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ABSTRACT

On September 4, 2011, the Bastrop Complex Wildfire grew into what would
become the most destructive wildfire in the history of Texas. The fire consumed
approximately 130 square kilometers of wildland urban interface near Bastrop, TX. The
Loblolly Pine trees of the Lost Pine Forest suffered high rates of tree mortality. At the
time the region was experiencing one of the driest and hottest periods of record in Texas

history.

The purpose of this study was to explore possible changes in surface hydrology
caused by the Bastrop Complex Wildfire. This study used multispectral remote sensing
imagery acquired from Landsat 5 immediately before, and after the wildfire to classify
land cover/land use (LCLU) change within the drainage area of the Colorado River where
the wildfire occurred. The drainage area was defined by the upstream and downstream
USGS streamgaging-stations along the Colorado River. The LCLU data were applied to
the Soil Water Assessment Tool (SWAT) in order to simulate pre- and post-fire surface
hydrology conditions. The resulting simulations were compared to examine possible
changes in surface runoff volume and sediment yield for the continuous time simulation

and for discrete rainfall events of varying magnitudes.

The comparison of the continuous time simulation resulted in a significant
increase in post-fire surface runoff and sediment yield. Despite the fact that there were no
significant differences of water yield and time to peak among discrete rainfall events, it
was found that the peak discharge increases with higher rainfall intensity. This research
also reported a large percent increase in post-fire sediment yield for the discrete rain

events that is consistent with the literature.
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1. INTRODUCTION

1.1 The Bastrop Complex Wildfire

On the afternoon of September 4, 2011, a moisture-stressed pine forest of Bastrop
County located in central Texas ignited and grew into one of the most destructive
wildfires in the history of Texas and the United States—the Bastrop Complex Wildfire.
The wildfire devastated 32,000 acres of land, and 1,723 commercial and residential
structures. It occurred in an area of pine forest north and east of the city of Bastrop,
Texas. The area was vulnerable to wildfire due to climatic conditions in the wildland
urban interface (WUI) (Ridenour et al., 2012).

The Bastrop Complex Wildfire fire began in a belt of isolated coniferous forest
located within a post oak savanna ecological region in Bastrop County, Texas. This
Loblolly Pine (Pinus taeda) forest is known as the Lost Pine Forest. The isolated group is
a pine species that is abundant throughout the southeastern United States, and is thought
to have been separated during the last ice age. The Lost Pine Forest Loblolly Pines are a
drought tolerant variety of the abundant Loblolly Pine species (Rahman et al. 2003).
Additional tree varieties in the study area include Ashe Juniper (Juniperus ashei), and
Oak varieties (e.g., Quercus virginiana, Quercus macrocarpa).

The climate conditions created an environment that was vulnerable to wildfire:
low moisture content, low humidity, and high temperatures. In the spring and summer of
2010, wetter than average conditions promoted the growth of vegetation. By October
2010, dry conditions had started to stress the abundant vegetation. However, by 2011, the

majority of the state, including Bastrop County, was experiencing an exceptional drought



(Ridenour et al., 2012) along with record high temperatures throughout the summer. The
month of August proved to be the single hottest month reported in Texas history. By
September of 2011, Texas had experienced the 12 driest consecutive months on record
and more than 80% of the state was classified as exceptional drought (Figure 1) (NDMC,
2011). The Texas Forest Service rated Bastrop County vegetation as extremely dry based
on the Fuel Dryness Index, an index that assesses wildfire risk. From November of 2010

to October of 2011 more than 16,200 square kilometers burned throughout Texas.
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Figure 1. Drought conditions for September 2011 (Source: NDMC, 2011).

In September 2011, Tropical Storm Lee pushed strong dry northeastern winds
across the state of Texas from the coast of Louisiana, causing the relative humidity to
drop. On Sunday, September 4, 2011, 57 fires ignited across Texas (Ridenour et al.,
2012). At approximately 2:20 pm the first of the three fires that would grow into the

Bastrop Complex Wildfire (Figure 2) ignited due a downed power line (Ridenour et al.,



2012). The fire immediately grew out of control. The local sheriff’s department began the
evacuation of the area 13 minutes after emergency response was first notified of the fire.
By September 27, the fire was 98% contained; the fire was confirmed extinguished on

October 9 (Ridenour et al., 2012).
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Figure 2. The Bastrop Complex Wildfire burn severity classification (Source: TPWD,
2011).



Many structures in the low density residential areas were damaged by the intense
fire. It was estimated that the Loblolly Pine forest produced approximately 85% of the
fuel for the fire. Agriculture and grassland accounted for 10% of the burned area, 4% of
the burned area was riparian, and the remaining 1% of the burned area was undeveloped

land (Ridenour et al., 2012).

1.2 Fire Impacts on Surface Hydrology

Fire has many effects on surface hydrology—a complex dynamic system in which
the behavior of many of the components, including precipitation, evaporation,
interception, ground water absorption, and surface runoff, are determined by climatic,
geological, and ecological controls. Perturbations of the individual components could
result in changes in surface hydrology for a watershed throughout the fire recovery

process.

As a result of wildfire, the loss of vegetation cover reduces interception and
increases surface water runoff from rain events (i.e., storm flow). The reduction in
vegetation ground cover also leaves soil exposed and reduces storm flow friction. Burned
organic material littered along a forest floor could result in a charred layer of top soil.
Dense charred soil and deposits of ash decrease soil permeability in the months following
a fire (Kunze and Stednick, 2006). Over time soil loosens and soil permeability gradually
returns to pre-fire conditions. However, the lack of organic material in top soil and
decaying root structures at various depths reduces soil cohesion. Ultimately, the

combination of these factors has the potential to change storm flow behavior during the



fire recovery process, resulting in flashier floods, increased erosion, channel degradation,

higher debris flows, and the overall deterioration of water quality within a watershed.

Fire plays an important role in maintaining the health of many coniferous forest
ecosystems. However, extreme fires have the potential to result in greater amounts of
vegetation loss and tree mortality (Kunze and Stednick, 2006; Townsend and Douglas,
2000). Longer periods of vegetation recovery leave a watershed vulnerable to permanent
geomorphic changes (Gartner et al., 2008; Shakesby, 2005). Changes in geomorphology
and vegetation have the potential to alter the dynamics of hydrology, ecological health
(Kunze and Stednick, 2006; Townsend and Douglas, 2000) and damage life, and property

within a watershed (Doerr and Shakesby, 2006).

1.3 Thesis Purpose

The primary objective of this study was to examine the change in surface
hydrology caused by the September 2011 Bastrop Complex Wildfire in Bastrop County,
Texas. The study used pre- and post-fire multispectral imagery to quantify land cover
change caused by the wildfire. The study compared pre- and post-fire surface hydrology
simulations of the drainage area where the burn scar occurred. The Soil and Water
Assessment Tool (SWAT) model was used to simulate hydrologic components (e.g.,

evapotranspiration (ET), soil infiltration, interception).



2. LITERATURE REVIEW

2.1 Fire Impacts on Watershed Landscape

Wildfire changes the dynamic of the hydrologic system of a watershed. The level
of interruption depends on the frequency, intensity, and spatial extent of the fire damage
and the physical characteristics of the watershed, e.g., slope, land use, land cover, the
percentage of burned vegetation, and vegetation recovery time (Kinoshita and Hogue,
2011; Kunze and Stednick, 2006; Townsend and Douglas, 2004; Townsend and Douglas
2000). Disturbances caused by wildfire can lead to an increase in surface water yield,

stream channel erosion, and the overall deterioration of water quality in a watershed.

In general, vegetation loss decreases interception, infiltration, and
evapotranspiration (Kunze and Stednick, 2006; Townsend and Douglas, 2000). Fire has a
tendency to affect riparian vegetation differently than upland vegetation, because of
differences in soil moisture, microclimates, geomorphology, vegetation composition, and
vegetation structure (Dwire and Kauffman, 2003). The upland vegetation is affected by
fire more frequently and severely than riparian vegetation, although differences in burn
severity and frequency varies by region and forest type (Dwire and Kauffman, 2003).

Intensive wildfires that consume high volumes of vegetation can leave the
undergrowth of a forest canopy barren and cause tree mortality (Kunze and Stednick,
2006; Townsend and Douglas, 2000). Hot fires fueled by dense undergrowth and organic
material accumulated on the forest floor and mixed in top soil have the ability to
transform permeable top soils into a dense layer of charred material. Charred top soil

decreases ground water absorption and increases surface runoff (Kinoshita and Hogue,



2011; Gartner et al., 2008; Kunze and Stednick, 2006). The recovery of the infiltration
rate of water repellent soil varies depending on the severity of the fire. Kunze and
Stednick (2006) reported that soil repellency played an important role in surface water
runoff rates in the months following a fire in a watershed located in the Colorado Rocky
Mountains. Areas of water repellant soil had fully recovered after one year, and for
severely burned areas, infiltration rates increased by 50% after one year.

Ash deposition has the potential to affect both water quality and quantity of
surface hydrology. The impact of ash on surface hydrology varies depending on wind
dispersion of ash deposits and soil retention of ash (Townsend and Douglas, 2004). Ash
deposits expand when wetted and reduces soil porosity. Thus, ash deposition contributes
to soil impermeability and sediment yield (Kunze and Stednick, 2006; Gartner et al.,

2008).

