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1 Introduction 

1.1 Background 
 

Increasing greenhouse gas concentrations have perturbed the radiative balance of the earth-atmosphere 
system and led to human-induced global climate change (IPCC 2007). Because of the variability of 
weather within any climatic condition, no single extreme event can be directly attributed to climate 
change. However, there is strong scientific evidence indicating climate change is expected to increase 
the frequency, duration, and intensity of extreme temperature and precipitation events and thus 
negatively impact 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, degradation of water quality occurs in post-fire periods due to water 
erosion of bare soils (Reneau et al. 2010). 
 
The connection between forest fires and erosion has long been established. 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). 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 10 folds from observed rates of the 20th century (Goode et al. 2012). 
 
Water 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. 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). Excess sediment adversely impacts 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). In the Pacific 
Northwest (PNW), Teasdale and Barber (2008) concluded that agricultural production was a primary 
source of fine sediments but continued research by these and other researchers also found that forest 
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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).  
 

1.2 Objectives 
 

Our long-term goal is to quantify the adverse water-quality impacts due to extreme wildfires and 
associated runoff erosion under projected climatic changes across the western U.S. The overarching 
goal for this particular proposal is to advance our capability to simulate post-fire runoff erosion at scales 
larger than a single hillslope, in order to examine the relative contribution of sediment being released to 
larger streams and rivers in response to wildfire. We propose to apply a newly-developed physically-
based modeling framework that combines large-scale hydrology with hillslope-scale runoff erosion 
(VIC-WEPP; Mao et al. 2010).  Towards the overarching goal, we propose the follow inter-
related specific objectives: 
 
1. Implementation and evaluation of model performance (at experimental sites).  

 
To better understand and simulate the large-scale effects of climate change and wildfire on erosion, 
we applied the Variable Capacity Infiltration-Water Erosion Prediction Project (VIC-WEPP) on a 
1/16° (~5-6 km) grid cell spatial resolution (Mao et al. 2010). Sediment yields were compared 
between VIC-WEPP and Disturbed WEPP (Elliot and Hall 2010) to check if magnitudes of 
pre- and post-fire rates were similar. Studies show that soil loss rates with one or two orders 
of magnitude are typical (Jetten 1999; Spigel and Robichaud 2007). A total of 6,368 
hillslopes were used in this comparison with no fire and high fire severity conditions. 
Experience gained under this objective will inform implementation over a larger watershed 
(objective #2). 

 
2. Implement and parameterize model over the Salmon River basin (SRB) of central Idaho.  
 

As a proof of concept for large-scale post-fire erosion modeling, VIC-WEPP was implemented 
over a large watershed that has been relatively undisturbed by human activities. This involved 
hourly disaggregation of daily precipitation data, downscaling 15 arc-second digital elevation 
information to 30 meters, identifying burn sites for land cover parameterization and pre and post-
fire scenario simulations, and determining soil erodibility and other key soil parameters.  
 

3. Run scenario simulations to examine the relative sensitivity of SRB erosion rates to climate 
versus land cover and soil parameterization.  
 
Scenarios were run for both historical and one future climate simulation to examine the sensitivity 
of SRB runoff erosion rates to climate and wildfire. Scenarios were run with no fire and high fire 
scenarios with variations in leaf area index (LAI), saturated hydrologic conductivity, interill 
erodibility, rill erodibility, and critical shear stress.  
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2 Methods 
 

The Columbia River basin (CRB) is the major watershed of the PNW mostly lies between the 
Cascades to the west and the Rocky Mountains to the east. The basin has been developed for flood 
control, hydropower generation (with 14 major hydroelectric dams making it the most hydroelectrically 
developed river in the U.S.), irrigation, and navigation (Bonneville Power Administration 1991). The 
river must also be managed for the protection of salmon under the Endangered Species Act; the basin is 
home to 5 species of salmonids. Within the CRB, the Salmon River basin (SRB) is largely un-impacted 
by human uses as compared to the other sub-basins within the CRB. As is demonstrated by Figure 1, 
the basin is primarily forested with some grassland, but with very little croplands or urban areas. It is 
one of the largest unregulated watersheds in the U.S. (~36,000 km2). Therefore, any changes that have 
occurred or will occur in the near-term can be mostly attributed to climate change and associated 
effects (such as changes in fire severity and frequency) versus direct anthropogenic effects. Climate 
change in this region is predicted to alter precipitation quantity and timing, vegetation communities, 
and fire frequencies, all of which are likely to impact water quality and quantity in the basin. 
 

 
 

Figure 1. Salmon River basin map showing calibration basins, elevation, and land cover. 

Using the Normalized Burn Ratio (NBR), maps compare pre-fire images to next growing season 
images from the Landsat Thematic Mapper multispectral scanning sensor to determine the severity of 
wildfires at 30 m spatial resolution. The 207 fires from the Monitoring Trends in Burn Severity (MTBS 
2011) online database from 1985 to 2010 in the SRB were translated onto a grid to show the frequency 
and severity of wildfires on the same grid scale as the VIC model.  
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2.1 Modeling Framework 

2.1.1 Overview of the Modeling Framework 
 

Mao et al. (2010) have recently coupled the VIC model to a soil erosion model, the WEPP-Hillslope 
Erosion (WEPP-HE) program of Flanagan et al. (2005). WEPP-HE is a stand-alone process-based 
erosion model that has been extracted from the full WEPP model. Due to the difference in scales 
between the VIC model (~5-15 km) and the WEPP-HE model (~10-100 m), Mao et al. (2010) 
distribute each VIC grid cell into a number of slope gradients at the finer (30 m) resolution. For 
computational feasibility, representative hillslopes are randomly selected from each slope gradient and 
vegetation classification group within a VIC grid cell and simulated for erosion. 

