., K. R. Douglas-Mankin, T. Lee, R. Srinivasan, and J.G. Arnold, 2011, Soil 

and Water Assessment Tool (SWAT) hydrologic/water quality model: Extended 

capability and wider adoption. Trans. ASABE 54(5): 1677-1684. 

Qiu, L., Zheng, F., Yin, R., 2012, SWAT-based runoff and sediment simulation in a small 

watershed, the loessial hilly-gullied region of China: capabilities and challenges. 

International Journal of Sediment Research, Vol. 27, No. 1–4. 

Fontaine T., Cruickshank T., Arnold J., Hotchkiss R., 2012, Development of a snowfall–

snowmelt routine for mountainous terrain for the soil water assessment tool (SWAT). 

Journal of Hydrology 262(1-4):209-23. 

M.K. Muleta, 2012, Improving model performance using season-based evaluation J. 

Hydrol. Eng., 17. 

Zhang, D., Chen, X., Yao, H., Lin, B., 2015, Improved calibration scheme of SWAT by 

separating wet and dry seasons, Ecological Modelling, Volume 301, Pages 54-61, ISSN 

0304-3800 

Kim, H., Lee, S., 2014, Assessment of a seasonal calibration technique using multiple 

objectives in rainfall–runoff analysis, Hydrol. Processes, 28. 

 

 

 

 

 

 

 

 

 



51 
 

Appendix A 

The 2010 Canopy Cover Model used to create the land cover input into the SWAT 

model. 
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The 2010 NAIP land cover map used to create the land cover input into the SWAT 

model. 
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The 2010 Land Cover Map derived from NAIP imagery and the Canopy Cover 

Model. 
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The 2014 Ground truthing plots are shown within P301. 

 

The 2014 Accuracy Assessment for the initial Land Cover Classification in P301. 
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Appendix B 
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