2.1.1 Fire Impacts on Surface Runoff

Destructive wildfire creates the potential for more intense, flashier floods than the
watershed experienced before a destructive wildfire. Watersheds that have been damaged
by fire have experienced increases in instantaneous peak discharge by several hundred
times compared to pre-fire rates in undamaged watersheds (Friedel, 2011; Kunze and
Stednick, 2006; Scott, 1993). Intensity of streamflow depends on the timing of rain
events during the watershed recovery process (Ryan et al., 2011; Kunze and Stednick,
2006). The intensity of water yield and peak discharge decreases over time as the forest

regenerates (Kunze and Stednick, 2006).



Changes in surface flow dynamics are a product of many factors, including
vegetative coverage, soil repellency, soil type, etc. (Scott, 1993). Destructive wildfires
can affect stream discharge in terms of increased flow volume and velocity (Kinoshita
and Hogue, 2011; Ryan et al., 2011; Cannon et al., 2008, Gartner et al., 2008; Kunze and
Stednick, 2006; Scott, 1993; Loaiciga et al., 2001); swifter moving water has the
potential to change the time to peak for storm flow. VVegetation loss decreases
evapotranspiration, interception and groundwater absorption (Kunze and Stednick, 2006;
Townsend and Douglas, 2004). Townsend and Douglas (2004) reported that the increase
in surface runoff is approximately proportional to the ratio of vegetation loss within a
watershed. Biomass usually contributes to the debris and litter on ground, and hence
vegetation loss also reduces surface roughness which could lead to swifter moving water
(Ryan et al., 2011). Soil repellency reduces ground water infiltration (Kunze and

Stednick, 2006, Scott, 1993), and therefore is a contributor to surface runoff.

Scott (1993) compared surface runoff of four burned catchments in South Africa.
Two catchments were primarily composed of pine and Eucalyptus forest; the other two
catchments were composed of shrub. Scott observed minimal change for the shrub
catchments. For the forested catchments he observed a 290% and 1110% increase in peak

discharge, and a 201% and 92% for quick-flow volume as a result of soil repellency.

Loaiciga et al. (2001) examined 10 wildfires in the Malibu Creek watershed in
Malibu, California. The 272 square kilometer watershed consists of chaparral forest. The
10 wildfires consumed varying areas of land, ranging from 4-46% of the watershed. The

study concluded that streamflows increased 20-30% for fire years compared to non-fire



years. A fire that consumed 40% of the watershed could result in a 30% increase in
surface water yields at the outlet.

Kunze and Stednick (2006) compared the surface water yields of two watersheds
near Drake, Colorado that were damaged by the 2000 Bobcat wildfire. The Bobcat Gulch
watershed area is 2 square kilometers (0.8 square miles). The watershed was treated for
surface runoff and erosion control; the Jug Gulch watershed area is 3.9 square kilometers
(1.5 square miles) and was untreated. Both watersheds experienced 100% fire damage;
however, the severity of the fire damage varied across the watersheds. Kunze and
Stednick (2006) found that the two watersheds were sensitive to precipitation intensity,
which was found to be associated with 86% of variability in peak discharge, 76% of
variability in storm runoff, and greater that 80% of variability in sediment yield. Kunze
and Stednick (2006) also compared the characteristics of surface hydrology in
neighboring watersheds that experienced minimal or no fire damage. The damaged
watersheds produced water yields that were an order of magnitude greater than what was
probably experienced during pre-fire conditions (Kunze and Stednick, 2006). They
concluded that the watershed was most susceptible to increased surface water yields
during the two years following the fire because water repellant top soil recovered to pre-
fire absorption rates after one year, and vegetation coverage recovered after two years.

Kinoshita and Hogue (2011) studied post-fire vegetation recovery and resilience
in the San Bernardino Mountains of Southern California. They looked at two arid
Mediterranean climate watersheds that were both composed of chaparral and mixed
forest in the higher elevations and coastal sage scrub in the lower elevations. They stated

that both surface runoff and baseflow were higher after the wildfire. During the

10



vegetation recovery process in these arid watersheds, vegetation would grow during wet
seasons and senesce during the dry season. The authors specifically state that grasses
would need to establish deep root systems in order to survive the dry seasons. They
observed seasonal variability in the behavior of the watershed hydrology. After seven
years, parts of the watershed fully recovered, while other parts had not yet established
perennial vegetation. Lack of full vegetation recovery was observed primarily for pixels

that indicated a high burn severity and steep slopes.

2.1.2 Fire Impacts on Erosion and Sediment Yield

Post-fire erosion can be destructive. In the WUI sediment redistribution can
cause damage to property, and infrastructure (Doerr and Shakesby, 2006). Sediment
redistribution also plays a functional role in riparian ecosystems (Benda et al., 2003).
Increasing water yield provides more energy for erosion, leading to increasing sediment
yield. Heavy sediment loads, ash, charcoal, and other minerals captured by surface water
runoff lead to deteriorated water quality (Ouyang et al., 2010; Ryan et al., 2011;
Townsend and Douglas, 2004; Townsend and Douglas, 2000). Erosion form overland
flows, and steam channel degradation produce high sediment yields (Friedel, 2011). The
combustion of organic material in soil and the breakdown of root structures over time
reduce soil cohesion, which can result in erosion and debris flows (Friedel, 2011; Kunze
and Stednick, 2006). The magnitude of sediment yield depends on the watershed’s
geologic terrain, severity of vegetation loss, and the timing of a rain event with respect to
the watershed recovery process (Moody et al., 2007; Ouyang et al., 2010; Ryan et al.,

2011). Gartner et al. (2008) determined that slopes greater than 30% are more erodible.

11



Kunze and Stednick (2006) stated the quantity of bare soil plays an important role in

sediment yields.

Townsend and Douglas (2000) looked at three watersheds in the tropical savanna
of Northern Australia. They compared the effects of surface hydrology from three fire
regimes: 1) low intensity burning early in the dry season, 2) high intensity late in the dry
season, 3) and not burning. They determined that high intensity fires late in the dry
season created larger areas of exposed soil. The study found degradation in the water
quality of surface runoff, including high concentrations of total suspended sediments,
volatile suspended sediment, phosphorus, manganese, nitrogen, and iron for the fires late
in the dry season. Low intensity fires that occurred early in the dry season showed little

or no effects on surface hydrology quality and quantity (Townsend and Douglas, 2000).

There is a fuzzy boundary between floods with high sediment yields and debris
flows. Debris flows are highly correlated with the total rainfall of a storm (Gartner et al.,
2008). However, debris flows are hard to predict because they can originate from areas
with minimal antecedent soil moisture (Cannon et al., 2008), mass bulking of sediment
laden water, and/or landslides (Friedel, 2011). Erosion and debris flows produce long
term geomorphic impacts on a watershed; they carve out stream channels, and deposit
debris downstream (Gartner et al., 2008; Shakesby, 2005). Debris flows are dangerous;
they can result in the loss of life, and the destruction of property (Gartner et al., 2008;

Cannon et al., 2008).
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2.2 The Roles of GIS and Remote Sensing

For scientific investigation of the fire impacts to surface hydrology, Geographic
Information Systems (GIS) and remote sensing datasets are essential. According to
Alemaw and Chaoka (2003), with the advancement of computing power and GIS
methods, physical-based hydrologic modeling has become increasingly important in
hydrology. GIS enables the exploration of physical factors that affect rainfall runoff
response in watersheds and their spatial relationships. GIS accounts for the geometry of
the physical properties of the input data, including geology, soil type, LCLU (land cover/
land use), topography, unevenly distributed precipitation, and other weather information.
These data are useful for spatial representation of the physical components of a watershed
for visualization (Shen et al., 2013) and computation of quantitative hydrology modeling.
GIS offers graphic and quantitative analysis tools that are used to process geospatial data
(Al-Sabhan et al., 2003).

The accuracy of input variables is important for the hydrologic model to correctly
represent physical processes. Spatial resolution and data accuracy are important factors in
GIS data computation and hydrology model performance. For example, a Digital
Elevation Model (DEM) is used to delineate the watershed, identify flow paths, slope,
and flow direction. The locations of the hydro features computed from a DEM depend on
the spatial resolution of the DEM (Shen et al., 2013). This implies that using DEMs with
different spatial resolutions can produce different model output results.

Remotely sensed imagery has proven to be very useful for LCLU classification
used for analyzing the effects of LCLU change in a watershed (Nie et al., 2011; Jat,

2009). Remotely sensed data is often the primary resource available for studies that
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examine short and long-term LCLU change. Nie et al. (2011) derived LCLU information
from 1973-1997 Landsat data to assess the hydrologic response as a result of land cover
change in a watershed. They used four LCLU inputs from four time periods to simulate
the hydrologic components in order to quantify change in hydrology for their watershed.
Multispectral imagery is useful for the classification of impervious and vegetation
cover at the pixel level. Vegetated and impermeable surfaces have different effects on
surface hydrology with respect to their roles in hydrologic processes, such as infiltration,
evapotranspiration, etc. In general, vegetated areas have a lower curve number (CN) than
impermeable surfaces. A higher curve number represents higher potential for surface
runoff generation. Therefore, accurate classification of both vegetation and impermeable
surfaces in a watershed are important. Reistetter and Russell (2011) used high-spatial
resolution land-cover, imperviousness, and tree canopy density data to enhance surface
runoff estimation by using the CN runoff method (Natural Resources Conservation
Services, 1986). They concluded that the use of remote sensing imagery facilitates
accurate modeling of rainfall-runoff response by modifying the Natural Resources
Conservation Services (NRCS) discrete CN classes into composite CNs, because imagery
provides current information about urban land cover (Reistetter and Russell, 2011).
Ouyang et al. (2010) used the MODIS sensor to calculate monthly and annual
NDVI (Normalized Difference Vegetation Index) values in order to assess the
relationship between vegetation, sediment transport, and erosion for a three-year time
period. Kinoshita and Hogue (2011) used MODIS to calculate the Enhanced Vegetation
Index (EVI) to look at the long term post-fire vegetation recovery and resilience in two

watersheds. They stated that NDV1 is useful for assessing fire damage immediately after
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a fire, but that EVI was better suited for long-term vegetation recovery. EVI is less

sensitive to atmosphere and soil interference than NDVI (Kinoshita and Hogue, 2011).