Figure 2 demonstrates the conceptual coupling between VIC and WEPP-HE in which there are 4 
groups of information passed to WEPP-HE for simulating runoff erosion at the hillslope scale. (1) For 
each VIC 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. (2) In addition, a 
monofractal scaling method (based on Bowling et al. 2004) is used to downscale digital elevation 
model (DEM) data to a 30 m resolution for WEPP-HE simulations. This information is used to 
determine the distribution of slope gradients within each VIC grid cell. (3) 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). (4) 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) by running the full 
WEPP model for different vegetation types and identifying seasonal values. After WEPP-HE 
determines erosion and deposition for each representative hillslope and vegetation, total erosion and 
deposition are calculated for each VIC grid cell by summing across the various hillslope and vegetation 
classifications.  
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Figure 2. Conceptual integration of the VIC large-scale hydrology model with the hillslope-scale 
WEPP-HE runoff erosion model (Mao et al. 2010). 

 

2.1.2 Descriptions of Individual Models 

2.1.2.1 Variable Infiltration Capacity (VIC) Hydrology Model 
 

The Variable Infiltration Capacity (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 was developed for large-scale applications (1/16 - 2°), in 
which sub-grid variability in land cover and topography is based on statistical relationships. VIC 
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). VIC 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; and Elsner et al. 2010). 
 
VIC was calibrated on a daily time step for streamflow and compared to USGS stream gauges at five 
locations within the SRB. Parameters from the soil input file (variable infiltration curve parameter, 
maximum velocity of baseflow, fraction of maximum velocity of baseflow where non-linear baseflow 
begins, fraction of maximum soil moisture where non-linear baseflow occurs, second and third soil 
layers, and surface roughness of snowpack) were adjusted according to the VIC model technical 
documentation (Gao 2010). Snow albedo and incoming shortwave radiation are uncertain estimated 
values calculated in VIC so are available for calibration and were used to match the timing of peak flow 
for simulated and observations flows. 
 
Along with matching the shape of the average monthly hydrograph, the metrics used in calibration 
were the average monthly relative bias (RB), monthly RB, monthly Nash-Sutcliffe Efficiency (E), 
and a peak flow metric (PK) that compares the observed and simulated peak flows (Coulibaly et 
al. 2001). For each basin, streamflow calibration consisted of the first half of the period of record 
and evaluation the second half. Table I provides a summary of the period of records, metrics, and 
percentage of total calibration area for each basin. For a perfect model, RB and PK metrics 
would show a value of zero and E would have a value of one.  
 

Table I. Calibration summary for VIC. See Figure 1 for basin locations. 
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2.1.2.2 Water Erosion Prediction Project (WEPP) 
 

WEPP is a process based model that was developed in the late 1980s by researchers from four 
federal agencies striving to create a new and better erosion model (Laflen et al. 1991). At the 
time, the universal soil loss equation (USLE) was the leading tool to predict and plan for soil 
erosion (Wischmeier and Smith 1978). As our understanding and knowledge of erosion 
processes expanded, the USLE erosion tool showed major limitations when applied to different 
situations than for those it was developed (Laflen et al. 1991). Thus the need of a more 
comprehensive erosion model became apparent.  
 
The processes in WEPP include erosion, hydrologic and hydraulic, plant growth and residue, 
water use, and soil processes (Laflen et al. 1991). The erosion processes in WEPP include 
detachment, transport, and deposition of soil using interrill and rill concepts of detachment. 
Interrill is the process of raindrops and shallow flows detaching soil particles and transferring 
them to rill or channel flows. Rill erosion occurs when deeper flowing water detaches soil 
particles. Erosion in gullies and by other established flows are not included in the WEPP model. 
The main components of the hydrologic processes in WEPP are climate inputs, infiltration rates, 
and winter processes. The hydraulic component of WEPP, which determines the hydraulic 
shearing forces, is important for modeling erosion processes. WEPP uses water balance 
computations to accurately predict infiltration and runoff rates essential to describe soil erosion 
volumes. The vegetation processes in WEPP are also critical for accurate erosion rates since 
plant growth and decomposition greatly impact the soil water content, amount of runoff, and 
erosion. WEPP has improved the soil erodibility values over those of its predecessor, the USLE, 
increasing the accuracy of soil erosion volumes. The scale of application for WEPP is typically 
in the range from a hillslope (tens of meters) to a small watershed (hundreds of meters) 
(Flanagan and Nearing 1995). 
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2.1.3 Coupling VIC and WEPP 

2.1.3.1 Rainfall Disaggregation 
 
The need for fine resolution precipitation data to simulate soil erosion is important to reduce the 
amount of uncertainty in predicting soil loss (Kandel et al. 2004). Since most available 
precipitation data occurs on daily time scales, a process was developed to disaggregate daily 
precipitation data into hourly time steps (Mao et al. 2010). Using monthly precipitation statistics 
from the National Soil Erosion Laboratory (NSERL) and daily precipitation, rainfall duration, 
relative time to peak, and relative peak rainfall intensity are produced using CLIGEN, a 
stochastic weather generator, for use in the final disaggregation and erosion calculations (Nicks 
et al. 1995, Mao et al. 2010). Finally, a WEPP model subroutine called DISAG is used to 
disaggregate daily precipitation into hourly following a double exponential function while 
conserving total daily precipitation amounts (Flanagan et al 1987).  
 

