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Abstract Mountain watersheds recently burned by wildﬁre often experience greater amounts of
runoﬀ and increased rates of sediment transport relative to similar unburned areas. Given the sedimentation
and debris ﬂow threats caused by increases in erosion, more work is needed to better understand
the physical mechanisms responsible for the observed increase in sediment transport in burned
environments and the time scale over which a heightened geomorphic response can be expected.
In this study, we quantiﬁed the relative importance of diﬀerent hillslope erosion mechanisms during
two postwildﬁre rainstorms at a drainage basin in Southern California by combining terrestrial laser
scanner-derived maps of topographic change, ﬁeld measurements, and numerical modeling of overland
ﬂow and sediment transport. Numerous debris ﬂows were initiated by runoﬀ at our study area during a
long-duration storm of relatively modest intensity. Despite the presence of a well-developed rill network,
numerical model results suggest that the majority of eroded hillslope sediment during this long-duration
rainstorm was transported by raindrop-induced sediment transport processes, highlighting the importance
of raindrop-driven processes in supplying channels with potential debris ﬂow material. We also used
the numerical model to explore relationships between postwildﬁre storm characteristics, vegetation
cover, soil inﬁltration capacity, and the total volume of eroded sediment from a synthetic hillslope for
diﬀerent end-member erosion regimes. This study adds to our understanding of sediment transport
in steep, postwildﬁre landscapes and shows how data from ﬁeld monitoring can be combined with
numerical modeling of sediment transport to isolate the processes leading to increased erosion in
burned areas.
1. Introduction
Recently burned watersheds generally experience large increases in runoﬀ relative to similar unburned areas
due to a lack of rainfall interception and ﬁre-induced reductions in the inﬁltration capacity of the soil [DeBano,
2000; Shakesby and Doerr, 2006]. Combined with an increase in soil erodibility [Moody et al., 2005], increases
in runoﬀ make hillslopes in postwildﬁre environments prone to high rates of erosion [Meyer and Wells, 1997;
Inbar et al., 1998; Prosser and Williams, 1998; Robichaud et al., 2010; Lamb et al., 2011]. Rates of sediment transport remain elevated over a time period of several years, often referred to as the window of disturbance,
before gradually returning to the background rate [Shakesby and Doerr, 2006; Nyman et al., 2013]. Although
wildﬁre-induced changes in sediment transport may be short lived, wildﬁres can be an important geomorphic agent of landscape change over longer time scales [Moody and Martin, 2001a; Roering and Gerber, 2005;
Moody and Martin, 2009; Orem and Pelletier, 2016]. Swanson [1981] estimated that wildﬁre-related processes
account for approximately 25% of the long-term sediment yield in the western Cascade Range, Oregon, while
Orem and Pelletier [2016] attribute more than 90% of denudation over geologic time scales to wildﬁre-aﬀected
erosion in the Valles Caldera, New Mexico. Hillslope sediment has also been identiﬁed as an important source
of material for postwildﬁre debris ﬂows [Meyer and Wells, 1997; Cannon et al., 2001a, 2001b; Kean et al., 2011].
Therefore, understanding hillslope-scale sediment transport following wildﬁre as well as its sensitivity to vegetation and soil recovery time scales is important for improving our knowledge of the long-term evolution of
mountainous landscapes and assessing postwildﬁre hazards.
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A number of previous studies have identiﬁed factors that play signiﬁcant roles in controlling the magnitude of postwildﬁre erosion [Moody et al., 2013], such as a lack of ground cover [Prosser and Williams, 1998;
Benavides-Solorio and MacDonald, 2005; Wagenbrenner et al., 2006], soil water repellency [DeBano, 2000;
Debano and Krammes, 1966], surface soil sealing [Larsen et al., 2009], reductions in critical entrainment thresholds [Moody et al., 2005], rainfall erosivity [Benavides-Solorio and MacDonald, 2005; Pietraszek, 2006], and time
since burning [Benavides-Solorio and MacDonald, 2005; Wagenbrenner et al., 2006; Robichaud et al., 2013].
Moreover, sediment transport is characterized by nonlinear interactions among a number of factors that may
be altered by wildﬁre, including runoﬀ generation, soil water repellency, sediment availability, vegetation
cover, and thresholds associated with sediment detachment [Moody et al., 2013]. As a result, erosion in one
burned area may be dominated by channel incision with relatively small contributions of total soil erosion