2.3 The Soil and Water Assessment Tool (SWAT) Model

A common model to be coupled with GIS and remote sensing in hydrologic
application is the SWAT model, which is an open-source continuous-event, semi-
distributed, physical model for watershed-scale analyses. The model was developed to
assess the impact of land management and land use on water, sediment, and agriculture
chemical yields (Arnold et al., 2012, Gassman et al., 2007). The SWAT model has been
implemented for a variety of watershed studies around the world. Arnold et al. (2011)
reviewed SWAT model use, calibration, and validation. According to Arnold et al.
(2011), applications using the SWAT model have looked at the hydrology of a watershed
(Lee et al., 2011; Abbaspour et al., 2007), sediment (Ouyang et al., 2010), snowmelt,
irrigation, brush removal, land use impacts (Lee et al., 2011; Nie et al., 2011), pollution
loss studies, climate change impact studies (Moradkhani et al., 2010), bacteria life cycle
and transport, best management practice (BMP) scenarios (Pisinaras et al., 2010), and the
influence of karst features in a watershed. The SWAT model has been integrated with
other types of models to do, for example, environmental, ecological, and economic
assessments (Arnold et al., 2011). The SWAT model requires high amount of input
parameters which complicates model parameterization and calibration (Arnold et al.,
2011). Additionally, physical processes are subject to over simplification (Arnold et al.,

2011).
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Arnold et al. (2011) states that the coefficient of determination (R?), and Nash-
Sutcliffe Efficiency (NSE) are the most commonly reported statistics used in SWAT
calibration and validation. A NSE greater than 0.5 indicates a satisfactory performance of
a SWAT simulation of monthly values, and that the standard can be decreased from daily
values, and increased for annual values (Arnold et al., 2011; Nie et al., 2011), and a R? of
0.5 represents satisfactory performance (Nie et al., 2011). NSE results greater than 0.75

represent a very good performance (Moriasi et al., 2006).

Lee et al. (2011) studied the performance of the SWAT model’s ability to
quantify long-term fresh water inflows into the Gulf of Mexico. They developed two
separate SWAT models to compare the Galveston Bay watershed (an urbanized
watershed) and Matagorda Bay watershed (a mostly rural watershed). They used 32 years
of streamflow data from 1977 to 2008. They compared the results of the SWAT model
with that of the TXRR hydrology Model. Lee et al. (2011) stated that the SWAT model
was sensitive to land cover, and land cover change over time. Urbanized areas produced
the greatest differences in surface water yield between the two models. For calibration,
Lee et al. (2011) used a streamflow data range that included the time period of the land
cover data. They stated that land cover change explained why the results of the validation

were not as strong as the results of the calibration.

Nie et al. (2011) used the SWAT model to assess changes in land use and land
cover in the arid San Pedro watershed of southeastern Arizona. The North American
Landscape Characterization project (i.e., LCLU information extracted from Landsat
imagery) was used for land cover data for four time periods. The study used multiple

regression analysis to quantify the effects of LCLU change over time on the hydrology of
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the watershed. They stated that without accurate quantification of the effects of the LCLU
change, the results could be under or over estimated. They determined that the growing
urban areas resulted in an increase in both surface runoff and water yield. They also
reported that the invasion of Mesquite on desert scrub/ grassland had resulted in a

decrease in base flow and an increase in evapotranspiration.

Ouyang et al. (2010) investigated the relationship between vegetation cover, soil
erosion, and sediment yield at different temporal-spatial scales in the upper Yellow River
watershed in western China. The watershed is primarily composed of grassland and forest
land; and the climate is generally cold and dry, with seasonal variability. They extracted
NDVI from MODIS imagery to simulate soil erosion and transport for three years using
the SWAT model. The study compared results at the basin and subbasin spatial scales,
and the monthly and annual temporal scales. The study concluded that areas with higher
vegetation prevented sediment transport; however, areas with higher NDV1 and steep
slopes contributed the most soil erosion. They determined that vegetation plays a
significant role for predicting soil erosion and sediment transport for the study area, and

that slope is an important factor in the production of soil erosion and sediment transport.

2.4 Summary

Wildfire can transform the hydrological dynamics of a watershed. It has been
found that the level of hydrologic interruption from wildfire depends on the magnitude of
a wildfire, the timing and magnitude of rain events, and the physical, climatic, and

ecological characteristics of a watershed. Wildfire intensity and the physical
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characteristics of a watershed govern the resilience and recovery of vegetation and

therefore, the time period of the interruption.

Studies have demonstrated that GIS is a useful tool for geocomputation, and
geovisualization for hydrology modeling. Additionally, remote sensing is a useful
resource for LCLU data acquisition for watershed studies where timing is key to
understanding the impact of LCLU on surface hydrology. This study will utilize GIS and
remote sensing to investigate the impact of the 2011 Bastrop Complex Wildfire on

surface hydrology.
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3. METHODOLOGY

3.1 Research Questions
This research addresses the following questions:

1) Are there significant differences in simulated surface runoff between the pre-
and post-Bastrop Complex Wildfire in terms of peak discharge (Qp), time to peak (Ty)

and runoff volume (R,)?

2) Are there significant differences in simulated sediment yield (Y) between the

pre- and post-Bastrop Complex Wildfire?

3.2 Study Area

The study area was determined based on the drainage area for the stream segment
between the two U.S. Geological Survey (USGS) stream gages in the lower Colorado
River watershed, including the Colorado River at Bastrop, TX gage (08159200) (U.S.
Geological Survey, 2014a), and the Colorado River at Smithville, TX gage (08159500)
(U.S. Geological Survey, 2014b) (Figure 3). The total area of the stream segment
catchment (i.e., the study area) is 1,248 square kilometers (482 square miles) and the
Bastrop Complex Wildfire burn scar is approximately 130 square kilometers (50 square
miles) (Figures 3 and 4). The stream segment was selected for this study because the total
area of the Colorado River watershed is quite large relative to the area of the burn scar.
The total drainage area of the Colorado River at the outlet of the study area (i.e., the
Smithville gage) is 104,560 square kilometers (40,371 square miles), and the contributing

drainage area of the Colorado River basin is 75,027 square kilometers (28,968 square
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miles) (U.S. Geological Survey, 2014b). The Colorado River originates in eastern New

Mexico and flows south-east to Matagorda Bay and the Gulf of Mexico.

Bastrop County is located in Central Texas. According to the 2010 U.S. Census,
Bastrop County had a population of 74,169 (U.S. Census Bureau, 2014). Land use in the

study area primarily consists of low density residential developments, protected park

land, and agriculture crop land.
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Figure 3. The study area—-drainage area for the Colorado River stream segment between
the USGS streamgaging-stations at Bastrop and Smithville, TX.
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Figure 4. A Landsat 5 image (RGB432) on September 11, 2011, showing the Bastrop
Complex Wildfire burn scar within the study area.

3.3 Data

Landsat 5 TM multispectral imagery was used for LCLU classification. The
National Elevation Data (NED) from U.S. Geological Survey (USGS) was used for 10
meter spatial resolution digital elevation model (DEM). USGS stream gages were used
for surface water quantity data (Figure 5). The National Centers for Environmental
Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) was used for weather
data, including relative humidity, average daily solar radiation, temperature, precipitation,
and daily average wind speed from 15 weather stations. The NRCS SSURGO data

provided the description about the soil type. The model was trained using 21 years of
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continuous daily observed streamflow data produced by the USGS Bastrop stream gage

(i.e., January 1, 1990 to December 31, 2010). The Smithville gage had 13 years of

observed daily values available to use for calibration and validation.
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Figure 5. Observed streamflow and precipitation in the study area from July 2004 to

December 2010.

3.4 SWAT Model

The SWAT surface water hydrology model was used for this study. The model

uses topographic, LCLU, and soil data to determine the surface water runoff quantity for
the Colorado River watershed. Moreover, sediment volume is calculated for the drainage

area of the study area.

SWAT used the 10 meter DEM to delineate the drainage area between the
Bastrop gage location (for upstream inflow), and Smithville gage (the pour point of
drainage area). SWAT generates the flow paths of the streams within the drainage area
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based on the DEM. Slope information was extracted from the DEM. SWAT
automatically subdivided the study area into 21 subbasins based on stream segments of
the tributaries within the study catchment area. The subbasins are further divided into 219
hydrologic response units (HRU) based on LCLU, surficial soil, and slope. The model
computes hydrologic variables at the scale of the HRU.