2.1.3.2 Hydrologic Input Calculations 
 
The disaggregated precipitation is used as input to VIC (with daily data of maximum and 
minimum temperature and average wind speed) to hourly energy and water fluxes. VIC runoff is 
then used to calculate the total runoff depth, peak runoff rate, effective runoff duration, effective 
rainfall intensity, and the effective rainfall duration. These five parameters are needed as 
hydrologic inputs to the WEPP-HE program. Mao et al. 2010 found that VIC produced many 
small runoff events that greatly overestimated erosion compared to the full WEPP model. They 
found that a fraction of saturation area in a VIC grid cell of 7.5% was the minimum value that 
the full WEPP model would produce soil loss. Thus, when the VIC model generated runoff when 
the saturated area was below 7.5% of the VIC grid cell area, the runoff was not passed to WEPP-
HE program for soil loss calculations.  
 

2.1.3.3 Spatial Downscaling of the Slope Profile 
 
Due to the discrepancy in spatial scales of VIC and WEPP, a process is used to downscale DEM 
to 30 meter slopes. Mao et al. 2010 implemented VIC at 1/8° resolution which used 30 arc 
second DEM data. This study applies VIC on a 1/16° resolution so 15 arc second DEM data was 
used. A monofractal scaling method derives 30 meter slopes from the DEM (Bowling et al. 
2004). Mao et al. 2010 demonstrated that this downscaling method provide improved results 
comparing the coarse DEM slopes to the derived 30 meter slopes.  
 

2.1.3.4 Soil Characteristics 
 
Soil parameters included in VIC are based on the State Soil Geographic Data Base (STATSGO) 
and are gridded to 1/16° resolution with three soil layers and also contain parameters for soil 
frost (Maurer et al. 2002; Mao and Cherkauer 2009). Although soil properties change from cell 
to cell, each gird cell is consistent throughout its domain. The additional soil inputs required to 
run the WEPP-HE program include baseline erodibility, soil particle size classes, size class specific 
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gravity, and fraction of sediment, diameter, and organic matter content (Mao et al., 2010). Three 
baseline erodibility factors were estimated for use in WEPP-HE: (1) interill erodibility which measures 
the soil rate transfer to rills, (2) rill erodibility which describes how vulnerable soil is to 
detachment, and (3) critical shear stress that determines 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 soil database, size distributions, fractions, and specific gravities were 
calculated using a WEPP subroutine (Mao et al. 2010).  
 

2.1.3.5 Erodibility Adjustments 
 
The baseline erodibility factors described above are adjusted to account for ground cover, canopy 
effects, root biomass, and soil freeze and thaw cycles (Mao et al. 2010). An interpolation scheme 
to calculate the adjusted erodibilty factors was developed from running the full WEPP model 
with varying vegetation types to identify typical seasonal values for a range of rainfall amounts 
and slope gradients (Mao et al. 2010). Mao et al. 2010 integrated these seasonal values by 
interpolating between the actual rainfall, slope, and day of year to determine unique erodibility 
adjustments.  
 

2.1.3.6 Hillslope Erosion and Slope Sampling 
 
A sampling scheme based on Park and Van de Giesen (2004) and Thompson et al. (2006) was 
developed to select hillslopes within a VIC grid cell to reduce computation time and without creating 
major errors (Mao et al. 2010). First, a set of hillslopes is generated within a VIC grid cell which 
is then grouped into similar slope ranges. Hillslopes are 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 is divided further into different vegetation types according to the 
fractional area of vegetation in each VIC grid cell. This process reduces the number of times 
WEPP-HE is run while conserving the variations in slope and vegetation differences for 
hillslopes within the VIC modeled grid cell. Total erosion for each VIC grid cell is the sum of all 
vegetation and hillslope groups multiplied by the fractional area of each within the hillslope (for 
vegetation) and the VIC grid cell (for hillslopes). 
 

2.1.3.7 Post-fire Adjustments 
 
To account for vegetation, soil, and erodibility changes induced by wildfire, adjustments were 
made to five parameters: leaf area index (LAI), saturated hydrologic conductivity, interill 
erodibility, rill erodibility, and critical shear stress. LAI was adjusted for low and high severity 
fires according to Parson et al. (2010) and implemented into the VIC source code. The remaining 
four parameters were adjusted based on WEPP soil database values (Frankenberger et al. 2011) 
and pre- and post-fire values from Robichaud et al. (2007). A summary of the post-fire 
adjustments is listed in Table II that show the adjustment factors as an average of clay loam, silt 
loam, sandy loam, and loam soil textures and an average of values from the two sources. Critical 
shear stress fluctuates with soil texture but on an average over all soil textures the critical shear 
stress is constant for different fire severities.  
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Table II. Adjustment factors for key post-fire erosion parameters for low, moderate, and high fire 
severity conditions implemented in VIC-WEPP code. 
 

