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LARGE-SCALE SIMULATION OF THE EFFECTS OF CLIMATE CHANGE ON RUNOFF

EROSION FOLLOWING EXTREME WILDFIRE EVENTS

Abstract

by Gregory Kenneth Gould, M.S.
Washington State University
December 2013

Chair: Jennifer Adam

Across the western U.S., there is clear concern for increases in wildfire occurrence,
severity, and post-fire runoff erosion due to projected climate changes. The first objective for this
study is to advance the capability to simulate post-fire runoff erosion at scales larger than a single
hillslope to examine the relative sensitivity of erosion to wildfire and climate change. The second
objective is to advance the scientific understanding of the interactions between climate, hydrologic

processes, fire severity, and post-fire erosion.

The Variable Capacity Infiltration-Water Erosion Prediction Project (VIC-WEPP) model,
a newly-developed physically-based modeling framework combining large-scale hydrology with
hillslope-scale runoff erosion, is applied over the Salmon River Basin (SRB) in central Idaho.
Rather than implementing WEPP over all hillslopes within the SRB, a representative hillslope
approach is applied. For future scenarios, only meteorological impacts on post-fire erosion are
considered; changes in future fire occurrence or burn severity are not incorporate. The
assessment compares pre- and post-fire sediment yields from the VIC-WEPP model with a web-

based tool that uses a similar approach, Disturbed WEPP.



Nash Suitcliffe efficiency values over the SRB for VVIC modeled simulated streamflow over the
calibration (evaluation) period are 0.88 (0.83) and 0.96 (0.93) for daily and monthly time steps,
respectively. Streamflow results show an earlier shift in peak flow by one to two months for
future climate scenarios. Timing of peak flow shifted to earlier in the season by an average of 26
days for all average future streamflow fire severity conditions. The magnitude of peak flow
increased by an average of 18% immediately after each increase in simulated fire severity. For
yield change due to wildfire, individual model grid cells range from O t ha™ to 927 t ha. The
range of yield change for climate change for individual model grid cells is -227 t ha™ to 111 t ha"
! Large magnitudes of yields are mainly driven by cropland distributions and yields occur most
frequently during rainfall on snowpack conditions. Results indicate that impacts on yield change
from extreme wildfires are greater than impacts from climate change while climate change has

important potential on erosion variability.
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CHAPTER ONE

JOURNAL SUBMISSION

The following chapters will form the majority of an article, which will include my
committee members as co-authors, submitted to an open source journal titled Hydrology and
Earth System Sciences (HESS). This journal encourages innovative research focusing on what
roles water, ecosystems, and humanity have on earth. Submitted journals are peer-reviewed

through a discussion journal before revision and final acceptance.

Acknowledgment is required to Jennifer Adam and Mike Barber for their contribution in
writing much of Chapter Two as well as parts of the overviews for the modeling framework and

models in Chapter Three.



CHAPTER TWO
INTRODUCTION

2.1 Overview and Objectives

Increasing greenhouse gas concentrations have perturbed the radiative balance of the
earth-atmosphere system and led to human-induced global climate change (IPCC 2007). There is
strong scientific evidence indicating that climate change is expected to increase the frequency,
duration, and intensity of extreme temperature and precipitation events and thus negatively
impacting associated heat wave, drought, flood, and wildfire phenomena (CCSP 2008). In the
western U.S., there is clear concern for increases in wildfire occurrence and severity due to
projected climate changes. For example, the spatial coverage of wildfires in central Idaho during
2001-2010 was 14 times larger compared to the wildfires from 1971-1980 (USACE 2012).
Erosion and excess sediment is an important process that affects ecosystems and waterways by
adversely impacting aquatic life, navigation, reservoir sedimentation and flood storage, drinking
water supply, and aesthetics (Espinosa et al. 1997; Wood and Armitage 1997; Owens et al. 2005;
Robertson et al. 2007). The impacts of climate change are expected to increase erosion through
disturbances (such as wildfire) developed from changes in temperature and hydrology (Goode et

al. 2012).

The overall goal of this study was to quantify the relative roles of (and interactions between)
climate change and extreme wildfires in sediment generation due to runoff erosion at larger scales
across the PNW. The first objective was to advance the capability to simulate post-fire runoff erosion
at scales larger than a single hillslope to examine the relative sensitivity of erosion to wildfire
and climate change. This objective was met by implementing and parameterizing a modeling

framework that combines models for hillslope-scale erosion (using a representative hillslope
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approach) with large-scale hydrology. As a proof of concept for large-scale post-fire erosion
modeling, this model was implemented over a large watershed in central Idaho that has been relatively
undisturbed by human activities. Following calibration and evaluation, this modeling framework
was used to simulate future scenarios to examine the relative sensitivity of SRB erosion rates to
wildfire and climate change. The second specific objective for this study was to advance the scientific
understanding of the interactions between climate, hydrologic processes, fire severities, and post-fire
erosion. These interactions vary across land surface conditions such as vegetation, elevation, slope, and

fire burn severity.

2.2 Background

2.2.1 Wildfire Effects on Erosion

Runoff-induced erosion is important because excess sediment in streams continues to be
a concern for resource managers across the United States. Statistics compiled by the U.S.
Environmental Protection Agency (EPA) in 1996 and 1998 indicated that 24% of surface water
impairment involved sediments, suspended solids, or turbidity (McCutcheon and Pendergast
1999). Uncontaminated suspended and embedded sediments were identified in 15% of 303(d)

listed water (Schubauer-Berigan et al. 2005).

The connection between forest fires and erosion has long been established. For example,
degradation of water quality occurs in post-fire periods due runoff water erosion of bare soils
(Reneau et al. 2010). Also, infiltration rates often are reduced by 50% or more as a result of
wildfires (Robichaud 2000; Moody and Martin 2001) leading to increases in overland flow rates.
Soils can be directly affected by fire, making them water repellent (Doerr et al. 2006) or reducing

their aggregate size (DeBano et al. 2005) and thereby making soils more erodible. Further, the



burning of surface cover results in a loss of protection to soil surface (Benavides-Solorio and
MacDonald 2005; Larsen et al. 2009) and leads to greater erosion rates after high severity fires
(Connaughton 1935; Benavides-Solorio and MacDonald 2001; Moody and Martin 2001; Holden
et al. 2006; Moody and Martin 2009; Robichaud et al. 2010). Comparing burned to non-burned
areas, Johansen et al. (2001) found up to 25 times the erosion rate for burned areas. Fire in a 564-
ha forested catchment in central Washington produced dramatically increased sediment volumes
due to flow rates, increased overland flow caused by reduced infiltration capacity, and mass soil

movement (Helvey 1980).

Widespread erosion was reported due to the 1988 Yellowstone fires (Minshall and Brock
1991) and a wildfire in southern Oregon produced 2 to 4 cm of surface soil erosion from steep
slopes in a single, intense winter storm (Amaranthus and Trappe 1993). Inbar et al. (1998) used
field plots of burnt and undisturbed forests and found sediment yield to be 100,000 times higher
in burnt areas the first rainfall season after the fire. This decreased by two orders of magnitude
during the second season due to rapid re-vegetation of the area. The increased sediment supply to
stream channels often lasts for decades after fires occur (Benda et al. 2003; Moody and Martin
2009). In the Pacific Northwest (PNW), Teasdale and Barber (2008) and other researchers found
that forest wildfires likely provide a large percent of the coarser sands that settle in navigation
channels and in reservoirs (Elliot et al. 2010; Boll et al. 2011). A recent study on the effects of
climate change and wildfire on erosion in central Idaho has suggested that sediment yields could

potentially increase by ten-fold from observed long-term rates (Goode et al. 2012).



2.2.2 Modeling Erosion

As demonstrated in Section 2.2.1, the effects of wildfire on erosion have been studied and
documented for many decades. Likewise, efforts in modeling erosion have resulted in many tools
and techniques, both empirically and process-based, that estimate erosion. Beginning in the
1950s, the universal soil loss equation (USLE; Wischmeier and Smith 1978), provided a
powerful, empirical tool to estimate erosion (Renard et al. 1991). The USLE computes soil loss by
multiplying a series of factors that describe the climate, soil erosivity, topography, land use, and
land management (Wischmeier and Smith 1978). Developed initially for farm planning and
cropland, the USLE was applied to specific field plots to estimate average annual soil loss. The
following decades yielded many updates to the USLE, including the revised universal soil loss
equation (RUSLE; Renard et al. 1991), the modified USLE (MUSLE; Williams and Berndt 1977),
and RUSLE2 (Lown et al. 2000; Foster et al. 2000). The RUSLE includes updates to each factor based
on widespread review and analysis of data from the USLE. The MUSLE uses runoff as the main driver
for erosion instead of rainfall. The RUSLE2 model is updated through removal of the requirement for

most factors to be applied on average annual basis.

However, these empirical tools are limited when applied to different conditions than for
those under which they were developed (Laflen et al. 1991). Thus the need of a more
comprehensive and mechanistic erosion model became apparent. Four federal agencies striving
to create a new erosion model began work on the Water Erosion Prediction Project (WEPP)
model (Laflen et al. 1991). WEPP is a process-based model that includes detachment, transport,
and deposition processes (Laflen et al. 1991). This model was the foundation for the erosion

calculations in this study.



2.2.3 Study Domain

As mentioned in Section 2.1, the overall goal was to develop the capacity to perform
mechanistic erosion simulations over the entire PNW. Within the PNW, the Salmon River basin
(SRB) was selected as the study domain. The SRB is largely un-impacted by human uses as compared
to the other basins within the PNW. As demonstrated by Figure 1, the basin is primarily forested with
some grassland, but with very little cropland or urban areas. The elevation in the SRB ranges from 304-
3,713 m. It is one of the largest undeveloped watersheds in the U.S. (~36,000 km?) with 27% of the
basin federally protected and nearly 90% owned by the Bureau of Land Management (BLM) and the

U.S. Forest Service (USFS) (Tetra Tech 2006).

I Woody savannas
[ crasslands ‘ .
\ - Croplands E‘,& . - USGS stream gauge Py 27t3 meters

NCDC met station -' .
meters

Elevation

Figure 1. Salmon River basin map showing calibration basins in purple (with basin number reference),
elevation, land cover, National Climate Data Center (NCDC) stations, and test area (shaded).