The LCLU information was created using two Landsat 5 TM images. The pre-fire
image was acquired on August, 26, 2011, and the post-fire image was acquired on
October 13, 2011, after the fire was extinguished. Two SWAT models were created with
the same set of data inputs and calibrated model parameters (to be explained further in
following section), except for the LCLU. The LCLU changes immediately before and
after the Bastrop Complex Wildfire were used to reflect the changes in the watershed
landscape and simulate its impacts in post-fire surface hydrology. The Landsat 5 imagery
is provided by the USGS with the standard terrain correction (NASA, 2011). The at-
sensor radiometric calibration uncertainty is around 5% for Landsat 5 (Chander, 2009).

Unsupervised classification with a maximum of 40 iterations generated 140
spectral classes. The spectral classes were grouped into the nine LCLU classes used in
the hydrologic model, including: evergreen and mixed forest, scrub/shrub land, open
space/low density urban areas, and medium/high urban land cover, pasture, crop land,
barren, water. The LCLU classes were selected based on the classes required for the
Natural Resource Conservation Service (NRCS) CN method (Soil Conservation Service,
1986). The study used stratified random sampling to perform the accuracy assessment. In
order to meet accuracy objectives, the number of test points used for land cover accuracy

assessment was determined using the multinomial distribution method as follow:
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N=BIJ (1 - I;)/ b (1)

where I7; denotes the proportion of the population in the i-th class out of k classes; b;
denotes the desired precision; and B; denotes the upper percentile of Chi-square
distribution. The test points were compared with National Agriculture Imagery Program
(NAIP) aerial imagery and Google Earth for validation. Accuracy assessment of the
LCLU classification was summarized in a confusion matrix in order to compute the
classification accuracy and Kappa analysis. The Kappa Coefficient of Agreement statistic

is computed as:

Nixii _i(xn *X+i)
K =__i i=1
N2 _Z(Xi+*x+i)
@

where N denotes the total number of observations; r denotes the number of land cover
classes; xii denotes the marginal totals of row i and column i; x;. denotes the total for
column i; and x4 denotes the total for row i. Overall accuracy was calculated using the

confusion matrix accuracy:
Overall accuracy = x/n (3)

where x denotes the number of test points that have been correctly classified, and n
denotes the total number of test points used to compare observed data to land cover

classification data.
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The simulated results are produced by the hydrologic balance equations. The
model simulated a total of 21 years: a 5 year warm up period was used, resulting in 16
years of simulated output values. The surface hydrology simulation uses the NRCS Curve
Number (CN) model to calculate surface runoff:

1 =0.2S

S = (1000/CN) - 10

O - (Rda_\' - ‘[a ):
< surf (Rdm. s [a + S)

(4)
where Q denotes runoff quantity (mm H,0); R is rainfall; | denotes abstraction
(interception, infiltration) (mm H,0); and S denotes soil moisture retention (mm H,0).
CNs are generated based on the non-linear relationship of soil absorptive capacity, which
depends on soil type and land cover type. The modified rational method is used to predict

peak runoff:

Qpeak=C*i*Areal/3.6 (5)

where Qpeak denotes peak runoff rate (m%/s); C is runoff coefficient; Area denotes area

of the watershed (km?); and i denotes interception (mm/hr). Manning’s roughness

coefficient is used to calculate velocity:
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(6)
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where v denotes velocity (m/s); gov denotes over land flow (m?/s); slp denotes Slope
(m/m); n denotes Manning’s roughness coefficient. The model uses the Modified

Universal Soil Loss Equation (MUSLE) to simulate sediment yield:

sed =11.8- (Qsm;f "D pear - AT€A )0'56 *Kyste  Cusze * Fusze - LSysie - CFRG

()

where sed denotes sediment yield (metric tons); Qs denotes Surface water runoff
volume (mm H;0/ha); Q peak denotes peak runoff rate (m®/s); Area denotes area of HRU
(ha); Kysie denotes soil erodability factor; Cyge denotes cover and management factor;

LSuste denotes topographic factor; and CFRG denotes course fragment factor.

3.4.1 Calibration

Calibration is used to identify and adjust model parameters in order to improve
water yield simulation performance. A variety of options are available for calibration and
validation of SWAT model results. Manual calibration was used for this project. Manual
calibration gives the user the ability to fine tune model parameters based on physical
knowledge of the watershed. Observed values from the USGS Colorado River at
Smithville gage were divided into two subsets of data. The USGS gage provided 13 years
of continuous daily observed values that were suitable for this project, therefore the
calibration and validation data sets are both 6.5 years in duration. Both data sets include a

balanced representation of dry, average, and wet streamflow conditions. A stream record

26



that is representative of the possible streamflow conditions (i.e., low, high, and average)
is recommended for SWAT calibration, and it is important for a central Texas watershed
where extreme climate variability is regularly experienced. The model was calibrated
with the data set that is temporally consistent with the data inputs used in the model (e.qg.,
2004-2010). Sediment yield is simulated but not calibrated for this study, because there is
no sediment yield observation data produced at the Smithville gaging station.

The simulation results were compared to the observed streamflow to calculate the
model performance. Objective functions are used to assess the predictive abilities of the
SWAT simulation. The Nash-Suttcliffe Efficiency (NSE) and the Coefficient of
Determination (R?) are the most commonly reported objective functions used for the
SWAT model (Arnold et al., 2012). The NSE value typically ranges from one (i.e., a
perfect match) to negative infinity (i.e., mismatch). In general, simulation results with a
NSE value greater than 0.5 are deemed acceptable. Nash-Suttcliffe Efficiency is as

follows:

: it t 2
EZI_Z%I(QD_ j)z
ZE:I (Qf:r o Qﬂ) (8)

where Q, denotes observed discharge and Qn, denotes simulated discharge (Moriasi,
2006). The Coefficient of Determination is an indicator of how well a model will predict
a phenomenon; for example if R? is 0.7, then the simulated data explains 70 percent of
the variation in the observed data. The Coefficient of Determination is calculated as

follows:
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where SSerr denotes the sum of the squares of residuals, and SSi; denotes the sum of the
squares.

Multiple parameters were adjusted during manual calibration: Base-flow
(ALPHA_BF); hydraulic conductivity (CH_K2); water movement from shallow aquifer
to root zone (GW_REVAP); and available water capacity (SOL_AWC). The calibrated
simulation uses data that was collected before the Bastrop Complex Wildfire and
therefore is known as the “pre-fire” simulation. In order to generate the post-fire scenario,
the post-fire LCLU data was applied to the calibrated pre-fire model to produce the “post-

fire” simulation.

Table 1. Calibration and validation objective function results.

Analysis Period NSE R?
Pre-fire calibration period 0.94 0.95
Pre-fire validation period 0.83 0.83

28



10000

R=0.97

1000

[y
o
o

Pre -fire simulation

[EEN
o

1 10 100 1000 10000
@ Smithville gage

Figure 6. Scatter plot diagram comparing observed to simulated daily
streamflow values.

3.4.2 Statistical Analysis

The data flow diagram (Figure 7) describes the procedure that was applied before
the wildfire (T1) and after the wildfire (T2). The results of the simulations were
compared to explore changes in the surface hydrology. Two geographic extents were
examined: the study area, and the subbasin that experienced the greatest damage from the
fire. Three temporal scales are used to statistically examine the null hypotheses between
the pre- and post-fire hydrology: continuous, multimodal, and unimodal. The continuous
daily values simulation was separated into the calibration and validation periods in order
to explore surface runoff, and sediment yield. A series of rain events resulting in a

multimodal, and unimodal rainfall-runoff response events generated from 30 mm (1.2 in),
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50 mm (2 in), 80 mm (3.1 in) rain events were extracted from the continuous simulation
to look at surface runoff, sediment yield, peak discharge, and time to peak. The duration
of the discrete events starts before the rise in the hydrograph and ends after the drop in
the hydrograph; therefore the duration of the hydrographs vary. In order to accept or
reject the null hypothesis, paired t-test and the Wilcoxon test (i.e., when the hydrologic
responses are not normally distributed) were used to quantify statistical differences in the
pre- and post-fire simulations at the 0.05 level. Peak discharge and time to peak were

qualitatively examined using the discrete event hydrographs.
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Figure 7: Data-flow Diagram.
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4. RESULTS

4.1 LCLU Classification

Two Landsat 5 images were used for pre- and post-fire land cover classification.
The multinomial distribution method was applied to the images to determine the number
of test points needed for accuracy with a 95% probability and a 10% precision. The
multinomial distribution method resulted in 17 test points for the October 13, 2011 image
and 18 test points for the August, 26, 2011 image. The test points were used to compare
the land cover classification with National Agriculture Imagery Program (NAIP) aerial
imagery, and Google Earth for validation. The August classification resulted in an overall
accuracy of 0.61 (Table 4), and a Kappa value of 0.56. The October classification
produced an overall accuracy of 0.72 (Table 5), and a Kappa value of 0.68. Both Kappa
values represent good agreement between observed and predicted LCLU class
assignment. The barren land cover in the study area changed from 0.05 square kilometers
to 109.32 square kilometers (Table 2). Subbasin 4 resulted in a 65.07 square kilometers

increase in barren land cover (Table 3).
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Figure 8. August pre-fire LCLU classification.
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Figure 9. October post-fire LCLU classification.
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Table 2. LCLU change from August and October 2011 for the
study area.
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LCLU Class
Open Water 2.94 0% 2.15 0% -27%
Developed, Low
Intensity 78.36 6% 38.64 3% -51%
Developed,
Medium Intensity 12.98 1% 10.50 1% -19%
Barren Land
(Rock/Sand/Clay) 0.05 0% | 109.32 9% | 211,355%
Evergreen Forest 351.52 28% | 349.82 28% 0%
Mixed Forest 255,57 | 20% | 242.07 19% -5%
Shrub/Scrub 79.90 6% 89.34 7% 12%
Pasture/Hay 459.75 | 37% | 399.97 32% -13%
Cultivated Crops 7.35 1% 6.62 1% -10%
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Table 3. LCLU change from August and October 2011 for