coming from hillslope locations [Moody and Martin, 2001b]. At other postwildﬁre sites, soil erosion may occur
primarily on hillslopes [Staley et al., 2014; Rengers et al., 2016a]. The same site may even experience a diﬀerent geomorphic response depending on the rainfall characteristics. Schmidt et al. [2011] documented intense
channel erosion and rilling following a short, high-intensity rainfall event at a small basin in the San Gabriel
Mountains, CA, following the 2009 Station Fire. Staley et al. [2014] reported extensive hillslope erosion and
net channel aggradation at the same site in response to the following rainstorm, which was a long-duration
storm of relatively modest intensity. An important step toward unraveling the erosional response of burned
watersheds is to isolate the sediment transport processes that drive postwildﬁre soil erosion within diﬀerent
geologic settings and assess their sensitivity to vegetation cover, soil inﬁltration capacity, and rainfall intensity.
Previous studies have employed a variety of techniques to quantify postwildﬁre erosion, including erosion
pins, repeat surveys of channels and hillslopes, silt fences, and measurements of sediment deposited in
reservoirs [Moody et al., 2013]. More recently, lidar-derived topographic data sets have also been utilized to
obtain high-resolution, spatially complete estimates of erosion and deposition patterns following wildﬁre
[e.g., DeLong et al., 2012; Pelletier and Orem, 2014; Staley et al., 2014; Wester et al., 2014; Orem and Pelletier, 2015;
Rengers et al., 2016a]. Knowledge of spatial patterns in postwildﬁre erosion have proven to be useful for deriving spatially complete estimates of sediment yield, which can then be related to important factors such as
burn severity or slope over large spatial scales [Pelletier and Orem, 2014], and identifying erosion “hot spots,”
or sediment source locations, that contribute material to create downstream hazards, such as debris ﬂows
[Staley et al., 2014]. However, an improved understanding of the processes responsible for facilitating the delivery of sediment from hillslopes to the channel network, in addition to isolating the locations associated with
sediment sources within burned areas, will aid in assessing changes in debris ﬂow and sedimentation threats
as a function of soil recovery, vegetation recovery, and time after burning. Process-based numerical models
that predict runoﬀ, sediment entrainment, transport, and deposition can be useful tools for quantitatively
connecting measured spatial patterns in erosion and deposition with the relative importance of diﬀerent
sediment transport processes. For instance, it is not possible, based solely on spatial patterns of erosion and
deposition, to diﬀerentiate interrill erosion caused by sheet ﬂow and ﬂow-driven sediment detachment from
interrill erosion caused by raindrop-driven detachment. Since we expect that the eﬃciencies of ﬂow-driven
and raindrop-driven transport processes will be aﬀected diﬀerently by vegetation recovery, it is useful to
diﬀerentiate the processes responsible for causing the majority of the erosion. In this study, we combine
high-resolution maps of topographic change with process-based numerical modeling to better interpret
measured erosion and deposition patterns following wildﬁre.
Since various sediment transport processes may be inﬂuenced diﬀerently by a given change in vegetation
and soil hydraulic properties, both of which are altered by wildﬁre, a better process-based understanding
of how sediment is transported in recently burned areas would improve our ability to predict the window
of disturbance. For example, in the absence of vegetation cover, raindrop impact can detach particles from
the soil surface and substantially increase sediment discharge in shallow overland ﬂow [Gabet and Dunne,
2003]. Changes in runoﬀ and erosion due to a lack of surface litter and vegetation following wildﬁre have
been recognized for some time [White and Wells, 1979; Inbar et al., 1998; Pierson et al., 2008; Mayor et al.,
2007; Robichaud et al., 2016], and large increases in sediment transport within recently burned areas have
been attributed in some cases to measured increases in raindrop-driven sediment transport [Shakesby et al.,
1993]. Raindrop-driven transport refers to sediment being transported by rainsplash as well as sediment
that is detached by raindrops and then subsequently transported by overland ﬂow [Kinnell, 2005]. Rates of
rill erosion, however, have also been shown to increase substantially in burned relative to unburned soils
[Pierson et al., 2008; Robichaud et al., 2010; Wagenbrenner et al., 2010]. In contrast to raindrop-driven transport,
MCGUIRE ET AL.