The sediment contributions from the SRB play an important role with respect to flood
control, irrigation, infrastructure, and navigation in the Lower Snake River (LSR). For example,
a recent Environmental Impact Statement (EIS) by the U.S. Army Corps of Engineers (USACE)
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stated that accumulation of sediment could obstruct the function of Lower Granite Project levees
(first downstream dam from the SRB) which provides flood protection for the cities of Lewiston
and Clarkston (USACE 2012). Suspended sediment measurements from 2008-2011 showed that
53.5% of the total sediment (65.2% of the total sand) entering the Lower Granite Reservoir was
generated within the SRB (USACE 2012). A previous report by the USACE stated that 69% of
the total sediment contributing to Lower Granite Reservoir originates in the SRB (USACE
2011a) although the SRB only comprises 43% of the LSR basin area. Elliot et al. (2010) stated
that the greatest amount of erosion comes from areas affected by wildfire in forested areas. This
is significant for the SRB because the majority of the basin is forest and climate change could
potentially increase wildfire frequency and severity in forested areas, but the factors driving the
interactions between climate change and wildfire are complex (Westerling et al. 2006). The
primary source of sediment yield from the SRB comes from disturbed areas, such as forest fires

and roads (Goode et al. 2012), with yields ranging from 1 t ha™ to 17.5 t ha™* (Elliot et al. 2010).

Two other modeling studies were performed by Tang et al. (2012) and Sridhar et al.
(2012), both of which involved application of the VIC model to examine the sensitivity of SRB
streamflow to potential changes in climate. Tang et al. (2012) found that the daily streamflow
center of timing shifted to earlier in the season with increased air temperatures of 3 °C. Sridhar et
al. (2012) found that basin runoff could decrease by 3% as well as shift in peak flow by 10 days
from earlier snowmelts. Kunkel and Pierce (2010) reconstructed snowmelt events in the SRB to
improve the understanding of climate change on snowmelt-dominated basins. The authors show
that recent decades (1985-2007) have earlier reconstructed snowmelt timings compared to
previous decades (1940-1980) which they predicted correlates with increases in wildfires. Our

study is unigque from these other studies in that we considered the relative and interacting effects



of climate change and extreme wildfire events on runoff erosion through large-scale, physically-

based model simulations.

Due to the plethora of natural resources in the SRB, parts of the basin have seen
significant disturbances such as timber harvesting, grazing, mining, and cropping.
Approximately 40% of the Federal land is managed for timber harvest and rangeland. Although
these activities have been occurring since the mid-1800s, timber harvest has seen large declines
in some areas, mining operations have seen widespread decline, and cropping and grazing
activities have seen little change in the last 30 years (Tetra Tech 2006). While timber harvest has
disappeared in some areas, the roads from these past activities continue to be a source of
sediment in the SRB (Tetra Tech 2006). Although these disturbances are important sources of
sediment, the unmanaged lands in the SRB are also susceptible to erosion through natural
disturbances, particularly wildfire. During the years of 1971-1980, wildfire affected
approximately 500 km? in the SRB as compared to 7,200 km? during the time period of 2001-

2010 (USACE 2012).



CHAPTER THREE

METHODS

3.1 Overview of the Modeling Framework

Mao et al. (2010) have recently coupled the Variable Infiltration Capacity (VIC) model to the
WEPP-Hillslope Erosion (WEPP-HE) program (Flanagan et al. 2005). WEPP-HE is a stand-alone
process-based erosion model that has been extracted from the full WEPP model. There are four groups
of information passed to WEPP-HE for simulating runoff erosion at the hillslope scale. First, for each
VIC model grid cell, the VIC model passes hydrologic information (runoff depth, peak runoff rate,
effective runoff duration, and effective rainfall intensity and duration) to WEPP-HE. Second,
downscaled slopes representative hillslopes are randomly selected from each slope gradient and
vegetation classification group within a VIC model grid cell. Third, soil information required beyond
that needed for VIC modeling includes baseline erodibility, soil particle size classes, size class specific
gravity, and organic matter content (Mao et al., 2010). Fourth, erodibility adjustments (due to ground
cover, canopy effects, live and dead root biomass, and residue) are handled in the coupled model using
a variety of relationships that were developed by Mao et al. (2010). These groups of information are

discussed in Section 3.1.3.

3.1.1 Variable Infiltration Capacity (VIC) model

The VIC model version 4.1.1 is a fully-distributed, physically-based regional-scale model
which solves the water and energy budgets at every time step (from 1-24 hours) and for every grid cell
(Liang et al. 1994). It is developed for large-scale applications (1/16 - 2°), in which sub-grid variability
in land cover, topography, and saturated extent is based on statistical relationships. The VIC model

accounts for key moisture and energy fluxes between the land surface and the atmosphere and includes



algorithms for shallow subsurface (frozen and unfrozen) moisture, snow, lake, and wetland dynamics
(Cherkauer and Lettenmaier 1999; Andreadis et al. 2009; Bowling and Lettenmaier 2010). The VIC
model has been applied over all continental land areas, and has been used extensively over the western
U.S. (e.g., Hamlet and Lettenmaier 1999; Maurer et al. 2002; Elsner et al. 2010; Hamlet et al. 2012) as

well as the SRB (Tang et al. 2012; Sridhar et al. 2012).

3.1.2 Water Erosion Prediction Project (WEPP) model

The processes represented in WEPP include those for erosion, hydrology, hydraulics,
plant growth and residue, water use, and soils (Laflen et al. 1991). The erosion processes in
WEPP include detachment (interrill and rill), transport, and deposition. Interrill erosion is the
process of raindrops and shallow flows detaching soil particles whereas rill erosion occurs when
deeper flowing water detaches soil particles, thus forming rills and gullies. For this study, we
excluded channel routing, although WEPP does have this capability. The scale of application for
WEPRP is typically in the range of a hillslope (tens of meters) to a small watershed (hundreds of

meters) (Flanagan and Nearing 1995).

3.1.3 Coupling the VIC model and WEPP-HE

We follow the procedures outlined by Mao et al. (2010) to perform rainfall
disaggregation, hydrologic input calculation, spatial downscaling of the slope profile, soil
characteristic determinations, erodibility adjustment, and hillslope erosion and slope sampling.
Each of these procedures is briefly described in Sections 3.1.3.1 — 3.1.3.6. Our contribution to
these procedures was for post-fire adjustments within the modeling framework and is presented

in Section 3.1.3.7.
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3.1.3.1 Rainfall disaggregation

Fine temporal resolution precipitation data to simulate soil erosion are important to
reduce the amount of uncertainty in predicting soil loss (Kandel et al. 2004). As most available
precipitation data exist on daily time scales, a process was used to disaggregate precipitation data
from daily to hourly time scales (Mao et al. 2010). Using monthly precipitation statistics from
the National Soil Erosion Research Laboratory (NSERL), rainfall duration, relative time to peak,
and relative peak rainfall intensity were produced using CLIGEN, a stochastic weather generator,
while maintaining daily precipitation totals (Zhang and Garbrecht 2003; Nicks et al. 1995, Mao et
al. 2010). Finally, a WEPP model subroutine called DISAG was used to disaggregate daily
precipitation into hourly following a double exponential function while conserving total daily

precipitation amounts (Flanagan et al. 1987).

3.1.3.2 Hydrologic Input Calculations

The disaggregated hourly precipitation data were used as the time-variant input to the
VIC model (with daily data of maximum and minimum temperature and average wind speed),
which was simulated in full water balance mode at hourly time-steps to generate hourly runoff
amounts for each grid cell. These meteorological and runoff data were used to generate the
following five hydrologic parameters needed for driving WEPP-HE: total runoff depth, peak
runoff rate, effective runoff duration, effective rainfall intensity, and the effective rainfall
duration. Mao et al. (2010) found that the VIC model predicted more frequent small runoff
events that greatly overestimated erosion as compared to the full WEPP model. The small runoff
events were related to the VIC model’s use of the variable infiltration curve to represent

infiltration variability over large spatial areas. By design, the curve assumed that there was
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always at least a small fraction of a grid cell that would produce runoff, thus theoretically
representing direct rainfall on rivers, wetlands and low lying saturated areas (Mao et al. 2010).
These areas do not typically contribute significantly to erosion, so it was determined that erosion
estimation should only be calculated when the effective saturation area of the grid cell based on
the variable infiltration curve exceeded a minimum threshold (Mao et al. 2010). Based on
comparisons to the full version of WEPP, the saturated area threshold was set to 7.5%, so VIC
model output was not passed to the WEPP-HE program for soil loss calculations unless the

saturation area was greater than that value (Mao et al. 2010).

3.1.3.3 Spatial Downscaling of the Slope Profile

Due to the discrepancy in spatial scales between the VIC model (~5-15 km) and WEPP-
HE (~10-100 m), a process was used to downscale digital elevation model (DEM) data to 30 m
slopes. Although 30 m DEM data were available for the Mao et al. (2010) study, the authors
selected 30 arc second (approximately 1 km) DEM data because they are available globally, easy
to manage on large-scales, and commonly used to set up large-scale models, such as the VIC
model. Similarly, coarse DEM data were used to determine 30 m rescaled slopes. Mao et al.
(2010) applied the VIC-WEPP model at a 1/8° scale and used 30 arc second DEM data, which
resulted in 225 elevation pixels within each VIC model grid cell. For this study, the VIC model
was applied at a 1/16° resolution and used a 15 arc second (approximately 500 m) DEM. The
DEM data were downscaled using a monofractal scaling method to derive 30 m slopes (Bowling

et al. 2004).

12



3.1.3.4 Soil Characteristics

Soil parameters included in the VIC model were based on the State Soil Geographic Data
Base (STATSGO) and were gridded to 1/16° resolution with three soil layers. Although soil
properties changed from cell to cell, soil properties were constant in each model grid cell. The
additional soil inputs required to simulate the WEPP-HE program included baseline erodibility
and specific gravity, fraction of sediment, diameter, and fractions of sand, silt, clay, and organic matter
in each soil particle size class (Mao et al., 2010). We estimated three baseline erodibility factors for use
in WEPP-HE: (1) interrill erodibility which measured the soil rate transfer to rills, (2) rill erodibility
which described how vulnerable soil was to detachment by rill flow, and (3) critical shear stress
that determined the shear stress at which no erosion occurs (Mao et al. 2010; Elliot et al. 1989;
Flanagan and Nearing 1995). After including organic matter in the VIC model soil database, size
distributions, fractions, and specific gravities were calculated using a WEPP subroutine (Mao et

al. 2010).

3.1.3.5 Erodibility Adjustments

The baseline erodibility factors described in Section 3.1.3.4 were adjusted to account for
ground cover, canopy effects, and root biomass which impact the force required to detach soil
(Mao et al. 2010). The WEPP-HE erosion model did not include the erodibility adjustment
subroutines required to calculate the erodibility adjustments needed as inputs to WEPP-HE, thus
Mao et al. (2010) included a subroutine in the VIC-WEPP model process which performs these
adjustments. To do this, Mao et al. (2010) developed an interpolation scheme by running the full
WEPP model with varying vegetation types to identify seasonal values of erodibility factors for

ranges of rainfall amounts and slope gradients. The authors incorporated these seasonal values
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for each vegetation type by interpolating between the coupled model’s rainfall, slope, and day of

year to determine unique erodibility adjustments based on results from the full WEPP model.