subbasin 4.
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LCLU Class
Open Water 0.05 0.0% 0.03 0% -43%
Developed, Low
Intensity 3.00 2.1% 1.24 1% -59%
Developed,
Medium Intensity 0.57 0.4% 1.77 1% | 210%
Barren Land
(Rock/Sand/Clay) 0.00 0.0% | 65.07 46% n/a
Evergreen Forest 89.66 63.0% 31.09 22% -65%
Mixed Forest 16.02 11.3% | 10.85 8% -32%
Shrub/Scrub 5.36 3.8% 5.42 4% 1%
Pasture/Hay 26.13 18.4% | 25.50 18% -2%
Cultivated Crops 1.44 1.0% 1.24 1% -13%
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Table 4. LCLU classification error matrix for August 2011.
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Class - <
Open
Water 18 1 19
Developed,
Low
Intensity 5 1 1 1 3| 11
Developed,
Medium
Intensity 11 9 20
Barren
Land 1 2 7 10
Evergreen
Forest 14 14
Mixed
Forest 3| 16 1 5| 25
Shrub/
Scrub 7 1 1 12 3 8| 32
Pasture/
Hay 5 4 1 1 41 14 29
Cultivated
Crops 2 2
Column
Total 18 18 18| 18| 18| 18| 18| 18| 18 | 162
Overall
accuracy: 99/162 =61%
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Table 5. LCLU classification error matrix for October 2011.
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Open
Water 17
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Developed,
Medium
Intensity 10 1] 11

Barren
Land 1 3| 14 18

Evergreen
Forest 15 15

Mixed
Forest 4 2 21 12 1 21
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Scrub 5 2113] 2 22

Pasture/
Hay 1 3] 14 21 20

Cultivated
Crops 8 8

Column
Total 17 17 17 | 17 17 | 17 | 17 | 17 17 | 153

Overall
accuracy: 110/153 = 72%

36



4.2 SWAT Model

The SWAT model continuous record simulation results were separated into two
analyses: (1) the simulation of the study area (i.e. the drainage area between Bastrop and
Smithville gages within the lower Colorado River watershed), and (2) the simulation for
the subbasin that experience to most damage from the wildfire (i.e., subbasin 4). Discrete
rain events were extracted from the three periods to compare the pre- and post-wildfire
SWAT simulation of surface water yield and sediment yield.

Observed inflow data at the Bastrop gage was used for the simulation. The SWAT
model was calibrated and validated by comparing simulated pre-fire streamflow to
observed streamflow at the Smithville gage downstream. There was no observed
sediment data available for inflow or outflow, therefore the results of the sediment yield
were not calibrated.

In order to focus the examination of wildfire impacts on surface hydrology, the
subbasin that experienced the most damage from the wildfire (i.e., subbasin 4) was used
in addition to the study area. Subbasin 4 was one of the 21 subbasins delineated by
SWAT. Unfortunately, observed streamflow data at the outlet of subbasin 4 was not
available as there is no existing stream gage at that location. As such, the subbasin 4
simulation was not calibrated; the pre- and post-fire simulations were merely compared.

The SWAT model simulated continuous streamflow for the calibration (July
2004- December 2010) and validation period (January 1998- June 2004). To better
understand the wildfire impacts in surface hydrology, discrete rain event hydrographs
with varying magnitude of actual rainfall events, including 30 mm (1.2 in), 50 mm (2 in),
80 mm (3.1 in) were extracted from the continuous simulation. Depending on the

normality of streamflow data, either the t-test or the Wilcoxon test was used to examine
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any statistically significant difference between observed and simulated streamflow. The t-
test was applied to discrete rain events with normally distributed hydrographs. The
Wilcoxon test was applied to hydrographs that did not have a normally distributed

hydrograph (e.g., the series of multiple rain events).

4.2.1 Continuous simulation of the study area

The calibration period included continuous streamflow data from July 1, 2004 to
December 31, 2010. The pre-fire calibration time period produced a NSE of 0.94, and a
R? value of 0.95 (Table 1). The objective functions (i.e., NSE and R?) represent very
good overall simulations for the calibration period (Moriasi, 2006). For the calibration
period (i.e., July 2004- December 2010), there was a 0.3% difference (395 m?/s) in pre-
and post-fire surface water yield. The Wilcoxon test resulted in a significant Z score of

-11.28 (p < 0.001). Sediment yield produced a 193% difference (69,740 metric tons),
with the Wilcoxon test resulted in a significant Z score of -10.35 (p < 0.001).

The validation period includes continuous streamflow data from January 1, 1998
to June 30, 2004. The pre-fire validation period produced a NSE of 0.83, and a R? value
of 0.83 (Table 1). Both objective functions represent a very good overall simulation for
the validation period. (Moriasi, 2006). For the validation period, there was a 12%
difference (16,938 m%s), and the Wilcoxon test produced a significant Z score of -41.34
(p < 0.001) for surface water yield, rejecting the null hypothesis. Pre- and post-fire
sediment yield produced an 86% difference (445,785 metric tons), and the Wilcoxon test
produced a significant Z score of -10.19 (p < 0.001). The null hypothesis was again

rejected.
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4.2.2 Discrete events extracted from the continuous simulation of the study area

The calibration period pre- and post-fire simulation for the 31 mm (1.22. in) rain
event produced a 0.82% change (2.73 m®/s) in surface water yield where the paired t-test
produced a t score of 1.04 (p = 0.34) (Figure 10a). Sediment yield resulted in a difference
of 660.6 metric tons, and the paired t-test resulted int =1 (p = 0.36) (Figure 10b). The
validation period pre- and post-fire simulation for the 27 mm (1.06 in) rain event
produced a 45% difference (74.26 m®/s) in pre- and post-fire surface water yield with a
paired t-test result of t = 2.27 (p = 0.06) (Figure 11a). Sediment yield resulted in a 355%
difference (4,548 metric tons), and the t-test produced a t = 1 (p value of 0.36) (Figure
11b). Hence, there were no significant differences between the pre- and post-fire surface

water and sediment yield in the discrete 1-in rainfall events.

Table 6. Study area simulation totals for pre- and post-fire peak rainfall intensity, time to
peak (Tp), peak discharge (Qp), runoff volume, and sediment volume for the 30 mm (1.2
in) rain event.

Figure | Date of Event | Peak Simulation Qp, Tp, Mean Total
Rainfall m/s days Runoff Sediment
Intensity Volume, Yield,
m®/s Metric
Tons
10a, 09/29/2004 31 mm Pre-fire 48.14 | 2 328.76 0
10b (1.22in)
Post-fire 50.78 | 2 331.49 660.6
11a, 02/21/2004 27 mm Pre-fire 28.69 | 2 166.73 1,280
11b (L06n)  Mpostfire 6661 |1 24099 | 5828
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Figure 10a. Water yield generated by a 31 mm (1.22 in) rain event for the calibration
period.
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Figure 10b. Sediment yield generated by a 31 mm (1.22 in) rain event for the calibration
period.
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Figure 11a. Water yield generated by a 27 mm (1.06 in) rain event for the validation
period.
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Figure 11b. Sediment yield generated by a 27 mm (1.06 in) rain event for the validation
period.
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The calibration period pre- and post-fire simulation for the 55 mm (2.15 in) rain
event produced a 0.3% difference (0.97 m%s) in pre- and post-fire surface water yield
where the paired t-test resulted in t = 0.5 (p = 0.62) (Figure 12a). Sediment yield resulted
in a 313% difference (826.83 metric tons), and a t-test of t = 1.03 (p = 0.33) (Figure 12b).
The validation period pre- and post-fire simulation for the 51 mm (2.01 in) rain event
produced a 61% difference (129.42 m®s) in pre- and post-fire surface water yield with a t-
testof t = 2.11 (p = 0.09) (Figure 13a). Sediment yield resulted in a 318% difference
(6,293 metric tons) and a t-test of t = 1 (p = 0.36) (Figure 13b). In summary, all null
hypotheses associated with the pre- and post-fire difference in surface water and sediment

yield of discrete 2-in rainfall events are rejected.

Table 7. Study area simulation totals for pre- and post-fire peak rainfall intensity, time to
peak (Tp), peak discharge (Qp), runoff volume, and sediment volume for the 50 mm (2 in)
rain event.