Parameter No Fire Low Fire Moderate Fire High Fire 
LAI 1.00 0.60 0.25 0.05 
Hydrologic conductivity 1.00 0.90 0.75 0.65 
Interill erodibility 1.00 1.87 2.60 3.33 
Rill erodibility 1.00 13.06 21.71 30.36 
Critical shear stress 1.00 1.64 1.64 1.64 

 
 
 

2.2 Data 
 

Historical model simulations were driven by gridded daily precipitation, air temperature, and 
wind speed from Abatzoglou (2011) which 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 VIC’s 1/16th degree scale. For future 
climate, daily downscaled CMIP5 data using the method by Abatzoglou and Brown (2011) from 2039 
to 2070 was used. The historical and future daily precipitation data described above was disaggregated 
to hourly using the methodology of Mao et al. (2010), who use the CLIGEN weather generator (Zhang 
and Garbrecht 2003) and precipitation statistics from the National Soil Erosion Laboratory (NSERL) to 
determine storm pattern parameters. 

An ensemble of 24 future climate simulations was run to examine the sensitivity of climate on 
streamflow in the SRB. Only one model and scenario (bcc-csm1-1 model with future scenario RCP45) 
was used in future erosion simulations over the entire Salmon basin. An area of interest (AOI) was 
determined that included ranges of annual precipitation, average slope, land cover, and fire severity. 
Plotting the difference in precipitation and temperature for all future scenarios, the most extreme (the 
corners) and the center scenarios were used in additional simulations over the AOI. Figure 3 shows the 
selection of the five future scenarios.  
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Figure 3. Selection of the five future scenarios. 

 

The historical and future daily precipitation data described above was disaggregated to hourly using the 
methodology of Mao et al. (2010), who use the CLIGEN weather generator (Zhang and Garbrecht 
2003) and precipitation statistics from the National Soil Erosion Laboratory (NSERL) to determine 
storm pattern parameters. 

The soil and vegetation information was taken from the Maurer et al. (2002) VIC implementation. Soil 
data was originally derived from the State Soil Geographic (STATSGO) Data Base. The land cover 
used was reclassified from MODIS MOD 12Q1 data with 500-meter resolution. Digital elevation 
model (DEM) data at 500 meters was used from the Global Multi-resolution Terrain Elevation 
Data 2010 (GMTED2010; Danielson and Gesch 2011).  

 

3 Results 
 

3.1 Streamflow and Sediment Yield Results 
 

Initial future streamflow results for the largest basin (Basin 1; see Figure 1) show a decrease in peak 
flow and a shift in timing one month earlier compared to historical streamflow. Snowmelt is the main 
source of streamflow in the SRB and Figure 4.b shows a basin average temperature increase of 2.48 
degrees Celsius which may be a factor in snowmelt depletion earlier in the season. The spatial 
distribution of precipitation change is also provided in Figure 4 with a basin average decrease by 1.74 
percent. 

Adam - Page 10 of 21 
 



 

 

Figure 4. Precipitation (a) and temperature (b) differences for future scenario bcc-csm1-1 RCP45 
compared with historical climate. 

 

The next three figures show how erosion changes with fire severity and climate. Each panel (a, b, c, and 
d) for Figures 5, 6, and 7 represent a specific combination of severity and climate which is shown in 
Table III. For Figures 5 and 6, there are two different scales for average annual yield; one for the top 
and another for the bottom panels. Average annual yield is the total yield from for one year over one 
grid cell averaged from 30 years. Figure 7 shows the center of timing of the average annual yield curve. 
The center of timing is the Julian day at which half of the erosion has occurred in the year.  

Table III. Equations for producing maps in each panel for Figures 5, 6, and 7. 
 

Panel Erosion Calculation for Figures 5 and 7 Erosion Calculation for Figure 6 

a (historical high fire) – (historical no 
fire) 

((historical high fire) – (historical no fire)) 
(historical no fire) 

b (future high fire) – (future no fire) (future high fire) – (future no fire) 
(future no fire) 

c (future no fire) – (historical no fire) (future no fire) – (historical no fire) 
(historical no fire) 

d (future high fire) – (historical high fire) (future high fire) – (historical high fire) 
(historical high fire) 

 

(a) (b) 
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Figure 5. Average annual sediment yield changes for high and no severity for constant historical (a) and 
future (b) climate and changes for historical and future climate for constant no fire (c) and high fire (d) 

severity. 

 

 

 

 

(a) (b) 

(c) (d) 

Δ severity (historical) Δ severity (future) 

Δ climate (no fire) Δ climate (high fire) 
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Figure 6. Average annual sediment yield percent difference changes for high and no severity for 
constant historical (a) and future (b) climate and changes for historical and future climate for constant 

no fire (c) and high fire (d) severity. 

 

 

(a) (b) 

(c) (d) 

Δ severity (historical) Δ severity (future) 

Δ climate (no fire) Δ climate (high fire) 
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Figure 7. Center of timing changes for high and no severity for constant historical (a) and future (b) 
climate and changes for historical and future climate for constant no fire (c) and high fire (d) severity. 