3.1.3.6 Hillslope Erosion and Slope Sampling

A sampling scheme based on Park and Van de Giesen (2004) and Thompson et al. (2006) was
used to select representative hillslopes within a VIC model grid cell, which reduced computation time
but minimized sampling errors (Mao et al. 2010). First, the distribution of representative hillslopes
from the downscaled 15 arc second DEM was grouped into similar slope ranges (Table 1).
Hillslopes were sampled randomly from each slope range but proportionally based on the
number of slopes in each range and the total number of slopes. Each slope range was divided
further into different vegetation types according to the fractional area of vegetation in each slope
range. This process reduced the number of times WEPP-HE was to be simulated while
representing the heterogeneity in slope and vegetation across hillslopes within each VIC model
grid cell. Total erosion for each VIC model grid cell was calculated as the sum of the sediment
yield from all vegetation and slope groups multiplied by the fractional area of each within the
hillslope (for vegetation) and the VIC model grid cell (for slope). Table 1 shows the slope
ranges, the number of sampled slopes in each range, the percent of slopes in each range
compared to the total number of sampled slopes (166,156), and the average slope in each slope

range for the entire SRB.
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Table 1. Summary of slope ranges, number of sampled hillslopes for each slope range,
percentage of sampled hillslopes to total sampled hillslopes, and the average slope in each slope
range in the SRB.

Percentage of sampled

Number of sampled . Average
. . hillslopes to total .
Slope range, S (%) hillslopes in slope i . Slope in slope
range sampled hillslopes in range (%)
g the SRB (%) g
<20 37,685 22.7 11.7
20<=S<36 46,140 27.8 28.1
36<=S<52 37,257 22.4 43.5
52<=S<70 24,824 14.9 60.0
S>=70 20,250 12.2 89.7

3.1.3.7 Post-fire Adjustments

To account for vegetation, soil, and erodibility changes induced by wildfire, adjustment
factors for five parameters were calculated: leaf area index (LAI), saturated hydrologic
conductivity (Kc), interrill erodibility (Ki), rill erodibility (Kr), and critical shear stress (tc). These
five parameters were selected because they were documented as key factors affecting erosion
(Parson et al. 2010; Robichaud 2000; Robichaud et al. 2007). LAI adjustment factors for low,
moderate, and high fire severity conditions were taken from photographs in Parson et al. (2010).
The LAI factor was implemented in the VIC model source code where the vegetation parameters
were read (read_vegparam.c). Kc factors for low and high fire severities were developed from
Robichaud (2000) with the moderate condition being the average of the low and high fire
conditions. These adjustments were implemented in the soil parameter input file for the first soil

layer.

The remaining three parameters were adjusted based on WEPP soil database values

(Frankenberger et al. 2011) and pre- and post-fire values from Robichaud et al. (2007) for forest
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land cover type only because the majority of the SRB is forested. Four soil textures were
available in the two sources which included sandy loam, silt loam, clay loam, and loam. From
the soil parameter input file, the average VIC model grid cell was composed of 50% sand, 44%
silt, and 6% clay. Frankenberger et al. (2011) and Robichaud et al. (2007) specified the soil
content for the sandy loam condition as 55% sand, 35% silt, and 10% clay. This condition was
the closest composition as compared to that of the average VIC model grid cell and so was
selected over the three other soil textures available. Table 2 provides the values for no, low, and
high fire severity conditions for Ki, Kr, and tc parameters from Frankenberger et al. (2011) and
Robichaud et al. (2007) for the forest sandy loam condition. After averaging the two sources, the
adjustment factor was calculated as the quotient of the post- and pre-fire parameter values. For
example, the Ki high fire adjustment factor of 2.250 was calculated by dividing 900,000 kg s m™
(high fire value) by 400,000 kg s m™ (no fire value). The moderate fire values were calculated as
the average of the low and high conditions. As shown in Table 2, the tc parameter does not
change with low and high fire conditions which implies Frankenberger et al. (2011) and
Robichaud et al. (2007) did not find tc to change with post-fire, forest conditions. For this study,
tc was not included in post-fire adjustments. The Ki and Kr post-fire adjustment factors were
applied in the soil adjustment code (adjust_new.f). A summary of the post-fire adjustment factors

is listed in Table 3.
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Table 2. Initial values for Ki, Kr, and tc for the forest land cover type and sandy loam soil
texture. The average parameter value from Frankenberger et al. (2011) and Robichaud et al.
(2007) is also provided and is used to calculate the adjustment factors in Table 3.

) ) Forest Sandy Loam Soil Texture Average of two
Parameter (units) Severity -
Elliot and Hall 2010) Frankenberger et al. (2011) sources
nofire 400000 400000 400000
Ki (kgs m™) low 400000 1000000 700000
high 400000 1400000 900000
nofire 0.00050 0.00003 0.00027
Kr (s mt) low 0.00060 0.00040 0.00050
high 0.00070 0.00050 0.00060
nofire 1 2 1.5
tc (N m'z) IOW 1 2 15
high 1 2 1.5

Table 3. Adjustment factors (which were used to rescale the pre-fire parameter values) for key
post-fire erosion parameters for no, low, moderate, and high fire severity conditions as
implemented in the VIC-WEPP model.

Adjustment factors
Parameter - - - ——
No Fire Low Fire  Moderate Fire  High Fire

LAl 1.000 0.600 0.250 0.050
Kc 1.000 0.900 0.775 0.650

Ki 1.000 1.750 2.000 2.250

Kr 1.000 1.887 2.075 2.264

tc 1.000 1.000 1.000 1.000
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3.2 Model Calibration and Evaluation

The VIC model was simulated on an hourly time step and aggregated to a daily time step prior
to a streamflow routing process (Route 1.0; Lohmann et al. 1996; Lohmann et al. 1998). The resulting
hydrographs were compared to U.S. Geologic Survey (USGS) stream gauges at four locations within
the SRB. Table 4 provides the basin reference number from Figure 1, the USGS station name, and time
periods for calibration and evaluation. Parameters from the soil input file (variable infiltration curve
parameter, b;; maximum velocity of baseflow, Dsmax (mm day™); fraction of maximum velocity of
baseflow where non-linear baseflow begins, Ds; fraction of maximum soil moisture where non-linear
baseflow occurs, Ws; second soil layer, D, (m); third soil layer, D3 (m); and snow surface roughness,
Snow_rough (m)) were adjusted according to the VIC model technical documentation with D,
(maximum value increased to 5.5 m from 1.5 m) and Snow_rough (maximum value increased to 0.6 m
from 0.2 m) parameters’ ranges expanded to match the shape of the hydrographs (Gao et al. 2010).
Table 5 shows the initial ranges of the calibration parameters from Gao et al. (2010) and the values

used in this study.

Table 4. USGS station names and time periods for each basin for calibration and evaluation.

. . Period of Calibration Period of Evalution
Basin Station Name
(mmm yyyy - mmm yyyy)
SALMON RIVER AT
1 WHITE BIRD ID Jan 1979 - Dec 1994 Jan 1995 - Dec 2010
SALMON RIVER AT
2 SALMON ID Jan 1979 - Dec 1994 Jan 1995 - Dec 2010
3 MF SALMON RIVER AT Oct 1993 - Mar 2002 Apr 2002 - Sep 2010

MOUTH NR SHOUP ID

LITTLE SALMON RIVER
4 AT RIGGINS ID Jan 1979 - Dec 1994 Jan 1995 - Dec 2010
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Initial incoming shortwave radiation was empirically estimated in the VIC model so was
available for adjustment and were used to adjust the timing of peak flow for simulated flows. Incoming
shortwave radiation was adjusted by fractions after it was calculated (initialize_atmos.c). In a study in
Colorado, VIC model simulated streamflow was calibrated and evaluated with success using incoming
radiation as well as other parameters (Barsugli et al. 2012). Solar radiation and the amount of radiation
reflected from the snow surface are key factors for influencing the timing of snowmelt (Barsugli et al.

2012).

Table 5. Ranges for calibration parameters used in the VIC model calibration with final calibration
values for all basins.

Range of Initial Values

Parameter from Gao et al. (2010) Range of Values Used Basin1 Basin2 Basin 3 Basin 4
b; 0.00001 - 0.4 0.00001 - 0.4 Initial Initial Initial 0.4
Dsmax (mm day™) 0.00001 - 30 0.00001 - 30 Initial  Initial ~Initial  Initial
Ds 0.00001 — 1 0.00001 — 1 Initial Initial  Initial  Initial
Ws 0.00001 —1 0.00001 —1 Initial  Initial Initial  Initial
D, (m) 0.1-1.5 0.1-5.5 Initial 5.5 1.5 Initial
D3 (M) 0.1-1.5 0.1-1.5 Initial Initial 1.5 1.5
Snow_rough (m) 0.005-0.2 0.005-0.6 Intial 0.15 06 0.11
Incoming shortwave
radiation None 0.7-1.3 1.0 0.2 0.2 0.5
(adjustment factor)

Each basin was calibrated separately and Table 5 shows the ranges of the individual basin
values for parameters calibrated. The parameters with an “Initial”” value represent parameters that were
not calibrated in this study and follow the default values of Hamlet et al. (2012) as discussed in Section
3.4. A value of 1.0 for incoming shortwave radiation represents basins that did not use this parameter in
calibration. Since the three smaller basins were included in Basin Oneg, they were calibrated first which

allowed Basin One to be calibrated using the final hydrographs of the smaller basins. For this study, the
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initial parameters for Basin One provided sufficient hydrographs so no calibration was necessary for
Basin One. Basin Two used a D, value of 5.5 m, a Snow_rough value of 0.15, and an adjustment factor
of 0.2 for incoming shortwave radiation. Basin Three used a D, and D3 value of 1.5 m, a Snow_rough
value of 0.6, and an adjustment factor of 0.2 for incoming shortwave radiation. Last, Basin Four used a
bi value of 0.4, a D3 value of 1.5 m, a Snow_rough value of 0.11, and an adjustment factor of 0.5 for
incoming shortwave radiation. Although recent timber harvest and wildfire disturbances have occurred
in the SRB (discussed in Section 2.2.3), these disturbances were not accounted for in calibration and

evaluation with the simulated historical streamflow using the no fire condition.

Along with matching the shape of the average monthly hydrograph, the Nash-Sutcliffe
efficiency (E) (see Equation 1) metric was used to compare the USGS observed and simulated
flows (calculated for both daily and monthly time-scales) flows. For each basin, the observed
streamflow period of observations was divided into two time periods in which the first half is
used for model calibration and the second half for model evaluation (Table 4). For a perfect
model, E would have a value of one; if E was less than zero, the observed mean was a better

predictor of streamflow than the model. Equation 1 shows the calculation of E where O; is the

observed flow at time i, P; is the simulated flow at time i, and O is the observed mean flow.
Moriasi et al. (2007) performed a review of models using E as the model performance metric and

reported typical values of E greater than 0.60 for daily time-steps.

L (0;-P))?