Figure | Date of Event Peak Simulation Qp, T,, Mean Total
Rainfall m¥s | days Runoff Sediment
Intensity Volume, Yield,
m®/s Metric
Tons
12a, 4/14/2009 55 mm Pre-fire 69.31 |1 323.05 263.8
12b (2.15in) Post-fire 7113 |1 324.02 1,090.63
13a, 04/09/2004 51 mm Pre-fire 65.29 |1 213.42 1,980
13b (2.01 in) Post-fire 1376 |1 342.84 8,273
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Figure 12a. Water yield generated by a 55 mm (2.15 in) rain event for the calibration
period.
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Figure 12b. Sediment yield generated by a 55 mm (2.15 in) rain event for the calibration
period.
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Figure 13a. Water yield generated by a 51 mm (2.01 in) rain event for the validation
period.
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Figure 13b. Sediment yield generated by a 51 mm (2.01 in) rain event for the validation
period.
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The calibration period pre- and post-fire simulation for the 83 mm (3.29 in) rain
event produced a 3% difference (16.73 m%s) in pre- and post-fire surface water yield with
a paired t-test where t=1.04 (p = 0.34) (Figure 14a). Sediment yield resulted in a 269%
difference (7,550 metric tons) and a t-test of t = 1 (p = 0.36) (Figure 14b). The validation
period pre- and post-fire simulation for the 76 mm (3 in) rain event produced a 46%
difference (279.58 m%s) in pre- and post-fire surface water yield with a t-test of t = 1.56
(p =0.17) (Figure 15a). Sediment yield resulted in a 1,220% difference (18,394.72 metric
tons) and a t-test of t = 1 (p = 0.35) (Figure 15b). Similar to the unimodal rainfall events

which did not have significant difference between pre- and post-fire hydrologic response.

Table 8. Study area simulation totals for pre- and post-fire peak rainfall intensity, time to
peak (Tp), peak discharge (Qp), runoff volume, and sediment volume for the 80 mm (3 in)
rain event.

Figure | Date of Peak Rainfall | Simulati | Q,, To, Mean Total Sediment
Event Intensity on m*/s days | Runoff Yield, Metric

Volume, Tons
m®/s

143, 5/1/2007 83 mm (3.29 in) | Pre-fire 241 1 619.64 2,810

14b Post-fire | 258.8 |1 636.37 10,360

153, 10/04/1998 | 76 mm (3 in) Pre-fire 2725 |1 608.33 1,508

15b Post-fire | 465.3 |1 887.91 19,902.72
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Figure 14a. Water yield generated by an 83 mm (3.29 in) rain event for the calibration

period.
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Figure 15a. Water yield generated by a 76 mm (3 in) rain event for the validation period.

30 20000
15000

90 10000

Rainfall Depth (mm)
3

Discharge (metric tons)

120 5000

mmm Rainfall —— Pre-fire sediment —— Post-fire sediment

Figure 15b. Sediment yield generated by a 76 mm (3 in) rain event for the validation
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The calibrated simulation for the multimodal event with rainfall peaks in 25 mm
(1in), 26 mm (1.01 in), and 42 mm (1.66 in) produced a 21% difference (2,876.8 m%s) in
pre- and post-fire surface water yield (Figure 16a), and the Wilcoxon test for surface
water resulted in a significant Z score of -4.20 (p < 0.001). Post-fire sediment yield
increased by 6,270% (8,873.2 metric tons) (Figure 16b), and the Wilcoxon test resulted in
a significant Z score of -2.37 (p < 0.02). Similarly, the validation period pre- and post-fire
simulation for the 32 mm (1.25 in), 13 mm (0.5 in), 13 mm (0.52 in) rain events produced
an 1% difference (38.85 m®/s) in pre- and post-fire surface water yield (Figure 17a), and
the Wilcoxon test produced a significant Z score of -5.91 (p < 0.001). Sediment yield
resulted in a 315% difference (5,186.69 metric tons) (Figure 17b), and the Wilcoxon test
produced a significant Z score of -2.10 (p = 0.04). All null hypotheses of the multimodal

events were rejected.

Table 9. Study area simulation totals for pre- and post-fire peak rainfall intensity, time to
peak (Tp), peak discharge (Qp), runoff volume, and sediment volume for the series of rain
events.

Figure Date of Peak Simulation Qp T, Mean Total
Event Rainfall m°/s days | Runoff Sediment
Intensity Volume, Yield, Metric
m®/s Tons

16a, 16b | 11/14/2004 | 42 mm Pre-fire 1,386 | 2 13,477.55 141.52
(1.66 in) Post-fire 1,387 | 2 16,354.35 9,014.72

17a, 01/27/98 32 mm Pre-fire 168.4 | 2 3,679.5 1,648.44

17b (1.251n) Post-fire 1694 | 2 3,718.35 6,835.14
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4.2.3 Simulation at Subbasin 4

The calibration period includes continuous pre- and post-fire streamflow data
from July 1, 2004 to December 31, 2010. For the calibration period, there was a 107%
difference (809.94 m%/s) surface water yield, and the Wilcoxon test resulted in a
significant Z value of -36.33 (p > 0.001). Post-fire sediment yield increased by 8,041%
(74,386 metric tons), the Wilcoxon test again resulted in a significant Z value of -33.29 (p
> 0.001).

The pre- and post-fire simulation for the discrete 31 mm (1.22 in) rain event
produced a 289% difference (6.8 m*/s) in pre- and post-fire surface water yield with a t-
score of 1.76 (p = 0.13) (Figure 18a). Sediment yield resulted in a 480,000,000,000%
difference (660 metric tons), and a t-test resulted inat =1 (p= 0.36) (Figure 18b). The p

values failed to reject the null hypotheses.

Table 10. Subbasin 4 simulation totals for pre- and post-fire peak rainfall intensity, time
to peak (Tp), peak discharge (Qp), runoff volume, and sediment volume for the 31 mm
(1.22 in) rain event.

Figure | Date of Peak Simulation | Qp, T, Mean Total
Event Rainfall m/s days Runoff Sediment
Intensity Volume, | Yield,

m®/s Metric

Tons
18a, 09/29/2004 | 31 mm Pre-fire 063 |1 2.34 1.83*10”

18b (1.22in) -

Post-fire 4.79 1 9.11 659.91
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The pre- and post-fire simulation for the discrete 55 mm (2.15 in) rain event

produced a 183% difference (11.7 m®/s) in pre- and post-fire surface water yield with a t-

testof t = 1.9 (p = 0.09) (Figure 19a). Sediment yield resulted in a 14,082% difference

(871.87 metric tons) and a t-test of t = 1.03 (p= 0.33) (Figure 19b). The null hypotheses

of pre- and post-fire difference in surface water and sediment yield associated with this

discrete event were rejected.

Table 11. Subbasin 4 simulation totals for pre- and post-fire peak rainfall intensity, time
to peak (Tp), peak discharge (Qp), runoff volume, and sediment volume for the 55 mm
(2.15in) rain event.

Figure | Date of Event | Peak Simulation | Q, To, Mean Total
Rainfall m/s days Runoff Sediment
Intensity Volume, | Yield,
m®/s Metric
Tons
193, 04/14/2009 55 mm Pre-fire 2.55 1 6.39 6.19
19b (2.15in)
Post-fire 8.91 1 18.11 877.37
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Figure 19a. Water yield generated by a 55 mm (2.15 in) rain event for the calibration
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Figure 19b. Sediment yield generated by a 55 mm (2.15 in) rain event for the calibration
period.
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The pre- and post-fire simulation for the 83 mm (3.29 in) rain event produced a
96% difference (23.4 m%/s) in pre- and post-fire surface water yield. The t-test resulted
withat=1.75 (p = 0.12) (Figure 20a). The p value failed to reject the null hypothesis.
Sediment yield resulted in a 4,710% difference (7,771.06 metric tons) and a t-testof t = 1

(p = 0.35) (Figure 20b). The p value failed to reject the null hypothesis.

Table 12. Subbasin 4 simulation totals for pre- and post-fire peak rainfall intensity, time
to peak (Tp), peak discharge (Qp), runoff volume, and sediment volume for the 83 mm
(3.29 in) rain event.

Figure | Date of Peak Simulation | Q,, Ty, Mean Total
Event Rainfall m®/s days | Runoff | Sediment
Intensity Volume, | Yield,
m*/s Metric
Tons
20a, 05/01/2007 | 83 mm Pre-fire 17.45 1 24.33 164.98
20b (3.29 in)
Post-fire 31.61 1 47.74 7936.04
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Figure 20a. Water yield generated by an 83 mm (3.29 in) rain event for the calibration
period.
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Figure 20b. Sediment yield generated by an 83 mm (3.29 in) rain event for the
calibration period.

Finally, the pre- and post-fire simulation for the 25 mm (1 in), 26 mm (1.01 in),
42 (1.66 in) rain events produced an 314% difference (51.17 m%s) in pre- and post-fire
surface water yield (21a), where the Wilcoxon test produced a significant Z score of -4.29
(p < 0.001). The hypothesis was rejected for water yield. Sediment yield resulted in an
186,316% difference (8,903.46 metric tons) (21b), and the Wilcoxon test produced a Z
score of -0.63 (p = 0.53). Similar to the previous discrete events, the p value failed to

reject the null hypothesis for sediment yield.

56



Table 13. Subbasin 4 simulation totals for pre- and post-fire peak rainfall intensity, time
to peak (Tp), peak discharge (Qp), runoff volume, and sediment volume for the
multimodal rain event.

Figure | Date of Peak Rainfall | Simulation | Qp, T, days | Mean Total
Event Intensity m*/s Runoff | Sediment
Volume, | Yield,
m®/s Metric
Tons
21a, 11/06/2004 42 (1.66 in) Pre-fire 342 |1 2.37 4,78
21b
Post-fire 1511 |1 13.25 8,909.24
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Figure 21a. Water yield generated by 25 mm (1 in), 26 mm (1.01 in), 42 (1.66 in) rain
events for the calibration period.
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Figure 21b. Sediment yield generated by 25 mm (1 in), 26 mm (1.01 in), 42 (1.66 in)

rain events for the calibration period.
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5. DISCUSSION

In terms of data input, the pre-fire and post-fire simulations differ by the inclusion
of LCLU data that includes the burn scar from the Bastrop Complex Wildfire. The post-
fire simulation examined possible changes in stream-flow, and rainfall-runoff response as
a direct result of both the LCLU change as well as the severe drought in 2011.