POSTWILDFIRE SEDIMENT TRANSPORT

2212

Journal of Geophysical Research: Earth Surface

10.1002/2016JF003867

Figure 1. The study site is located in the San Gabriel Mountains near La Crescenta-Montrose, CA, USA. (a) Location of
the study site within the burn area of the 2009 Station Fire. (b) Aerial photograph, taken in February 2010, of the study
site. (c) Topographic slopes are particularly steep to the north and east of the main channel, where portions of the bed
are composed of saprolite.

the direct detachment and transport of sediment by overland ﬂow (referred to here as ﬂow-driven sediment
transport) may be less sensitive to vegetation cover and more sensitive to changes in inﬁltration capacity,
which could increase runoﬀ and lead to the exceedance of critical entrainment thresholds by overland ﬂow.
Detailed studies of postwildﬁre sediment transport and associated overland ﬂow, however, are very limited in
natural settings. The goals of this study are threefold: (1) to develop the numerical modeling tools necessary
to represent rainfall, canopy interception, inﬁltration, ﬂuid ﬂow, and sediment transport processes in steep
postwildﬁre environments, (2) to apply the numerical model, in combination with high-resolution hydrologic
and geomorphic data sets, to assess the relative importance of diﬀerent sediment transport mechanisms
in driving soil erosion in a natural postwildﬁre setting, and (3) to apply the numerical model to synthetic
MCGUIRE ET AL.
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topography to explore how the window of disturbance varies with vegetation cover, soil inﬁltration capacity, rainfall intensity and duration, and a hillslopes’ susceptibility to two diﬀerent sediment detachment
mechanisms, raindrop-driven and ﬂow-driven sediment detachment.
The numerical model is applied to study soil erosion in a small (0.01 km2 ) headwater drainage basin of the
Arroyo Seco in the San Gabriel Mountains, CA, USA, that was intensively monitored following the 2009 Station
Fire [Kean et al., 2011; Staley et al., 2014] (Figure 1). Detailed measurements of topographic change combined with high temporal resolution soil moisture, stage, and rainfall data provide the necessary constraints
to use numerical modeling to study sediment transport at this site. In the ﬁrst winter after the ﬁre, four rainfall events produced runoﬀ and debris ﬂows that were recorded by a monitoring station at the basin outlet
[Kean et al., 2011]. This study examines soil erosion in response to the ﬁrst and second storms because the
characteristics of the rainfall and the resulting erosion patterns were substantially diﬀerent. The ﬁrst storm,
a short-duration, high-intensity rainfall event, led to intense rill and channel erosion [Schmidt et al., 2011],
whereas net aggradation occurred within the channel network during the second storm [Staley et al., 2014].
We focus ﬁrst on the second rainfall event following the ﬁre because high-resolution, multitemporal terrestrial
laser scanning-derived digital elevation models (DEMs) document the magnitude and spatial patterns of erosion associated with that event [Staley et al., 2014] and allow us to perform a more detailed analysis. For both
storms, we center our attention on hillslope erosion and deposition within a subbasin of the study site where
extensive hillslope erosion occurred.
By conducting a series of numerical experiments and quantitatively comparing the magnitude and spatial patterns of simulated erosion and deposition patterns with TLS-derived measurements of topographic change,
we are able to assess the relative importance of raindrop-driven and ﬂow-driven sediment transport processes. Our analysis of hillslope sediment transport at the study site is intended to be a ﬁrst step toward
broader understanding of the processes controlling sediment transport and debris ﬂow initiation throughout
the entire basin. Numerical model experiments conducted using synthetic hillslope topography are intended
to explore how the magnitude of postwildﬁre soil erosion varies with storm characteristics as well as changes
in vegetation over and soil inﬁltration capacity.