E == 1 - — 2
?:1(01'_0)

1)

For the evaluation period, the following additional metrics were calculated: a daily peak

flow (PK) metric, averaged yearly relative bias (RB), and daily and monthly root-mean-square
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error (RMSE). The peak flow metric was an extreme event creating metric developed by
Coulibaly et al. (2001) and applied in this study to check the simulated peak events. A perfect
model would result in a peak flow metric of zero. The authors stated that typical values range
from 0.1 to 0.15 for a well predicting model. The peak metric was calculated as shown in
Equation 2 where nj is the number of peak flows greater than one-third of the observed mean
peak flow, Qpi is the daily observed flow, and Qpi is the daily simulated flow (Coulibaly et al.
2001). The authors stated that the PK metric captures extreme events more effectively than the E

and RMSE metrics.

1
1P (Qpi=0pi)” (0p0)*]*
PK:[ Lep pzf] @)
(Zifl(Qpi) )2
I (Pi—0;)/(0;)
RB === > @3)
Mmep._0n.)2
RMSE — \/zm(jl 07) "

Equation 3 shows the calculation to determine RB on a yearly time step where ny is the
number of years, P; is the average annual simulated flow, and O; is the average annual observed
flow. The RMSE was calculated as shown in Equation 4 where n, is the number of months or

days, Pj is the simulated flow, and O; is the observed flow.

Along with streamflow evaluation, the VIC-WEPP model output was compared to short-
and long-term sediment yields from seven locations (32 locations total in Idaho) that fall within the
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VIC-WEPP model boundary of the SRB (Kirchner et al. 2001). Kirchner et al. (2001) compiled
observed (short-term; record lengths of 10-28 years) sediment yield results from measurements of
trapped sediment behind small dams and calculated from daily measurements of streamflow. The
authors also measured long-term (time-scales of 6,300-26,000 years) erosion rates from concentrations
of cosmogenic radionuclides that determined when sediment was eroded (Kirchner et al. 2001). Since
slope and land cover type were not specified for the specific location of samples in Kirchner et al.
(2001), the VIC-WEPP model sediment yields that were compared were from the model grid cell that
the Kirchner et al. (2001) locations fell within. Although the spatial scales of the model grid cell and the
point locations from Kirchner et al. (2001) were different and only seven locations are available in the
SRB from the authors, an evaluation provided the general order of magnitude difference between the

VIC-WEPP model and observed short-term yields as well as predicted long-term yields.
3.3 Model Inter-comparison

A model inter-comparison was performed between the VIC-WEPP model and Disturbed
WEPP to explore the extent to which the models agree, including determining whether or not the
models predicted values within one to two orders of magnitude of each other, which would be
consistent with other studies. For example, a study from the International Geosphere-Biosphere

Programme-Global Change and Terrestrial Ecosystems (IGBP-GCTE) Soil Erosion Network

compared four erosion models (including WEPP) which showed simulated soil loss rates within
one order of magnitude of observed rates (Jetten 1999). Spigel and Robichaud (2007) showed
simulated erosion rates from individual hillslopes within two orders of magnitude of observed
rates for hillslopes less than 1 t ha™ and within one order of magnitude for hillslopes greater than
1 tha™. When hillslope rates were averaged over a large area, all rates were within one order of
magnitude (Spigel and Robichaud 2007).
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Disturbed WEPP is one of the many online suites of the WEPP model developed by the
USFS to allow for easy user use (Elliot and Hall 2010). Users are able to select parameters to
produce average annual yields from one hillslope. Using historical climate statistics and the
CLIGEN weather generator, daily climate is generated which is then used to estimate erosion.
The online user interface is simple and allows the user 15 inputs to select from making this

model advantageous for simple applications while maintaining quality in the results.

3.3.1 Hillslope Comparison

Disturbed WEPP uses climate, soil texture, topography, vegetation type, and ground
cover percent to simulate average annual yields from hillslopes and is designed for forests,
rangelands, wildfires, and conditions with little disturbance such as no-till agriculture (Elliot and
Hall 2010). For this study, a spreadsheet-based, batch version of Disturbed WEPP was used
which enabled multiple hillslopes to be simulated in series which reduces computational time as
compared to the single, hillslope version. From the VIC-WEPP model setup, ten grid cells
(located in the western half of the SRB) were selected from within the study domain. Each grid
cell ranged from 96 to 199 sampled hillslopes and all hillslopes were overlaid with no fire and
high fire severity conditions resulting in two scenarios for each model. Low and moderate burn
severities were not considered in the model comparison because Disturbed WEPP did not have

treatment types for these two conditions.

The same climate, slope, and soil texture as well as similar vegetation type and percent
cover data were used in both models. Table 6 compares the main model components for each
model. The climate data used in Disturbed WEPP come from the rainfall disaggregation process

(see Section 3.1.3.1). The daily storm patterns calculated from CLIGEN are the same for both
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the VIC-WEPP model and Disturbed WEPP applications but how the sub-daily inputs were
produced and used varies for each model. In the VIC-WEPP model application, the daily storm
patterns were processed into hourly rainfall amounts and used in the VIC model hourly
simulations. For Disturbed WEPP, the daily input was processed into break point rainfall
amounts which define a curve representing the sub-daily rainfall distribution based on intensity
rather than time. The sub-daily rainfall amounts were then processed differently by each model

to produce runoff which was the main driver in erosion.

Table 6. Comparison of key components of the VIC-WEPP model and Disturbed WEPP.

Key Model Component VIC-WEPP Disturbed WEPP

Daily data for date, precipitation, precipitation duration, ratio of time to rainfall
peak and duration, ratio of maximum rainfall intensity to average rainfall
intensity, maximum temperature, minimum temperature, solar radiation, wind
velocity, wind direction, and dew point temperature

Climate Input

Has four options: clay loam, silt loam,

Soil Texture Input Uses fractions of clay, silt, and sand
sandy loam, or loam.

Mature forest, Thin or young forest,
Shrubs, Good grass, Poor grass, Low
severity fire, High severity fire, Skid trail

Treatment/Vegetation ~ Forest, wooded grassland, prairie,
Type or Land Cover cropland, and bare soil

Subroutines based off of full WEPP

e . . . Uses full WEPP routines to calcualte
Erodibility Adjustments  code with seasonal adjustments by

adjustments
Mao et al. (2010) )
) ) Slope, slope length
Physical Properties o o
Width is 3.7 meters Width is 100 meters
Post-processing Output Average annual sediment yield normalized by area
WEPP Version v2004.7 v2010.1

Slope and horizontal hillslope length (default value in the VIC-WEPP model is 22.3 m)
were the same for both models. Slope length (calculated from the slope and horizontal hillslope

length) was the same for the two models. Although the default width in the VIC-WEPP model is
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3.7 m and 100 m in Disturbed WEPP, the post-processing of the output for both models
normalized the mass yielded by area. Soil textures in Disturbed WEPP could be clay loam, silt
loam, sandy loam, or loam and were determined from the VIC-WEPP model (see Section
3.1.3.4) as the largest fraction of clay, silt, and sand (Mao et al. 2010). The vegetation types in
the two models were different and are shown in Table 6. The percent cover describes the fraction
of soil that had ground cover vegetation. In Disturbed WEPP, rock fragments in the soil altered
the flow of water and reduced the hydraulic conductivity (i.e. a 30% rock input reduced
hydraulic conductivity by 30%). Default values for % cover and % rock were changed to better
describe site-specific conditions as recommended in Disturbed WEPP documentation (Elliot and
Hall 2010). Table 7 shows estimations of % cover and % rock for all Disturbed WEPP

vegetation to describe the corresponding VIC-WEPP model vegetation type.

Table 7. Vegetation, percent cover, and percent rock inputs used in Disturbed WEPP to represent
standard land use types from the VIC-WEPP model.

VIC-WEPP Disturbed WEPP Disturbed WEPP Disturbed WEPP

Vegetation Vegetation % Cover % Rock
Forest 5 Year Old Forest 100 20
Wooded Grassland Tall Grass 80 20
Prairie Short Grass 50 20
Cropland Tall Grass 40 20
Any type High Severity Fire 1 40

The versions of WEPP in each model were different as the VIC-WEPP model used
v2004.7 and as Disturbed WEPP used v2010.1. According to the U.S. Department of Agriculture
(USDA) NSERL release notes from updated versions of WEPP, there were two additional

versions between the two listed above; v2006.5 and 2008.907 (USDA 2012). The major changes
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that occurred in WEPP between v2004.7 and v2010.1 that may affect results between the two

models are shown is Table 8 (USDA 2012).

Table 8. List of major changes for three updates to the WEPP model possibly causing differences
in the two models (USDA 2012).

WEPP versions Changes

e Subsurface lateral flow added

e Rock correction factor update

e Minimum saturated hydraulic conductivity decreased to
0.000000108 mmvhr from 0.07 mmvhr

e Radiation inclinations for each overland flow element are
calculated separately to more accurately describe snow melt
e Winter hydrology subroutines including solar radiation on
2006.5 to 2008.907 Sloped surfaces, cloud cover estimation, start time of storm

2004.7 to 2006.5

e Number of fine layers used in frost simulation added

e Watershed runoff possibly larger than precipitation fixed
e Soil water content possibly larger than soil porosity fixed
e Soil thermal conductivity adjustment updated
e Water balance issues fixed
2008.907 to 2010.1 )
e Freeze/thaw energy calculations fixed
e Rainfall on snowpack updated
e Chezy depth-discharge coeflicient calculation fixed

e Sediment yield in multiple overland flow elements fixed

3.3.2 Hillslope Sensitivity

Along with a hillslope comparison, sensitivity analysis was done to better understand the
factors that caused the most change in each model. Due to the inability to isolate and adjust
specific parameters in Disturbed WEPP (because of its web-based nature), two different
approaches were performed, one for each model. For Disturbed WEPP, there were four soil
textures and eight treatment or vegetation conditions to select from that determined the values for

key parameters that affect erosion (Ki, Kr, tc, and effective hydraulic conductivity). The slope,
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slope length, and cover inputs were varied with constant soil texture and treatment types to check
the influence each of these variables had on sediment yield. The climate input was another factor
tested for sensitivity in Disturbed WEPP. To check the impact climate had on erosion estimates
in Disturbed WEPP, soil texture, treatment type, slope, and cover inputs were all kept constant

while changes were made solely to the climate input.