Comparing against the pre-fire simulation, the results of the post-fire simulation
in the study area and subbasin 4 consistently produced higher surface water yield, higher
sediment yield, and greater instantaneous peak discharge. This trend is consistent for both
the continuous streamflow and discrete events. The magnitude of instantaneous peak
discharge mostly increased as the magnitude of the rain events increased (e.g., Table 6).
With the exception of the 27 mm (1.06 in) (Figure 11a) discrete event from the validation
period, time to peak experienced minimal change compared to the pre-fire simulation
(e.g., Table 6). In all events, the post-fire sediment yield resulted in greater increases than
the surface water yield (e.g., Table 6).

For this study, the pre- and post-fire continuous time simulations were
significantly different. However, all discrete events examined in this study failed to reject
the null hypotheses. A possible explanation is that the SWAT model is designed for
continuous event simulations and its parameters are not sensitive to changes in a single
event flood routing. Another possible reason is there are only limited data points in
discrete events, which typically have little variation in surface water or sediment yield
values in most days except the day after peak discharge. Despite the normal distribution
of these rainfall distribution, the small sample (usually n is approximately ten) in all

discrete events limit the effectiveness of the t-test in examining any significant
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difference. Nevertheless, the statistical tests offered a lens to examine the difference

between pre- and post-fire simulation.

5.1 LCLU Change

The post-fire LCLU classification of the study area gained 108.82 square
kilometers of the barren class for the October LCLU classification (Table 2). All LCLU
classes seemed to have reduced in area after the fire, except for barren and a slight gain in
shrub/scrub. As the 2011 Bastrop Complex Fire took place in the loblolly pine forest, it
was expected that the evergreen forest area would decrease and a large portion would be
reclassified as barren after the wildfire. However, the total area of the evergreen forest
did not change much within the study area as the loss was balanced by larger patches in
the western portion of the study area (Figure 9). This is more likely a result of LCLU
misclassification, than an actual physical change in the composition of LCLU in the study
area. Upon inspection of the evergreen forest LCLU class in Google Earth, the October
classification seems to include a greater area of mixed pixels in LCLU transition zones;

the class also seems to include areas that should be classified as the mixed forest class.

Subbasin 4 gained 65.07 square kilometers of barren land after the fire (Table 3).
Besides barren land, subbasin 4 consistently lost area in other LCLU classes, with the
exception of the slight gain in shrub/scrub. The loss of 58.57 square kilometers of the
evergreen forest in subbasin 4 was caused by the Bastrop Complex Wildfire. The post-
fire LCLU change in subbasin 4 indeed confirms the conversion from evergreen forest to

barren land due to the Bastrop Complex Wildfire.
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The loss of evergreen forest implied a major loss in living photosynthesizing
vegetation within the burn scar. Kunze and Stednick (2006) and Townsend and Douglas
(2000) discussed the possibility of severe wildfires transforming forests into barren land.
While upland vegetation was severely damaged, riparian vegetation appeared to be less
damaged and still living (i.e., photosynthesizing) in areas along Alum Creek in the post-
fire Landsat imagery (Figure 4). Dwire and Kauffman (2003) stated that microclimate
and soil moisture play a role in the differences in wildfire damage severity on upland

vegetation as compared to riparian vegetation.

5.2 Hydrology

The hydrologic response is changed as a result of vegetation loss (e.g., evergreen
forest) with the replacement of evergreen forest and other vegetation classes by barren
land. The hydrologic simulations are calculated using physical variables including
canopy storage, soil infiltration, evapotranspiration, transmission loss, and weather
parameters such as temperature, precipitation, wind, solar energy, etc. Ambient soil
moisture, and the geographic extent, intensity, and duration of precipitation are key
factors affecting rainfall-runoff response in a drainage area. The spatial distribution of
precipitation plays a role in the accumulation of overland flow, and flood routing gains

where rain is falling directly in the stream channel.

5.2.1 Surface Runoff
Surface runoff volume is calculated using the SCS curve number (CN) method.
Kunze and Stedmick (2006) reported that rainfall intensity and the severity of fire

damage are related to increases in surface runoff. It is expected that the post fire
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simulation would generate a greater magnitude of surface runoff due to the increase in the
total area of barren land cover, which has a lower soil water retention capacity compared
to vegetated land cover.

Townsend and Douglas (2004) reported that the increase in post-fire stream flow
is inversely proportional to the ratio of vegetation loss within the watershed.

The wildfire transformed 9% of the 1248 square kilometer study area into barren land
cover. Compared to contributing drainage area of Colorado River, this wildfire only
transformed 0.2% of 75,027 square kilometers (28,968 square mile) into barren land. The
hydrologic simulation was trained using the inflow data from the Bastrop gage; therefore
the stream flow simulated at the Smithville gage is representative of the entire Colorado
River basin upstream of the station. The study area experienced a significant difference in
pre- and post-fire surface water yield (12%).

The post-fire discrete event simulations produced greater surface runoff quantity
compared to the pre-fire simulations (e.g., Figure 11a). It was found that the post-fire
runoff volume increases positively with the magnitude of the rainfall event, however the
magnitude of the increase varies.

For the study area, the pre- and post-fire rainfall-runoff simulation of the 27 mm
(1.06 in) rain events resulted in a change of 45% (74.26 m*/s) (Figure 11a) during the
validation period. Similarly, the 51 mm (2.01 in) rainfall event produced a 61%
difference (129.42 m%/s) in surface runoff (Figure 13a). Despite the greater percent
increase in runoff volume from 27 mm (1.06 in) to 51 mm (2.01 in) event, the 76 mm (3

in) simulation produced a 46% increase (279.58 m®s) in surface runoff (Figure 15a).
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Nevertheless, the 76 mm (3 in) rain event post-fire runoff volume was indeed greater than
the 51 mm (2.01 in) runoff event.

The simulation of Subbasin 4 experienced a higher post-fire increase in net
surface water yield compared to the study area for both the discrete and the continuous
events. With reference to the pre-fire condition, the post-fire continuous simulation
resulted in a 107% increase in stream flow. This is expected because a greater portion of
the total area (i.e., 46%) of Subbasin 4 was damaged by the wildfire and transformed into
barren land. The post-fire simulation of Subbasin 4 seems to have experienced a decrease
in base flow as the post-fire simulation produced less stream flow than the pre-fire
simulation during the relatively dry periods. The discrete events consistently produced
greater runoff volumes as the magnitude of the rain events increased. For the 31 mm
(1.22 in) rain event, the surface volume increased 6.8 m*/s, which was a 289% increase
(Figure 18a). Similarly, the increase in surface runoff generated by the multimodal event

produced a 314% increase (Figure 21a).

5.2.2 Peak Discharge

Post-fire peak discharge would be expected to increase because more land was
converted into barren land as discussed in the previous section. With the reduction of
vegetation, CN generally increases, contributing to more rainfall excess and a flashier
response in the resulting hydrograph. In drainage areas damaged by wildfire, Scott
(1993), Friedel (2011), and Kunze and Stednick (2006) all reported increases in peak
discharge by a factor of several hundred. Scott (1993) compared peak discharge in

watersheds with different vegetation types. He reported 290% and 1110% increase for
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forested watersheds. The simulated changes in peak discharge were consistent with

previous findings in the literature.

For every discrete event in the study area and Subbasin 4, peak discharge
increased as the rainfall event increased in magnitude. Peak discharge was consistently
greater for the post-fire simulation in both the study area and Subbasin 4. Peak discharge
increased by greater magnitudes for the validation period compared to the calibration
periods. Peak discharge for the validation period increased by 132%, 111% and 71% for
the 27 mm (1.06 in), 51 mm (2.01 in) and the 76 mm (3in) rain event respectively (Figure
11a, 13a, 15a). The peak discharge increases at a decreasing rate with higher magnitude
of rainfall intensity. Peak discharge Subbasin 4 produced a similar trend: 660%, 249%,
and 81% for the 31 mm (1.22 in), 55 mm (2.15 in), and 83 mm (3.29 in) rain event
respectively (Figure 18a, 19a, 20a). However, the calibration period did not produce this
trend: 5%, 3%, 7% increase for the 31 mm (1.22 in), 55 mm (2.15 in), and 83 mm (3.29

in) rain event respectively (Figure 10a, 12a, 14a).

5.2.3 Time to Peak

In this study, the time to peak was examined among the discrete events. As
SWAT simulates daily hydrologic response, any post-fire change in time to peak would
need to be greater than one day in order to be detected. Time to peak for the post-fire
simulation did not change compared to the pre-fire simulation, with the exception of the

27 mm (1.06 in) (Figure 11a) (Table 6). In that rainfall event, the post-fire time to peak
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occurred on the first day after the rain event while the pre-fire simulation peaked on the

second day.

A shorter post-fire time to peak could be attributed to an increase in stream flow
velocity, and a decrease in channel roughness. Flow velocity is calculated using the
product of hydraulic radius and slope, divided by the Manning roughness coefficient.
Loss of vegetation from wildfire results in a decrease in surface roughness, leading to an
increase in flow velocity (Ryan et al., 2011). Living riparian vegetation along the Alum
Creek (Figure 4) would have retained the CN, and surface roughness from pre-fire

conditions.