 
 
 
 
 

3.2 Communication of Results 
 
Dissemination of findings through this research will be through journal article publication. 
Currently, an open-source journal is being considered to allow for more widespread distribution.  

(a) (b) 

(c) (d) 

Δ severity (historical) Δ severity (future) 

Δ climate (no fire) Δ climate (high fire) 
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4 Discussion and Conclusions 
 

In all three Figures 5, 6, and 7, panels a and b are more similar then panels c and d, showing that for this 
future scenario climate has less impact and control on sediment yield then changes in fire severity. For 
example, in Figure 5 the average yield change is 112 t/ha, 118 t/ha, -1.39 t/ha, and 4.50 t/ha for panels 
a, b, c, and d, respectively. First, the magnitudes of panels a and b (each representing change in yield 
when fire severity is changed) are much larger than panels c and d (each representing change in yield 
when climate is changed) indicating fire has more influence on yield. Second, the percent difference 
between panels a and b is near 5 percent compared to -30 percent for panels c and d. Comparing panels 
a and b will provide insight on climate whereas comparing panels c and d will give information about 
fire severity. For example, if climate had no effect on yield, panels a and b would be exactly the same 
and similarly if fire severity had no effect on yield panels c and d would be the same. This means, the 
larger the average yield changes are apart the more the factor (severity or climate) has on yield. Since 
the percent difference in comparing panels c and d is much larger, fire severity has a greater influence 
on yield. 

Figure 6 gives insight into what areas of the SRB are seeing the largest increase in yield relative to 
previous conditions. This is different than Figure 5 which shows absolute changes in yield. Although 
the greatest absolute changes in yield are dominant in the central and western parts of the SRB (Figure 
5 a and b), the greatest relative increases are mainly in the eastern part (Figure 6 a and b). This is 
because the no fire severity results in very little yield in the eastern part but after the high fire is overlaid 
the increase is relatively large compared to the central area which does provide larger yield in the no 
fire condition. Between Figures 5 and 6, panels c and d following generally similar patterns.  

Changes in the center of timing (Figure 7) are not obvious and need more analysis to determine what 
mechanisms are controlling the timing or yield and similarly runoff in the SRB. Factors such as slope, 
land cover, and annual precipitation or a combination of factors may be controlling the patterns in 
Figure 7.  

For one future scenario, sediment yield in the SRB is mainly controlled by fire severity with lesser 
contributions from climate. The average increase in yield for the future scenario with high fire 
conditions is 118 t/ha (11.8 kg/m2).  

  

Adam - Page 15 of 21 
 



References 
 

Abatzoglou, J. T. 2011. Development of Gridded Surface Meteorological Data For Ecological 
Applications And Modeling. International Journal of Climatology. DOI: 10.1002/joc.3413. 

Abatzoglou J.T. and T. J. Brown. 2011. A Comparison of Statistical Downscaling Methods 
Suited for Wildfire Applications. International Journal of Climatology. DOI: 10.1002/joc.2312. 

Amaranthus, M.P. and J.M. Trappe. 1993. Effects of Erosion on Ecto- and VA-mycorrhizal 
Inoculum Potential of Soil Following Forest Fire in Southwest Oregon. Plant and Soil, Vol. 140, 
No. 1, pp 41-49. 
 
Andreadis, K., P. Storck, and D.P. Lettenmaier. 2009. Modeling snow accumulation and ablation 
processes in forested environments. Water Resources Research, 45, W05429, 
doi:10.1029/2008WR007042. 
 
Benavides-Solorio, J.D. and L.H. MacDonald. 2001. Post-fire runoff and erosion from simulated 
rainfall on small plots, Colorado Front Range. Hydrological Processes, Vol. 15, No. 15, pp 2931-
2952. 
 
Benavides-Solorio, J.D., and L.H. MacDonald. 2005. Measurement and prediction of post-fire 
erosion at the hillslope scale, Colorado Front Range. International Journal of Wildland Fire, Vol. 
14, pp 457-474. 
 
Benda, L., D. Miller, P. Bigelow, and K. Andras. 2003. Effects of post-wildfire erosion on 
channel environments, Boise River, Idaho.  Forest Ecology and Management, Vol. 178, pp. 105-
119. 
 
Boll, J., E. Brooks, J. McAtty, M. Barber, J. Ullman, D. McCool, X. Lu, A. Lawler, and J. Ryan. 
2011. Evaluation of sediment yield reduction potential in agricultural and mixed-use watersheds 
of the Lower Snake River basin. Technical Report, submitted to US Army Corps of Engineers by 
State of Washington Water Research Center, Pullman, WA. 
 
Bonneville Power Administration. 2001. “The Columbia River System Inside Story.” 
 
Bowling, L.C. and D.P. Lettenmaier. 2010. Modeling the effects of lakes and wetlands on the 
water balance of Arctic environments. Journal of Hydrometeorology, Vol. 11, pp 276-295. 
 
Bowling, L.C., J.W. Pomeroy, and D.P. Lettenmaier. 2004. Parameterization of blowing-snow 
sublimation in a macroscale hydrology model, J. Hydrometeorology, Vol. 5, pp 745-762. 
 