As the source code of the VIC-WEPP model could be accessed, specific variables were
isolated in erosion calculations to show the impacts of a specific variable on erosion. Nine
parameters were adjusted in the VIC-WEPP model sensitivity analysis; they included Ki, K, tc,
Kc, slope, slope length, LAI, land cover type, and climate. Ki, Kr, and tc had ranges of values
similar to the same parameters in the Disturbed WEPP sensitivity which were 400,000-1,500,000
kg s m™, 0.0002-0.0007 s m?, and 0.5-1 N m™ for Ki, Kr, and tc, respectively. Kc ranged from
300-2700 mm day™ which was consistent with the range of this variable in the VIC model soil
database. For slope, twelve different values were selected with non-linear steps ranging from 0.1
to 110 percent. Slope length was changed from 5 m to 95 m with 5 m steps. LAI was adjusted by
factors similar to the way post-fire adjustments were made in Section 3.1.3.7 with a range of 0.4-
1.6. Land cover included the five main types used in the VIC-WEPP model: forest, wooded
grassland, prairie, cropland, and bare soil. Finally, different locations were used to show the
impact of climate on erosion. To reduce uncertainty, the soil parameters, vegetation parameters,
and snow band elevation distributions were all exactly the same for each of the ten VIC model
grid cells resulting in climate (precipitation, temperature, and wind speed) being the only
changing factor between the locations. Table 9 provides a summary of the variables adjusted in

the VIC-WEPP model sensitivity test.
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Table 9. Summary of VIC-WEPP model and Disturbed WEPP parameters and range of values
used in sensitivity analysis.

Range of Values

Parameter Disturbed WEPP VIC-WEPP
Interrill erodibility
4 400,000-1,500,000 400,000-1,500,000
(kgsm™)
Rill erodibility (s m™) 0.0002-0.0007 0.0002-0.0007
Critical shear (N m’®) 0.5-1 0.5-1
Hydraulic conductivity
4 144-1008 300-2700
(mmday™)
Slope (%) 1-100 0.1-110
Slope length (m) 5-95 5-95

Mature forest, Thin or young
Treatment/Vegetation  forest, Shrubs, Good grass, Poor  Forest, wooded grassland,
type or land cover grass, Low severity fire, High  prairie, cropland, and bare soil
severity fire, Skid tralil

Location - !
ocatloq _av_erage annua 598-1296 598-1296
precipitation (mm)
Cover (%) 0-100 -
LAI (factor) - 04-16

# _indicates the parameter was not used in the specific model sensitivity test.

3.4 Data Sources

Historical model simulations were driven by gridded daily precipitation, air temperature,
and wind speed from Abatzoglou (2011) who used the North American Land Data Assimilation
System Phase 2 (NLDAS-2, Mitchell et al. 2004) and the Parameter-elevation Regressions on
Independent Slopes Model (PRISM, Daly et al. 2008) to create a high-resolution, 4-km gridded

dataset from 1979 to 2010. This dataset was aggregated to the VIC model’s 1/16° scale. For future
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climate, daily Coupled Model Intercomparison Project Phase 5 (CMIP5) downscaled data, using the
Multivariate Adapted Constructed Analogs (MACA) method by Abatzoglou and Brown (2011), from
2039 to 2070 was used. The future model simulations were bias corrected to adhere to the statistics of
the observational record (1979-2010). This method was particularly valuable for this project because
authors show that MACA is well-suited for ecological sensitive applications which can include
ecosystems that would be negatively impacted by large fluctuations of erosion because it conserves the
relationships between meteorological variables such as precipitation and temperature (Abatzoglou and
Brown 2011). Abatzoglou and Brown (2011) conclude that MACA’s approach to treat variables

dependently and the ability to track fire danger indices makes this downscaling method advantageous.

The soil and vegetation parameters originated from the Matheussen et al. (2000) 1/8™ degree
VIC model implementation which was later used to create the 1/16™ VIC model parameters for Elsner
etal. (2010). This study used the datasets from Hamlet et al. (2012) which provided additional
calibration on the Elsner et al. (2010) soil land vegetation parameters. Soil parameters were originally
derived from the State Soil Geographic (STATSGO) Data Base (USDA 1994; Nijssen et al 1997, and
Kirschbaum and Lettenmaier 1997). Vegetation parameters were originally estimated from the
Advanced Very High Resolution Radiometer (AVHRR) satellite data (Loveland et al. 1991; Loveland
and Ohlen 1993; Quigley and Arbelide 1997) which were then converted to grid-based maps at 1 km
resolution (Menakis et al. 1996; Hann et al. 1997). The land cover used was reclassified from
MODIS MOD 12Q1 data with 500-meter resolution (Friedl et al. 2002). Digital elevation model
(DEM) data at 500 meters were used from the Global Multi-resolution Terrain Elevation Data

2010 (GMTED2010; Danielson and Gesch 2011).
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3.5 Model Application

As a final step, the calibrated VIC-WEPP model was applied over the SRB. Five future
climate simulations were simulated to examine the sensitivity of the VIC model simulated streamflow
to climate in the SRB. The same set of future scenarios was applied to the VIC-WEPP model over a
smaller test area (see Figure 1) to quantify additional impacts of climate change on erosion. The test
area was determined by selecting an area that included ranges of annual precipitation, average slope,
and land cover. For this project, RCP4.5 and RCP8.5 were used which are associated with
approximately 4.5 W m (approximately 650 ppm CO,-equivalent) and greater than 8.5 W m™ (great
than 1,370 ppm CO,-equivalent) of additional energy by the year 2100, respectively (Moss et al. 2010).
These RCPs (and others; RCP2.6 and RCP6.0) were identified by the research community based on
peer-reviewed literature that describes possible pathways to reach the trajected radiative forcings and
concentrations (Moss et al. 2010). As proof of the capability to model erosion at large-scales, historical
climate and one future scenario (the MIROCS5 model with the RCP4.5 scenario) were used over the
entire SRB. Plotting the difference in precipitation and temperature for 24 future scenarios in the SRB,
the most extreme (corners) and the center scenarios were used as the five scenarios. Figure 2 shows the
range of future scenarios and the selection of the five future scenarios. Table 10 gives a summary of the

five models used including the country of origin for each model.
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Figure 2. Selection of the five future scenarios was based on the extreme scenarios and middle scenario.
Circled points refer to the future scenarios in Table 10.

Table 10. Summary of the five models and scenarios selected for future simulations. Model #
refers to the numbers in Figure 2.

Model # Modelling group, country CMIP5 model I.D.
1 Beijing Climate Center, China Meteorological BCC_CSML1.1
Administration, China RCP8.5
9 Canadian Centre for Climate Modelling and CanESM2
Analysis, Canada RCP8.5
3 US Dept. of Commerce/NOAA/Geophysical Fluid GFDL-ESM2G
Dynamics Laboratory, USA RCP8.5
. . . . INMCM4.0
4 Institute for Numerical Mathematics, Russia RCP4.5
Atmosphere and Ocean Research Institute (The
5 University of Tokyo), National Institute for MIROC5
Environmental Studies, and Japan Agency for RCP4.5

Marine-Earth Science and Technology, Japan
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Figure 3 and Figure 4 show the climate change differences (2039-2070) compared to the long-
term, historical (1979-2010), basin-wide average for precipitation and temperature, respectively, on a
VIC model grid cell basis. The maps in Figure 3 show the precipitation differences for the
BCC_CSM1.1 RCP8.5 (a), CanESM2 RCP8.5 (b), GFDL-ESM2G RCP8.5 (c), INMCM4.0 RCP4.5
(d), and MIROC5 RCP4.5 (e) future scenarios. The five maps in Figure 4 follow the same outline as
Figure 3 expect for temperature difference. The precipitation difference was calculated according to
Equation 5 with Pnnya being the VIC model grid cell average annual precipitation for the scenario
(historical and future climates) and Py;s: being the long-term, historical, basin-wide average precipitation
which was 726 mm. The temperature difference was calculated according to Equation 6 with Taynual
being the VIC model grid cell average annual temperature for the scenario (historical and future

climates) and Tyt being the long-term, historical, basin-wide average temperature which was 3.68 °C.

_ Pannual—Phist

Precipitation Dif ference = 5)
Phist

Temperature Dif ference = Tynnuai — Thist 6)

The basin average precipitation and temperature differences for the BCC_CSM1.1 RCP8.5
scenario in Figure 3(a) and Figure 4(b), respectively, correspond to point one in Figure 2. Similarly, the
basin average precipitation and temperature differences for the remaining four scenarios can be
found. The majority of precipitation increase is predicted to be located in the center of the SRB
where there is mainly forest land cover (Figure 3). The temperature is projected to increase in the
majority of the SRB with greatest increases occurring in lower elevations with some decreases in
temperature mainly occurring in the INMCMA4.0 RCP4.5 scenario and at higher elevations (Figure

4).
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Figure 3. Precipitation differences compared to the long-term historical (1979-2010) precipitation
average. Maps (a), (b), (c), (d), and (e), show the precipitation difference for the BCC_CSM1.1
RCP8.5, CanESM2 RCP8.5, GFDL-ESM2G RCP8.5, INMCM4.0 RCP4.5, and MIROC5 RCP4.5
future scenarios, respectively, as calculated in Equation 5.
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Figure 4. Temperature differences compared to the long-term historical (1979-2010) temperature
average. Maps (a), (b), (c), (d), and (e), show the temperature difference for the BCC_CSM1.1 RCP8.5,
CanESM2 RCP8.5, GFDL-ESM2G RCP8.5, INMCM4.0 RCP4.5, and MIROC5 RCP4.5 future
scenarios, respectively, as calculated in Equation 6.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 Model Calibration and Evaluation

Simulated historical streamflow at four basins (see Figure 1) within the SRB were compared to
USGS observed records for calibration and evaluation time periods. The historical simulations only
considered the no fire condition and graphs of average Julian day, average monthly, and daily flows are

only shown in this chapter for Basin One with all other basins’ graphs shown in the Appendix.

Model performance was shown visually and by metrics. Table 11 and Table 12 show the
metrics results for each basin for calibration and evaluation, respectively. For the calibration time
period, the largest basin had E values of 0.88 and 0.96 for daily and monthly time steps, respectively.
During evaluation, the same basin had E values of 0.83 and 0.93 similarly for daily and monthly time
steps. As with Basin One, Basin Four had E values that declined for both daily and monthly time steps
when comparing the calibration period to the evaluation period. Basin s two and three had E values that
increased during the evaluation period for both daily and monthly time steps. Streamflow results for all
basins except Basin Two had E values greater than 0.60 for the calibration and evaluation time periods.
Tang et al. (2012) had monthly calibrated E values of 0.81 and 0.82 for Basin One and Basin Two,

respectively, which were less than the monthly calibrated E values in this study.

The PK values for all basins were within the well predicted values from Coulibaly et al.
(2001) showing these basins capture peak flows relatively well. The RMSE daily and monthly
values are scale dependent and therefore increased when the streamflow values increased. The
RMSE values in Table 12 show the errors associated with simulated streamflow. Basin Three
had the best result of yearly RB at -0.003 and all basins showing yearly RB within +15% bias.
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Table 11. Calibration E metrics for all basins as well as basin area, percent of total area, and percent of
total streamflow.

. E Basin Area  Percentage of Total ~ Percentage of Total
Basin : 2 .
Daily Monthly (km°) Calibration Area Streamflow
1 0.88 0.96 34760 100% 100%
2 0.41 0.56 9679 27.8% 15.0%
3 0.60 0.83 7449 21.4% 28.0%
4 0.76 0.93 1491 4.3% 7.0%

Table 12. Evaluation metrics for all basins.