5.2.4 Sediment

High intensity fires late in the dry season result in large areas of exposed soil
(Townsend and Douglas, 2000). Erosion from overland flows, and channel degradation
generate high sediment yields (Friedel, 2011). The volume of sediment yield depends on
the severity of vegetation loss, the timing of the rain event during post-fire vegetation
recovery, the susceptibility of soil erosion, and slope (Gartner et al., 2008; Ouyang et al.,
2010; Wei et al., 2010). Mass wasting and debris flows become a concern for areas with
slope greater than 30% where vegetation is severely damaged by wildfire (Gartner et al.,
2008).

Sediment yield is governed by physical hydrology processes. In SWAT, the
erosion component MUSEL determines the soil erodibility factor based on particle size,
organic material, soil structure, and permeability. The MUSEL equation evaluates the soil

plant cover to determine if hydrometeors impact soil at terminal velocity. Vegetation

65



cover reduces the velocity, and therefore the impact of the rain drops. SWAT updates the
vegetative cover daily in order to account for phenological cycle. It accounts for slope,
coarse fragments, such as rocks, snow, and terracing or tillage. The MUSEL equation
calculates erosive energy from the subbasin area, runoff volume, surface runoff lag, and
peak runoff rate. Sediment transport is calculated using deposition, and degradation
processes. The two processes are driven by peak channel velocity. Stream velocity
entrains sediment, and excess power causes stream degradation.

The post-fire simulation consistently produced higher sediment yield compared to
pre-fire sediment yield. The continuous stream flow simulation experienced an increase
of 86% for the validation period. Although the percent increase was greater for the
calibration period, the validation produced a higher quantity of sediment yield. The
validation period simulation produced 445,785 metric tons of sediment, and the
calibration period produced 69,740 metric tons of sediment yield.

For the discrete rain events in the study area, the quantity of the sediment yield
increased as the magnitude of the rain event increased. The 76 mm (3 in) rain event
generated drastic increases in post fire sediment yield. The sediment yield increased from
1508 metric tons to 19,902.72 metric tons (1,220% increase) (Table 8, Figure 15b), and
the surface runoff increased by 278.58 m*/s (46% increase). Constant with the study area,
the sediment yield in subbasin 4 experienced an increase as the magnitude of the rain
events increased. When compared to the sediment yield simulated for same rain events in
the study area, the subbasin produced almost as much sediment (659.91 metric tons)
(Table 10) as the study area (660.6 metric tons) (Table 6) for the 31 mm (1.22 in) rain

event. As the magnitude of the rain events increase, we see the study area produce a
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greater difference in the quantity of sediment yield, e.g., for the 55 mm (2.15 in) rain
event the study area produced 1,090.63 metric tons (Table 7) of sediment, and subbasin 4

produced 877.37 (Table 11) metric tons of sediment.

The multimodal rain events produced substantial increases in sediment yields as
well. The multimodal event produced a 315% (5,186.69 metric tons) increase in sediment
yield, a 1% (38.85 m*/s) increase in surface runoff, and peak discharge increased from
168.4 m*/s to 169.4 m%s.

These results suggest that barren LCLU, soil type, and other physical
characteristics of the drainage area play a big role in the increase in sediment yield
compared to surface yield and stream velocity. When the surface runoff increased

substantially, there was an enormous rise in sediment yield.

5.2.5 Comparing the Calibration and the Validation Period Simulation Results

In general, the validation period experienced a greater increase in surface water
yield compared to the calibration period. However, the magnitude of the change in
sediment yield was generally more consistent with the calibration period. This could be
explained by many factors. Land cover data was acquired by Landsat 5 in 2011, and the
validation time period ranged from 1998-2004. The predictive abilities of continuous
simulations are generally expected to decrease for time periods that do not have
temporally consistent with the land cover data; particularly in watersheds that have
experienced land cover change over the duration of the SWAT simulation (Lee et al.,
2011). The portion of the continuous simulation that is temporally consistent with all of

the input data, including land cover, is generally selected for calibration in order to
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maximize calibration results, therefore the objective functions are expected to be weaker
for the validation period, and strongest for the calibration period (Lee et al., 2011).

Unfortunately, the sediment yield was not calibrated due to the lack of available data.

5.3 Limitations

In order for the SWAT model to be considered a suitable predictive tool, the
comparison of simulation and observed stream flow must meet the required objective
functions (i.e., NSE and R?). The objective function results for both the calibration and
validation periods were very strong and indicated that the pre-fire simulation can be
considered a very good predictor. However, the National Centers for Environmental
Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) weather data range
available for this study was limited to 1979-2010, which restricted the simulation time
period. The full simulation (including SWAT model warm-up time period) runs from
1990 to 2010. Because the simulation ends in 2010, the only post fire (i.e., October 2011)
data used in this analysis is the post-fire LCLU data. The pre- and post-fire LCLU data is
the only data set that differentiates the pre-and post-fire SWAT simulations. Because of
data limitations, this study did not use post-fire observed stream flow data to verify the
post-fire simulations. The results of this study should be considered a simulation exercise

to examine a range of hydrology conditions in a post-fire scenario.

The predictive abilities of the calibrated and validated continuous stream flow
simulations are considered strong (Moriasi, 2006). Discrete storm flow events were
extracted from the continuous stream flow record for analysis and to explore the

relationship between rainfall intensity and post-fire hydrologic response. For some
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calibrated discrete storm events, the simulated values do not meet the required objective
functions. Therefore, the predictive abilities of these discrete storm flow events are
questionable. Moreover, and the temporal resolution of the stream flow data are limited
to daily values, and thus there is not enough temporal granularity to refine the precise
timing of the pre- and post-fire storm flow peaks (e.g. in hours or minutes). The SWAT
model is designed for land cover management scenario analysis of long-term continuous
event simulation, making it less ideal for the simulation of single event flood routing
(Neitsch, et al., 2011). Despite the normal distribution of the discrete events, the low
sample size (with n of approximately ten) biases the t-test towards insignificance, while
the small initial measurement greatly amplifies percent difference, could explain the
unusual result of enormous percent increase (e.g., twelve-fold in sediment yield of figure

15b) that does not meet statistical significance.

The comparison of pre- and post-fire LCLU classification indicated that there
were inconsistencies in the labeling of spectral classes. For example there was a 0.7 loss
in the evergreen forest for the study area, whereas the subbasin 4 lost 58.57 square
kilometers of evergreen forest as a result of the wildfire. LCLU classification resulted in
moderate agreement for the class assignment of the LCLU type. The remote sensing
LCLU classification was conducted during the driest period recorded in Texas history,
after the landscape had endured the hottest temperatures recorded in Texas history.
Comparing the August image to the October image, barren land cover increased
throughout the study area. It is important to point out that the differences in the

hydrologic outputs are sensitive to land cover. Hence, the combined results from LCLU
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changes could be caused by the Bastrop Complex Wildfire, the extreme drought

condition of 2011, and/or LCLU classification inconsistency.

A limitation of the SWAT model is the over simplification of physical processes.
Additionally, the classification of the wildfire burn scar as barren could be an
oversimplification of the transformation that the burned LCLU experienced. It should be
noted that the burn scar is expected to recover as vegetation grows back; therefore the
hydrological conditions simulated in this study are limited to the post-fire and pre-burn

scar recovery time period.
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6. CONCLUSION

The Bastrop Complex Wildfire of September 2011 proved to be one of the most
destructive wildfire in Texas history. The wildfire consumed vegetation that endured the
hottest, and driest periods recorded in Texas history. Remote sensing land cover
classification using imagery from August and October 2011 captured the stressed

landscape, and quantified LCLU change caused by the wildfire.

The comparison of pre-fire hydrology simulation to the post-fire scenario revealed
changes in surface hydrology. The continuous simulation resulted in an increase in
surface runoff, and sediment yield. Despite the results of the unimodal rainfall events not
being statistically significant, there was a consistent trend of increasing post-fire peak
discharge that is positively related to the magnitude of the rainfall events. In contrast, the
discrete rainfall events produced a greater post-fire runoff volume, but not necessarily
positively associated with the magnitude of the rain event. These findings suggested that
other physical factors (e.g., the geographic distribution of precipitation, and ambient soil
moisture conditions) played important roles in determining the magnitude of the increase
of the surface runoff. The post-fire time to peak remained unchanged compared to the
pre-fire simulation, with the exception of one rainfall-runoff event that decreased by one
day. The post-fire sediment yield generated the greatest differences between the pre and

post-fire simulation.

The results of the hydrology simulated in this study represent a stressed and

damaged landscape. As the vegetation recovers from the drought and the wildfire, the

71



hydrology will gradually recover. The regrowth and regeneration of the Lost Pine Forest

could take decades.

6.1 Future Research Opportunities

There are many opportunities for future research. Over time there will be enough
observed data collected, via remote sensing systems and streamflow gauging, to verify
the results of this simulation; observed streamflow rainfall-runoff response from before
and after the Bastrop Complex Wildfire can be directly compared. Additional hydrologic
data can be used to examine the long-term impact of the wildfire on hydrology. Future
research could examine the effects of fire on geomorphology within the watershed, and
the role geomorphic changes have on hydrology in the watershed. As the Loblolly Pine
forest is replanted, and the vegetation within the watershed recovers over the next 30
years, science will have the opportunity to examine the relationship between the long-
term vegetation recovery and hydrology within the watershed, i.e., the ecological

resilience of the Lost Pine Forest.
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