Climate Change Science Program (CCSP) 2008. Weather and climate extremes in a changing 
climate. Regions of Focus: North America, Hawaii, Caribbean, and U.S. Pacific Islands. A 
Report by the U.S. Climate Change Science Program and the Subcommittee on Global Change 
Research. [Thomas R. Karl, Gerald A. Meehl, Christopher D. Miller, Susan J. Hassol, Anne M. 

Adam - Page 16 of 21 
 



Waple, and William L. Murray (eds.)]. Department of Commerce, NOAA's National Climatic 
Data Center, Washington, D.C. 
 
Cherkauer, K.A. and D.P. Lettenmaier. 1999. Hydrologic effects of frozen soils in the upper 
Mississippi River basin. Journal of Geophysical Research-Atmospheres, Vol. 104, pp 19599-
19610.   
 
Connaughton, C.A. 1935. Forest fires and accelerated erosion. Intermountain Forest and Range 
Experiment Station.  Journal of Forestry, Vol. 33, No. 8, pp 751-752. 
 
Coulibaly, P., B. Bobee, and F. Anctil. 2001. Improving extreme hydrologic events forecasting 
using a new criterion for artificial neural network selection. Hydrological Processes. 15: 1533-
1536. 
 
Daly C., M. Halbeib, J. I. Smith, W. P. Gibson, M. K. Doggett, G. H. Taylor, J. Curtis, and P. A. 
Pasteris. 2008. Physiographically-sensitive mapping of temperature and precipitation across the 
conterminous United States. International Journal of Climatology DOI: 10.1002/joc.1688. 
 
Danielson, J.J., and D. B. Gesch. 2011. Global multi-resolution terrain elevation data 2010 
(GMTED2010): U.S. Geological Survey Open-File Report 2011–1073, 26 p. 
 
DeBano, L.F., D.G. Neary, and P.F. Folliott. 2005. Soil physical properties. In: D.G. Neary, K.C. 
Ryan, and L.F. DeBano, eds., Wildland fire in ecosystems: effects of fire on soils and water. U.S. 
Department of Agriculture, Forest Service, Rocky Mountain Research Station: General 
Technical Report, RMRS-GTR-42, pp 29-51. Ogden, UT 
 
Doerr, S.H., R.A. Shakesby, W.H. Blake, C.J. Chafer, G.S. Humphreys, and P.J. Walbrink. 2006. 
Effects of differing wildfire severities on soil wettability and implications for hydrological 
response. Journal of Hydrology, Vol. 319, pp 295-311. 
 
Elliot, W.J. and D. E. Hall. 2010. Disturbed WEPP Model 2.0. Ver. 2011.11.22.  Moscow, ID: 
U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station. Online at 
<http://forest.moscowfsl.wsu.edu/fswepp>. 
 
Elliot, W. J., A. M. Liebenow, J. M. Laflen, and K. D. Kohl. 1989. A compendium of soil 
erodibility data from WEPP cropland soil field erodibility experiments 1987 & 1988, NSERL 
Report no.3, USDA‐ARS National Soil Erosion Research Laboratory, West Lafayette, IN. 
 
Elliot, W.J., R.B. Foltz, and S. Miller. 2010. Upland erosion processes in northern Idaho forests. 
U.S. Forest Service, Rocky Mountain Research Station, Moscow, ID. 
 
Elsner, M., L. Cuo, N. Voisin, J. Deems, A. Hamlet, J. Vano, K. Mickelson, S.-Y. Lee, and D. 
Lettenmaier. 2010. Implications of 21st century climate change for the hydrology of Washington 
State, Climatic Change, 102(1), 225-260. 
 

Adam - Page 17 of 21 
 



Espinosa, F.A., J.J. Rhodes, and D.A. McCullough. 1997. The failure of existing plans to protect 
samon habiata in the Clearwater National Forest in Idaho. Journal of Environmental 
Management, Vol. 49, pp 205-230. 
 
Flanagan, D.C. and M.A. Nearing. 1995. USDA – Water Erosion Prediction Project: Hillslope 
Profile and Watershed Model Documentation, West Lafayette, IN. 
 
Flanagan, D. C., G. R. Foster, and W. C. Moldenhauer. 1987. How storm patterns affect 
infiltration, paper presented at Proc. International Conference on Infiltration Development and 
Application, University of Hawaii, Water Resources Research Center, Honolulu, HI, Jan 6–9, 
1987. 
 
Flanagan, D.C., J.C. Ascough, W.F. Geter, and O. David. 2005. Development of a hillslope 
erosion module for the object modeling system, paper presented at ASAE Annual International 
Meeting, Tampa, FL., ASAE, St. Joseph, MI, July 17-20. 
 
Frankenberger, J. R., S. Dun, D. C. Flanagan, J.Q. Wu, W. J. Elliot. 2011. Development of a GIS 
Interface for WEPP Model Application to Great Lakes Forested Watersheds. Presented at the 
International Symposium on Erosion and Landscape Evolution. Anchorage, Alaska. ISELE 
Paper Number 11139. 
 
Gao, H., Q. Tang, X. Shi, C. Zhu, T. J. Bohn, F. Su, J. Sheffield, M. Pan, D. P. Lettenmaier, and 
E. F. Wood. 2010. Water Budget Record from Variable Infiltration Capacity (VIC) Model. 
In Algorithm Theoretical Basis Document for Terrestrial Water Cycle Data Records (in review). 
 