_ E RMSE (m’ s™)
Basin - PK - RB
Daily Monthly Daily Monthly
1 0.83 0.93 0.095 162 884  -0.098
2 0.59 0.81 0.108 34.6 187 0.148
3 0.71 0.90 0.124 525 279  -0.003
4

0.75 0.88 0.099 14.0 75.1  -0.103

Hydrographs are only shown in this chapter for Basin One with all other basins’ shown in the
Appendix. Figure 5 shows the observed and calibrated simulated discharge at the outlet of Basin One
for (a) the average Julian day, (b) average month, and (c) three years of daily flows. The average Julian
day hydrographs are shown to give additional detail to the average monthly hydrographs and the daily
flows provide hydrographs for non-averaged flows. Figure 6 has similar graphs as Figure 5 but for the
evaluation period. The simulated flow in Figure 5(b) shows a one month earlier peak than observed

flow. The evaluation comparison in Figure 6 also follows similar patterns.
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Figure 5. Observed and simulated discharge for the calibration period at the outlet of Basin One for (a)
the average Julian day, (b) average month, and (c) three years of daily flows.
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Figure 6. Observed and simulated discharge for the evaluation period at the outlet of Basin One for (a)
the average Julian day, (b) average month, and (c) three years of daily flows.
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Although there are few sediment yield observations in the SRB, the short- and long-term
sediment rates from Kirchner et al. (2001) provided an evaluation of the general magnitude of VIC-
WEPP model sediment rates. Figure 7 shows the VIC-WEPP model average annual sediment yield for
the historical no fire condition over the entire SRB. Individual grid cell values ranged from 0t ha™ to
774 t ha™ with a basin average of 10 t ha™. Figure 8 shows the VIC-WEPP model and Kirchner et al.
(2001) sample short- and long-term yields from the seven sample locations. The average VIC-WEPP
model yield corresponding with the seven locations was 4.37 t ha™, the average short-term yield was
0.12 tha™, and the average long-term yield was 2.14 t ha™. Based on this evaluation, the VVIC-WEPP
model predicts yield within one order of magnitude for short-term yields and the same order of

magnitude for long-term yields.

Yield (t ha™)
Jo-1

[ J101-5
I 5.01- 10
[ 10.1-50 [l 50.1- 774

¢ Kirchner et al. (2001) Sample Locations

Figure 7. Average annual sediment yields predicted by the VIC-WEPP model for the entire SRB for
the historical no fire condition. Black points represent Kirchner et al. (2001) sample locations.
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Figure 8. Average annual sediment yield comparison between the VIC-WEPP model and Kirchner et
al. (2001) short and long term time scales.

4.2 Model Inter-comparison
4.2.1 Hillslope Comparison

Combining all no and high fire severity conditions for the model comparison, hillslope
yield averages were used to produce tabulated data and gradient plots which compared both
models and fire conditions. The VIC-WEPP model predicted average annual hillslope sediment
yield as 0.85 t ha™*, which was more than double the yield of Disturbed WEPP, which estimated
average sediment yield as 0.36 t ha™. Figure 9 provides a cumulative distribution function (CDF)
plot of all hillslopes and shows a concentration of sediment yield for Disturbed WEPP between
0.01 and 10 t ha™* whereas shows the VIC-WEPP model range from nearly zero to 125 t ha™.
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Although the CDF curves in Figure 9 show that the VIC-WEPP model was generally
underestimating erosion compared to Disturbed WEPP, the large yields from the VIC-WEPP
model outweigh the smaller yields. The difference in each model’s range represents the relative

sensitivity of each model which is discussed in Section 4.2.2.
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Figure 9. CDFs of annual average sediment yields for all hillslopes for both the VIC-WEPP
model and Disturbed WEPP.

Figure 10 shows a comparison between the average annual sediment yields of the two
models where symbols are used to identify no or high fire severity. Likewise, Figure 11, Figure
12, and Figure 13 compare the two models’ yields for average annual precipitation, average
slope, and vegetation type. Disturbed WEPP reported sediment yields with a precision of 0.01 t
ha™ so smaller values were not represented. The fire severity, average annual precipitation, and
average slope plots showed a gradient of yields on both sides of the one-to-one line which

implied that these variables were not likely to be the cause for any major differences between the
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models. However, Figure 13 shows stronger partitioning of results between each of the four
vegetation types, suggesting that differences in how vegetation was treated between the models

were an important source of model differences.
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Figure 10. Scatter plot of annual average sediment yield for the VIC-WEPP model (vertical axis)
and Disturbed WEPP (horizontal axis) where the symbols represent gradients for fire severity.
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Figure 11. Scatter plot of annual average sediment yield for the VIC-WEPP model (vertical axis)
and Disturbed WEPP (horizontal axis) where the symbols represent gradients for average annual
precipitation.
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Figure 12. Scatter plot of annual average sediment yield for the VIC-WEPP model (vertical axis)
and Disturbed WEPP (horizontal axis) where the symbols represent gradients for average slope.
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Figure 13. Scatter plot of annual average sediment yield for the VIC-WEPP model (vertical axis)
and Disturbed WEPP (horizontal axis) where the symbols represent gradients for the VIC-WEPP
model land cover vegetation type.

4.2.2 Hillslope Sensitivity

The sensitivity tests for both models showed which parameters were more influential on
erosion for each model (Table 13). For Disturbed WEPP, the sensitivity of cover indicated that
yield decreased with increased cover percent. This makes sense intuitively because larger
amounts of vegetation on the soil surface causes increased tc due to the presence of root systems
and biomass. The largest changes in yield were nearly -0.5 t ha™ for ground cover inputs.

Opposite to cover, an increased slope increased the erosion which also was intuitive because a
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steeper slope increases the potential for detachment of particles. The largest yield difference that
slope contributed was 5 t ha™. Similar with slope, yield increased with increased slope length by
7.1 tha™. Similar to cover, increased hydraulic conductivity decreased yield. An increased
conductivity results in a larger percent of water infiltrating into the soil column leaving less
water to act as runoff which was the main driver of sediment yield. The largest difference in

yield impacted by hydraulic conductivity was -0.64 t ha™*.

The two values used for rill erodibility, 0.0003 s m™ and 0.0004 s m™, were from the
loam soil texture with Poor grass and Low severity fire treatments, respectively. The largest
difference on erosion between the two rill erodibility values was 0.07 t ha™. Critical shear only
had one combination of soil texture and treatment type in Disturbed WEPP inputs options that
allowed for tc values to be different with all other factors remaining constant. The silt loam and
Thin or young forest input was compared to the loam and Low severity fire input (both using
10% cover and 100% slope) which resulted in a yield change of -0.41 t ha™ fora 0.5 N m™
increase in tc (Table 13). Although other factors were present in different locations, such as
elevation and temperature (which impact runoff via snowmelt), annual precipitation was the
main variable considered in driving the differences in yield for the sensitivity of location on
erosion. The yield calculated in Table 13 was from inputs of silt loam soil texture, Short grass

treatment, 10% cover, and 100% slope which showed an increased yield of 9.56 t ha™.

For the VIC-WEPP model sensitivity, the Ki increased yield by 5.08 t ha™. Kr showed no
impact on yield because all values tested remained at the control simulation result. It was
expected that yield increased with increased Ki and Kr values because the soil would be more
erodible with higher values. Kr did not affect yield within the range of values used for this

sensitivity but may contribute to changes at higher values. Yield was changed by -0.013 t ha™* for
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increased tc. This made sense based on physical processes because an increased tc (more energy
required to erode soil) should result in less erosion which this sensitivity captured. As Kc
increased, the yield decreased which was similar to the Disturbed WEPP sensitivity. Over the

range of Kc values, the VIC-WEPP model showed a change of -0.125 t ha™ in yield (Table 13).

Twelve slopes, including the control value, were selected to test for sensitivity in the
VIC-WEPP model. An increase of 21 t ha™ in yield was shown over the range of slope values
selected. The sensitivity of yield to slope length was opposite compared to Disturbed WEPP
results. For the VVIC-WEPP model, slope length had a change in yield of -12.6 t ha™ over the
same range of slope lengths from Disturbed WEPP. Further investigation showed the both
models produced increased amount of sediment mass with increases in slope length. The likely
explanation for the differences between the two models is the difference of hillslope width which
correlates to different hillslope areas. For both models, the hillslope area and sediment mass
increased with increased slope length although for the VIC-WEPP model the rate at which area
increased had larger impact on yield than the rate at which mass increased (resulting in a
decrease in yield) and opposite for Disturbed WEPP which showed the mass rate impacting yield
more than the area rate (resulting in an increase in yield). These differences could be contributed
to the differences in erosion model versions used in each model (see Section 3.3.1). Similar to
cover, LAI effected yield by increasing the vegetation present in the system which increased the
canopy which reduces the force of impact from raindrops and eventually decreased the yield.
There was a -2.1 t ha™ change in yield when LAl was increased from 40% to 160% of the control
value. The most sensitive parameter tested in the VIC-WEPP model was the land cover input.
The first three types (forest, wooded grassland, and prairie) produced the same yield (5.1 t ha™)

whereas cropland and bare soil produced 494 t ha™* and 2,056 t ha™, respectively, resulting in a
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yield change of 2,051 t ha™. Last, the changes in yield based on changes in location (average
annual precipitation) was 10.2 t ha™ from the lowest average annual precipitation to the highest

for the VIC-WEPP model sensitivity on climate (Table 13).

Table 13 provides a summary of the yield changes for each of the parameters considered
in both sensitivity tests. For Disturbed WEPP, the differences in average annual precipitation
have the largest effects on yield followed by slope length and slope. For the VIC-WEPP model,
the land cover type was most influential on erosion followed by slope length, slope, and climate.
Comparing the five parameters that were similar between the two models (average annual
precipitation, slope, hydraulic conductivity, tc, and Kr), the rate of yield change was calculated
as the quotient of yield change and range of parameter. Comparing the rate of change between
similar parameters described the relative sensitivity of each model to that specific parameter.
Disturbed WEPP was more sensitive than the VIC-WEPP model to hydraulic conductivity, tc,
and Kr. The VIC-WEPP model was more sensitive to changes in land cover, average annual
precipitation, slope length, and slope. The change in yield for the VIC-WEPP model land cover
was two orders of magnitude greater than all other parameters which implied yield from VIC-

WEPP model applications would be greatly impacted by land cover type.
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Table 13. Summary of sensitivity of sediment yield to changes in model parameters for both

models.
Disturbed WEPP VIC-WEPP
Input Parameter R f R\?Felc? f Vield R\?"[elg f
P ange 0 © Range of Values ~ Change ©

Values ha'l Change ha'l Change
(tha™) (fraction) (tha™) (fraction)

Average AMUal o0 1096 956 0.0137 598-1296 102 00146

Precipitation (mm)

Slope (%) 1-100 5.00 0.051 0.1-110 210 0191
Slope length (m) 5-95  7.10 0.079 5-95 -12.6  -0.140

Hydraulic

Conductivity 144-672 -0.64 -0.0012 300-2700 -0.125 -0.0001

(mm day'l)

Cover (%) 0-100 -0.50 -2 - - -
Critical Shear (N m?) 0.5-1.0 -0.41 -0.82 0.45-1.05 -0.013  -0.02
Rill Erodibility (s m™) %%%%3; 0.07 700 0.0001-0.0007 0.00 0.00

Forest, wooded

Land Cover - - - grassland, prairie, 2051 -

cropland, and bare soil

LAI (fraction) - - - 0.4-1.6 -2.1 -

Interrill Erodibility
- - - 300000-1500000 5.08 -

(kgsm)

# _indicates these data were not calculated because the parameter was not tested in both models.

4.3 Climate Change and Fire Impacts on Streamflow

The potential impacts of climate change on the streamflow hydrographs were explored by

simulating the VIC model for multiple climate scenarios (see Section 3.5) from 2041-2070. The future
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streamflow was compared to simulations of streamflow over the historical period (1981-2010) with the
no fire severity condition. The future climate scenarios were averaged for each fire severity condition

(see Figure 14).

Basin One average future scenario streamflows with all four fire severity conditions is shown in
Figure 14 for average Julian day and average monthly streamflows. Under no fire conditions for Basin
One (see Figure 1 for location), climate change impacted streamflow by decreasing the peak flow and
shifting it earlier in the season compared to the historical no fire condition streamflow (Figure 14). For
each of the future streamflow fire conditions, the magnitude of peak streamflow increased with each
increase in fire severity with the high fire condition peak magnitude greater than the historical peak
magnitude. The future low and moderate fire conditions did not change the timing of peak streamflow
compared to the future no fire condition on the daily time-step (Figure 14(a)) but on a monthly average
increased the amount of streamflow earlier in the season (Figure 14(b)). The future high fire condition
had a shift in peak streamflow compared to the historical no fire condition by over 50 days earlier in the
season (Figure 14). Sridhar et al. (2012) showed Basin One peak flow timing shift to earlier in the
season by 10 days with future climate change whereas this study showed a similar shift in peak flow
timing by nearly 25 days with the average future no fire condition. The increase in peak flow
magnitude due to increases in fire severity was due to less vegetation available to store water and the
surface being more repellent due to wildfire which caused an increase in runoff. The decreased
vegetation and increased surface repellency was caused by the changes in the post-fire adjustment
factors LAI and Kc for each fire severity condition (see Section 3.1.3.7). The hydrographs for the

other three basins are shown in the Appendix.
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Figure 14. Future streamflow compared to historical simulated streamflow for no, low, moderate, and
high fire severity conditions for Basin One for (a) the average Julian day streamflow (beginning on
October 1) and (b) the average monthly streamflow. The future streamflow is the average of the five
future scenarios (see Section 3.5).
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4.4 Climate Change and Fire Impacts on Erosion

To be able to simulate more scenarios while minimizing computational requirements,
erosion simulations were conducted on two areas. The first area covered the entire SRB and
included one future scenario (MIROC5 RCP4.5). The second area consisted of 80 grid cells within a
representative range of the entire basin for annual precipitation, slope, land cover, and sediment yield
change based on results from the first area. The MIROC5 RCP4.5 scenario was selected to show the
mid-range future climate projection. Average annual sediment yield impacts across the SRB due to
changes in both climate and fire conditions were examined and are summarized in Figure 15. Table 14
describes how each of the maps in Figure 15 was calculated. Maps (c) and (d) from Figure 15, showing
the climate effect on erosion, have yield changes that are much less then maps (a) and (b), which show
the effect of fire on erosion. Also, the most extreme changes for all maps are -227 t ha™ and 927 t ha™.
Although the rates are two orders of magnitude greater than the long-term yields from Kirchner et al.
(2001) (see Section 4.1), these rates represent the effects of extreme wildfire conditions which resulted

in expected extremely high yield rates compared to observed and long-term yields.

Table 14. Summary of calculations used for producing the yield change erosion maps for Figure
15. To clarify, one of the two axes of variability is historical climate or future climate while the
other axis is no fire or high fire.

Panel Erosion Calculation for Figure 15
a (historical high fire) — (historical no fire)
b (future high fire) — (future no fire)
c (future no fire) — (historical no fire)
d (future high fire) — (historical high fire)
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Figure 15. Average annual sediment yield changes due to changes in fire conditions for (a) historical
and (b) future climates; and changes due to climate for (c) no fire and (d) high fire severities.

There were widespread differences in yield across the SRB. The most important factors
contributing to the heterogeneity of erosion were those identified as important factors from the
sensitivity test (land cover, slope length, slope, and precipitation). As land cover increased yield from 5
tha™ to 490 t ha™ from forest to cropland conditions (at 20% slope) and average annual precipitation
(from 1,048 mm to 1,296 mm) impacted yield from 5 t ha™ to 11 t ha™, the potential for erosion to be
very large with the extreme conditions of cropland, high slope, and high precipitation were evident.
Also, the large yield changes may have been caused from the method used to incorporate fire
conditions into the VIC-WEPP model. By adjusting the erodibility factors, Kc, and LA, the conditions
in the model superimposed ideal post-fire forest conditions on every hillslope and land cover type for

all time periods even though such conditions are not likely to be widespread throughout the basin
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spatially and temporally and different land cover types have different post-fire adjustments (Robichaud

etal. 2007).

To help understand the source of the large magnitudes of erosion, an analysis was performed
on the distribution of sediment yield to each land cover type by area for the model grid cells with
greater than 100 t ha™ for the historical high fire severity condition. From the total 1,153 model grid
cells in the SRB, 101 gave average annual sediment yield over 100 t ha™ with the largest being 1,609 t
ha™. From these 101 model grid cells, the average area for each land cover type in each model grid cell
was calculated. Along with the average area, the average sediment contribution from each of the land
cover types for each model grid cell was calculated. Table 15 provides the average percent of total
sediment yield for one percent of total area for the analysis of the 101 model grid cells. For the average
model grid cell, 0.053 t ha™ was generated for every 1% of the area that was forest, 0.049 t ha™ was
generated for every 1% of the area that was wooded grassland, 0.013 t ha™ was generated for every 1%
of the area that was prairie, 7.0 t ha™ was generated for every 1% of the area that was cropland, and 27 t
ha™ was generated for every 1% of the area that was bare soil. This implies that even with small
fractions of a study domain as cropland (such as the SRB), this VIC-WEPP model framework provides
large magnitudes of sediment yields that are mainly driven by cropland land cover. An important factor
to mention is the VIC-WEPP model erosion results were not routed downstream into rivers which

could decrease the yields in this study greatly because not all sediment may be transported to rivers.
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Table 15. The percent of total sediment for one percent of total area over the 101 model grid cells with
yield greater than 100 t ha™ for the historical high fire severity condition.

Percent of Total Sediment Yield for every

Land Cover One Percent of Total Area (%)
Forest 0.053
Wooded Grassland 0.049
Prairie 0.013
Cropland 7.0
Bare Soll 27

Additional future scenario simulations were done over a test area in the central SRB (see Figure
1). Figure 16 shows the yield results from six climates and four different fire severities over this test
area. The top row shows all four severities for the historical climate and similar for the remaining rows
for the future climate scenarios. The future scenarios in Figure 16 are ordered from most extreme in
precipitation difference to least extreme (see Figure 2). There is a general trend from left to right on
Figure 16 showing that with increases in fire severity the yield increases. The spatial distribution of
which grid cells increase the most was similar regardless of climate scenario but the magnitude of yield
change varied for each climate scenario due to the differences in climate variability. As discussed
above with Table 15, the differences in yield magnitudes are associated with the percentage of

hillslopes that are cropland and bare soil within the model grid cell.

The change in yield from one scenario to another was important to understand the relative
sensitivity of wildfire and climate change on yield. Figure 17 shows the yield change from the no fire
condition to a low, moderate, or high condition while keeping the climate constant. The maps in Figure
17 are very similar to the corresponding maps in Figure 16 not only with spatial distribution but also
with magnitude. Keeping the fire condition constant, Figure 18 shows the yield changes from the

historical climate to the different future scenarios. Different from before, the yield had negative values
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which represented areas in which the future climate produced erosion rates less than the simulated
historical rates. The yield changes in Figure 18 are roughly one order of magnitude less than the

changes between fire severities as in Figure 17.

Along with the factors affecting the differences in yield magnitudes, understanding the factors
affecting when erosion occurs can provide insight into how erosion could change in the future.
Sediment yield on a daily time-step was compared to rainfall, snowpack cover, and snowmelt to show
the distribution of when erosion was occurring. Table 16 shows the average sediment yield for days
when yield occurred during rainfall on snowpack with snowmelt conditions and rainfall with no
snowpack conditions. The values in Table 16 are averaged for all days in the 30-year time period for all
climates over the test area (see Figure 1). First, for the historical case, there was an average yield of
0.690 t ha™* for days that generated yield when there was rainfall on snowpack with snowmelt
compared to only 0.084 t ha™ for days that generated yield when there was rainfall and no snowpack.
This showed that more of the historical yield occurred when there was snowpack present compared to
when there was no snowpack. The average percent of days with snowpack present during days
generating yield was 56.0% (Table 16). Second, considering the future climate scenarios, the average
yield when there was rainfall on snowpack with snowmelt was less than the historical case for each
future scenario. The average yield when there was rainfall with no snowpack was greater than the
historical case for each future scenario which showed that there was a shift in when erosion was
occurring in future climates although rainfall on snowpack with snowmelt conditions continued to
show greater average yield than rainfall with no snowpack. This was also captured in the average
percent of days with snowpack present as shown in Table 16 with less snowpack present for each of the

future scenarios compared to the historical case. This analysis showed that rainfall on snowpack
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conditions played a significant role in runoff production and thus the timing of sediment yield

generation.

Table 16. Average sediment yield for days when yield occurred during rainfall on snowpack with
snowmelt conditions and rainfall with no snowpack conditions. Also, the average percent of days with
snowpack present during days generating yield is shown.

Average Sedlr_nent \_(leld f_or Average
Days Generatlng Yield Wlth Percentage of
Spemﬁc Hydrologic Co_r11drt|ons Days with
Climate with No Fire in Test Area (tha™) Snowpack
Severity Condition Hydrologic Condition Present during
. Days
Rainfall . .
aiatton Rainfall withno ~ Generating
Snowpack Snowpack Yield (%
with Snowmelt P eld (%)
Historical 0.690 0.084 56.0%
CanESM2
0,
RCPS.5 0.557 0.134 38.8%
GFDL-ESM2G
0,
RCP8.5 0.605 0.174 44.3%
MIROC5
0,
RCP4.5 0.631 0.122 42.6%
BCC_CSM1.1
— 0,
RCPS.5 0.489 0.123 49.0%
INMCM4.0
0,
RCPA4.5 0.627 0.119 53.1%
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Figure 16. Erosion yield from six climates (rows) and four different fire severities (columns) for test
area (see Figure 1 for location).
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Figure 17. Erosion yield change from the no fire condition to a low, moderate, or high condition while
keeping the climate constant.
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Figure 18. Erosion yield change from the historical to future climate while keeping the fire condition
constant.