Goode, J. R., C. H. Luce, and J. M. Buffington. 2012. Enhanced sediment delivery in a changing 
climate in semi-arid mountain basins: Implications for water resource management and aquatic 
habitat in the northern Rocky Mountains. Geomorphology 139-140: 1-15. 
 
Hamlet, A.F. and D.P. Lettenmaier. 1999. Effects of climate change on hydrology and water 
resources in the Columbia river basin, Journal of the American Water Resources Association, 
Vol. 35, pp 1597-1623. 
 
Helvey, J.D. 1980. Effects of a north central Washington wildfire on runoff and sediment 
production. Journal of the American Water Resources Association, Vol. 16, No. 4, pp 627-634. 
 
Holden, Z.A., P. Morgan, C. Luce, M. Crimmins, and E. Heyerdahl. 2006. Sensitivity of recent 
wildfire extent and severity to annual streamflow distribution and timing in the Pacific 
Northwest USA (1984-2005). The Journal of the Association for Fire Ecology. 
 
Inbar, M., M. Tamir, and L. Wittenberg. 1998. Runoff and erosion processes after a forest fire in 
Mount Carmel, a Mediterranean area. Geomorphology, Vol. 24, No. 1, pp 17-33. 
 
International Panel on Climate Change (IPCC). 2007. Climate Change 2007: Impacts, 
adaptation, and vulnerability.  Contribution of Working Group II to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change [Parry, Martin L., Canziani, Osvaldo 

Adam - Page 18 of 21 
 

http://www.hydro.washington.edu/SurfaceWaterGroup/Publications/Water_Cycle_MEaSUREs_ATBD_VICmodel_submit.doc
http://www.treesearch.fs.fed.us/pubs/40244
http://www.treesearch.fs.fed.us/pubs/40244
http://www.treesearch.fs.fed.us/pubs/40244


F., Palutikof, Jean P., van der Linden, Paul J., and Hanson, Clair E. (eds.)]. Cambridge 
University Press, Cambridge, United Kingdom, 1000 pp. 
 
Jetten, V., A. de Roo, and D. Favis-Mortlock. 1999. Evaluation of field-scale and catchment-
scale soil erosion models. Catena 37 (3-4), 521-541. 

Johansen, M.P., T.E. Hokonson, and D.D. Breshears. 2001. Post-fire runoff and erosion from 
rainfall simulation: contrasting forests with shrublands and grasslands. Hydrological Processes, 
Vol. 15, No. 15, pp 2953-2965. 
 
Kandel, D. D., A. W. Western, R. B. Grayson, and H. N. Turral (2004), Process parameterization 
and temporal scaling in surface runoff and erosion modeling, Hydrologic Processes, 18, 1423–
1446. 
 
Laflen, G. A., J. M. Elliot, W. J. Simanton, J. R. Holzhey, C. S. and K. D. Kohl. 1991. WEPP: 
Soil erodibility experiments for rangeland and cropland soils. Journal of Soil and Water 
Conservation, 46(1), 39-44. 
 
Larsen, I.J., L.H. MacDonald, E. Brown, D. Rough, M.J. Welsh, J.H. Pietraszek, Z. Libohova, 
J.D. Benavides-Solorio, and K. Schaffrath. 2009. Causes of post-fire runoff and erosion: water 
repellency, cover, or soil sealing? Soil Science Society of America Journal, Vol. 73, pp 1393-
1407. 
 
Liang, X., D.P. Lettenmaier, E. Wood, and S.J. Burges. 1994. A simple hydrologically based 
model of land-surface water and energy fluxes for general-circulation models. Journal of 
Geophysical Research-Atmospheres, Vol. 99, pp 14415-14428. 
 
Mao, D. and K. A. Cherkauer. 2009. Impacts of land use change on hydrologic responses in the 
Great Lakes region, Journal of Hydrology, 374, 71–82. 
 
Mao, D., K.A. Cherkauer, and D.C. Flanagan. 2010. Development of a coupled soil erosion and 
large-scale hydrology modeling system. Water Resources Research, 46, W08543, doi: 
10.1029/2009WR008268. 
 
Maurer, E.P., A.W. Wood, J.C. Adam, D.P. Lettenmaier, and B. Nijssen. 2002. A long-term 
hydrologically-based data set of land surface fluxes and states for the conterminous United 
States. Journal of Climate, Vol. 15, pp 3237-3251. 
 
McCutcheon, S.C. and J. Pendergast. 1999. Overview of total maximum daily load (TMDL) 
problem and supporting model development. Presented at Appalachian Rivers II Conference, 
Morgantown, WV. 
 
Minshall, G.W. and J.T. Brock.1991. Observed and anticipated effects of forest fire on 
Yellowstone stream ecosystems. Chapter 10 in The Greater Yellowstone Ecosystem, edited by 
R.B. Keiter and M.S. Boyce, Yale University. 
 

Adam - Page 19 of 21 
 



Mitchell, K. E., D. Lohmann, P. R. Houser, E. F. Wood, J. C. Schaake, A. Robock, B. A. 
Cosgrove, J. Sheffield, Q. Duan, L. Luo, R. W. Higgins, R. T. Pinker, J. D. Tarpley, D. P. 
Lettenmaier, C. H. Marshall, J. K. Entin, M. Pan, W. Shi, V. Koren, J. Meng, B. H. Ramsay, and 
A. A. Bailey. 2004. The multi-institution North American Land Data Assimilation System 
(NLDAS): Utilizing multiple GCIP products and partners in a continental distributed 
hydrological modeling system. Journal of Geophysical Research, Vol. 109: D07S90, DOI: 
10.1029/2003JD003823. 
 