The test area erosion maps provide insights on the interactions of climate, fire severity, and
post-fire erosion. Although the extreme wildfire conditions overwhelmed the climate contributions to
erosion, the climate scenarios were producing negative and positive yield changes which suggested
climate has a significant impact on erosion variability. On the daily time-step, large magnitudes of
sediment yields were mainly driven by cropland land cover and the most sediment yields occurred
during rainfall on snowpack conditions. Also, these maps show the possibility of modeling physically-
based erosion at large scales which has important impacts on future climate change and post-fire

erosion studies.
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CHAPTER FIVE

LIMITATIONS AND FUTURE WORK

With all modeling studies there are limitations and uncertainties involved. One of the
largest limitations to this study was the lack of fine resolution observed erosion data and
streamflow sediment concentrations. There were some observed datasets available, for example
Disturbed WEPP had been calibrated and evaluated at 24 test plots in western Montana for post-
fire erosion by Spigel and Robichaud (2007), the study by Kirchner et al. (2001) discussed in
Section 3.2, and the USGS had limited streamflow concentrations of suspended sediment. Efforts
to increase the observed data available would increase the ability to calibrate and evaluate the
erosion processes in the VIC-WEPP model. If streamflow sediment concentrations were used in
calibration, the VIC-WEPP model would need an erosion routing scheme added to the modeling

framework.

Another caveat in the VIC-WEPP model that was important for this study was that land
cover types for individual representative hillslopes were determined by a coarse scale resolution
dataset. Unlike slope, which was rescaled to better represent the actual fine scale slopes, land
cover type was not adjusted to better represent the actual distribution of land cover within a grid
cell. The sampling method used in this study could have produced a representative hillslope with
cropland land type with slopes over 100%. Although the sampling process determines VIC-WEPP
model grid cell sediment yield proportionally based on the land cover type distribution (for example, if
amodel grid cell is 90% forest and 10% cropland, the model grid cell yield will be 90% from the forest
hillslopes and 10% from the cropland hillslopes), because the cropland land cover has much larger

yields (see Section 4.2.2) than forest land cover, the proportionally sampling is potentially
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overestimating the model grid cell sediment yield. Another important limitation related to
cropland land cover overwhelming the majority of forest erosion is how post-fire adjustment
factors from forest conditions are applied to cropland land cover imposing unrealistic post-fire

conditions in cropland areas which causes increased yield.

Another limitation to this study was that it did not incorporate the transient effects of fires
on streamflow or erosion. This study applied historical fire severity conditions to the entire SRB
for all time-steps without addressing changes in future fire behavior (frequency or severity) or
regrowth after a fire. Future work that would provide an improvement to the modeling
framework could include a fire model that has the ability to model fire ignition for specific areas
and communicate the fire’s location, duration, severity, and regrowth while the VIC-WEPP
model adjusts the Kc, LAI, and erodibility factors according to the current fire conditions. This
would demonstrate the effects of individual fires as well as all fires aggregated over a season
(with regrowth) on erosion at large-scales using a physically-based fire model rather than the

entire basin overlay approach used in this study.

Another step in developing the modeling framework would be to use fine scale (30 m)
slope and land cover dataset to determine the representative hillslopes used in the erosion
process. This would reduce the sampling uncertainty but methods would need to be developed to
manage the large increase in spatial data (nearly 50,000 hillslopes to sample from for each grid
cell compared to the 225 used in this study). Related to hillslope sampling is the large
computational time required to simulate the erosion process over large-scales. A study on the
impacts of the number of hillslopes sampled on yield could provide insight in how to reduce
simulation run-time. Although this method would not be feasible for the entire PNW, it could

allow development on how to better sample coarse slope and land cover data.
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Also, additional work to determine the contribution of rill and interrill erodibility to the
total erosion would increase the understanding of which mechanism (rainfall or channelized

flow) effects yield more at various times in the year.

For the journal article that will be submitted based on this thesis, additional work will
include exploring methods to better include this erosion process in regional-scale earth system
modeling frameworks. This will incorporate the suggested future work related to the impacts of

the number of hillslopes sampled on yield compared to the simulation run-time required.
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CHAPTER SIX

CONCLUSIONS

The VIC-WEPP model was applied over the SRB to consider the relative sensitivity of
extreme wildfire events and climate change on erosion at large-scales. The VIC model was
calibrated and evaluated for streamflow against USGS observed streamflow records showing E
values greater than 0.60 for most basins in both time periods. Streamflow results showed an
earlier shift in peak flow by one to two months for future climate scenarios. Timing of peak flow
shifted to earlier in the season for all average future streamflow fire severity conditions. Also, the

magnitude of peak flow increased from no to high fire severity at each severity.

A model comparison of the VIC-WEPP model was performed with Disturbed WEPP to
check for similar orders of magnitude in erosion rates. Also, sensitivity tests showed the impact
of key parameters on erosion for each model. The VIC-WEPP model key factors effecting
erosion in the SRB were land cover type, slope length, slope, and average annual precipitation.
To incorporate the effects of wildfire, model development provided a method to perturb a
specific fire severity on the entire simulation. For future scenarios, this study only considered
meteorological impacts on post-fire erosion and did not incorporate changes in future fire

occurrence or burn severity.

Sediment yield results showed fire severity conditions impacted the magnitude of yield
by one to two orders more than climate change. However, climate change effects on yield were
more diverse because decreases and increases in change of yield occurred due to changes in
precipitation. Yield followed a clear trend when only fire severity impacts were represented. For every

scenario, the yield change increased from low to high fire conditions. Considering the climate impacts
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on yield, the change was more diverse and dependent on precipitation changes. Although, even with
climate changes causing decreased yield, increased fire severity overtook the climate change effects.
Erosion was more sensitive to extreme wildfire events but climate change had more diverse effects on

erosion rates.

The spatial patterns shown in the erosion maps were most likely due to the main factors
found most sensitive in the sensitivity test (land cover, slope length, slope, and precipitation).
Different combinations of these three factors provided a large range of yields which were
amplified by the effects of extreme wildfire and climate change. The most influential factor
causing the differences in yield was most likely land cover type because of its extreme sensitivity

in the VIC-WEPP model.

The upscaling process in this study provides the capability and capacity to simulate
mechanistic erosion processes at large scales even though erosion occurs fundamentally at very
small scales. The random sampling approach was key to accurately describe the sediment yield
within a VIC model grid cell and ultimately the entire basin. The current approach had important
impacts that need to be investigated in much more detail. This includes the large percentage of
erosion coming from cropland land cover type compared to the fractional area of the VIC model

grid cell as shown in Chapter 5.

The changes in peak flow timing and magnitude for the future climate scenarios can provide
insight into the potential adverse effects on water quality. Considering first the no fire severity
condition, the peak flow day shifted one to two months earlier in the season as well as decreased peak
flow magnitude. The shift could impact ecosystems negatively because aquatic life depend on

consistent, seasonal streamflow for food (insects and vegetation may be absent with higher and faster
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streamflow) and spawning (increased streamflow and sediment may change stream or river channel
characterizes). Also, earlier flows may cause a shift in the temperature gradient of rivers and streams.
Higher flows earlier in the season may cause lower streamflow temperatures (from snowmelt) and
higher temperatures during the summer months because lower flows will increase in temperature faster.
Along with the shift in streamflow, erosion changes can cause significant concerns for water
management and ecosystems (dredging for example). Considering the climate impacts only, the shift in
peak flow may cause sediment concentrations to increase earlier in the season potentially changing
ecosystems that rely on smaller concentrations during that time of the year. With high fire severity
conditions, the much larger flows may also be carrying a larger sediment load (USACE 2012). This has
double the concern for reservoir managers that must manage the shift in streamflow timing and

magnitude as well as increased sediment loads.

Due to the upscaling procedure, to select individual locations for erosion mitigations
would not be directly helpful because a VIC model grid cell is approximately 35 km? and many
mitigation techniques are not applied over such a large area. One different approach is to
consider the erosion maps as erosion risk indication maps which take the land cover type, slope,
and precipitation for an area and provides potential erosion relative to other areas. Instead of
considering the impacts of these three variables separately, the erosion results incorporate them
together in a physically-based model. These results may provide a manager something

unexpected or new that before they would not have discovered.
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Figure 19. Observed and calibrated simulated discharge at the outlet of Basin Two for (a) the average
Julian day, (b) average month, and (c) three years of daily flows.
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Figure 20. Observed and evaluated simulated discharge at the outlet of Basin Two for (a) the average
Julian day, (b) average month, and (c) three years of daily flows.
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Figure 21. Future streamflow compared to historical simulated streamflow for no, low, moderate, and
high fire severity conditions for Basin Two for (a) the average Julian day streamflow (beginning on
October 1) and (b) the average monthly streamflow. The future streamflow is the average of the five

future scenarios (see Section 3.5).
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Figure 22. Observed and calibrated simulated discharge at the outlet of Basin Three for (a) the average
Julian day, (b) average month, and (c) three years of daily flows.
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Figure 23. Observed and evaluated simulated discharge at the outlet of Basin Three for (a) the average
Julian day, (b) average month, and (c) three years of daily flows.
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Figure 24. Future streamflow compared to historical simulated streamflow for no, low, moderate, and

high fire severity conditions for Basin Three for (a) the average Julian day streamflow (beginning on

October 1) and (b) the average monthly streamflow. The future streamflow is the average of the five
future scenarios (see Section 3.5).

81



< USGS Observed (@)
ok - D Simulated Historical 7 iy
= No Fire
= 60
2
2 40
£
g 20
0
0 1 1 1 1 1 1 1
274 324 8 58 108 158 208 258
Julian Day
<60
v
o 90

w
<
T

i g
[}

[ e e ™ N,

Streamflow (m
M
Lo}

0 1 1
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Month

:‘\ T T T T

'» 150

(451

-

o

z 100

o

E

& 50

o}

=

) ; _

1 Oct 1990 1 Oct 1991 1 Oct 1992 1 Oct 1993

Day

Figure 25. Observed and calibrated simulated discharge at the outlet of Basin Four for (a) the average
Julian day, (b) average month, and (c) three years of daily flows.
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Figure 26. Observed and evaluated simulated discharge at the outlet of Basin Four for (a) the average
Julian day, (b) average month, and (c) three years of daily flows.
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Figure 27. Future streamflow compared to historical simulated streamflow for no, low, moderate, and
high fire severity conditions for Basin Four for (a) the average Julian day streamflow (beginning on
October 1) and (b) the average monthly streamflow. The future streamflow is the average of the five

future scenarios (see Section 3.5).

84