Moody, J.A. and D.A. Martin. 2001. Initial hydrologic and geomorphic response following a 
wildfire in the Colorado Front Range. Earth Surface Processes and Landforms, Vol. 26, pp 1049-
1070. 
 
Moody, J.A. and D.A. Martin. 2009. Synthesis of sediment yields after wildland fire in different 
rainfall regimes in the western United States. International Journal of Wildland Fire, Vol. 18, pp 
96-115. 
 
MTBS. "Monitoring Trends in Burn Severity.". Wildland Fire Leadership Council, December 
2011. Web. 27 Feb 2012. <http://mtbs.gov/index.html>. 
 
Nicks, A. D., L. J. Lane, and G. A. Gander. 1995. Weather generator, in USDA‐Water Erosion 
Prediction Project: Hillslope Profile and Watershed Model Documentation, edited by D. C. 
Flanagan and M. A. Nearing, pp. 2.1–2.2, USDA‐ARS National Soil Erosion Research 
Laboratory, West Lafayette, IN. 
 
Owens, P.N., R.J. Batalla, A.J. Collins, B. Gomez, D.M. Hicks, A.J. Horowitz, G.M. Kondolf, 
M. Marden, M.J. Page, D.H. Peacock, E.L. Petticrew, W. Salomons, and N.A. Trustrum. 2005. 
Fine-grained sediment in river systems: environmental significance and management issues. 
River Research and Applications, Vol. 21, No. 7, pp 693-717. 
 
Park, S. J., and N. Van de Giesen. 2004. Soil‐landscape delineation to define spatial sampling 
domains for hillslope hydrology. Journal of Hydrology, 295, 28–46. 
 
Parson A., P. R. Robichaud, S. A. Lewis, C. Napper, and J. T. Clark. 2010. Field guide for 
mapping post-fire soil burn severity. Gen. Tech. Rep. RMRS-GTR-243. Fort Collins, CO. U.S. 
Department of Agriculture, Forest Service, Rocky Mountain Research Station. pp 49. 
 
Reneau, S.L., D. Katzman, G.A. Kuyumjian, A. Lavine, and D.V. Malmon. 2010. Sediment 
delivery after a wildfire. Geology, Vol. 35, pp. 151-154. 
 
Robertson, M.J., D.A. Scruton, and K.D. Clarke. 2007. Seasonal effects of suspended sediment 
on the behavior of juvenile Atlantic salmon. Transactions of the American Fisheries Society, 
Vol. 136, pp 822-828. 
 
Robichaud, P.R. 2000. Fire effects on infiltration rates after prescribed fire in northern Rocky 
Mountain forests, USA. Journal of Hydrology, Vol. 231-232, pp 220–229. 
 

Adam - Page 20 of 21 
 



Robichaud, P.R., W.J. Elliot, F.B. Pierson, D.E. Hill, and C.A. Moffet, 2007. Predicting postfire 
erosion and mitigation effectiveness with a web-based probabilistic erosion model. Catena 71 
(2), 229-241. 
 
Robichaud, P.R., J.W. Wagenbrenner and R.E. Brown. 2010. Rill erosion in natural and 
disturbed forests: 1. Measurements.  Water Resources Research, Vol. 46, W10506. 
 
Schubauer-Berigan, J.P., S. Minamyer, and E. Hartzell. 2005. Proceedings of a workshop on 
suspended sediments and solids. EPA/600/R-06/025, U.S. EPA Office of Research and 
Development, Cincinnati, OH. 
 
Spigel, K.M. and Robichaud, P.R. 2007. First-year post-fire erosion rates in Bitterroot National 
Forest, Montana. Hydrological Processes. 21: 998-1005. 
 
Teasdale, G.N. and M.E. Barber. 2008. Aerial Assessment of Ephemeral Gully Erosion from 
Agricultural Regions in the Pacific Northwest. ASCE Journal of Irrigation and Drainage 
Engineering, Vol. 134, No. 6, pp 807-814. 
 
Thompson, J. A., E. M. Pena‐Yewtukhiw, and J. H. Grove. 2006. Soil landscape modeling across 
a physiographic region: Topographic patterns and model transportability, Geoderma, 133, 57–70. 
 
Wischmeier, W. H., and D. D. Smith. 1978. Predicting rainfall erosion losses - a guide to 
conservation planning, Agr. Handbk. No. 537. U.S. Dept. Agr., Washington, D.C. 
 
Wood, P.J. and P.D. Armitage. 1997. Biological effects of fine sediment in the lotic 
environment. Environmental Management, Vol. 21, No. 2. Pp. 203-217. 
 
Zhang, X. C., and J. D. Garbrecht (2003), Evaluation of CLIGEN precipitation parameters and 
their implication on WEPP runoff and erosion prediction. Transactions of the American Society 
of Agricultural Engineers, 46(2), 311–320. 
 

Adam - Page 21 of 21 
 