2. Study Area
The study area is located within a 0.01 km2 headwater drainage basin of the Arroyo Seco in the San Gabriel
Mountains, CA, USA. Vegetation in the area is dominated by chaparral, but the entire basin was burned at
moderate to high severity during the Station Fire between 3 September and 16 October 2009 [Kean et al.,
2011]. The basin is characterized by steep side slopes with average hillslope angles of approximately 40∘ that
drain into the main channel (≈ 20∘ –25∘ ) (Figure 1). Typical soil depths throughout the majority of the basin
are 0.25–1.0 m, with locally shallower soil depths of less than 0.25 m being found on steeper sections of the
side slopes [Staley et al., 2014]. Based on grain size analyses of hillslope sediment [Kean et al., 2011], the soil
can be classiﬁed as a loamy sand. Approximately 25% of the basin, most of which is located on the east side
of the main channel, consists of highly weathered and easily erodible saprolite, some of which developed rills
during postﬁre rainfall [Staley et al., 2014].
The ﬁrst storm following the ﬁre occurred on 12 November 2009. The storm lasted for approximately 1 h,
had peak 5 min rainfall intensities near 80 mm h−1 [Kean et al., 2011], and resulted in considerable rilling,
channel erosion, and debris ﬂow recorded at the basin outlet [Schmidt et al., 2011]. The second storm after the
ﬁre began on 10 December 2010, ended on 13 December 2010, and culminated with a roughly 12 h period
where rainfall intensities were periodically high enough (5 min rainfall intensities of ≈ 40 mm h−1 ) to produce
episodic runoﬀ and debris ﬂows [Kean et al., 2011].

3. Methods
3.1. Numerical Model
The numerical model consists of two main components, one for ﬂuid ﬂow and one for sediment transport,
which are coupled and solved simultaneously. Fluid ﬂow and the transport of sediment are modeled using
a set of conservation laws that reduce to the nonlinear shallow water equations, augmented with a set of
advection equations that represent the movement of sediment being transported within the ﬂuid, in cases
where sediment concentrations are low. If the sediment concentration is high, the ﬂuid ﬂow equations are
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equivalent to a simpliﬁed version of the debris ﬂow equations presented by Iverson and Denlinger [2001].
Inﬁltration is modeled using the Green-Ampt equation [Green and Ampt, 1911], and rainfall interception is
represented using the model proposed by Rutter et al. [1972, 1975].
In shallow overland ﬂow, raindrop impact can detach sediment from the soil surface, ejecting it into the water
column where it can then be transported [Gabet and Dunne, 2003]. Given suﬃcient stream power, overland
ﬂow is also capable of detaching sediment from the bed without the aid of raindrop impact, which we refer
to as ﬂow-driven detachment. The Hairsine and Rose (HR) soil erosion model represents size-selective sediment transport as well as the detachment of sediment by both ﬂow-driven processes and raindrop impact
processes [Hairsine and Rose, 1991, 1992a, 1992b]. For these reasons, entrainment and deposition of sediment
are modeled within the framework presented by Hairsine and Rose [1991, 1992a, 1992b]. The model can be
extended, as is done here, to include bed load transport [Zheng, 2011]. In addition, the HR model diﬀerentiates itself from other process-based sediment transport models because it considers the development of
a deposited sediment layer with material properties that may diﬀer from the original soil [Hairsine and Rose,
1991, 1992a, 1992b]. The HR model framework provides the potential to distinguish between sediment transport processes where both detachment and transport are driven entirely by overland ﬂow from those that
require raindrop impact to detach sediment. Other models may only account for one of these processes or
subsume the eﬀects of both into a single rate constant.
3.2. Sediment Entrainment and Deposition
The governing equations are solved within a local, orthogonal Cartesian coordinate system in which the ﬂow
depth, h (m), is deﬁned normal to the topographic surface, denoted by z [e.g., Denlinger and Iverson, 2001].
Deﬁning u (m s−1 ) and v (m s−1 ) as depth-averaged velocities in the x and y directions respectively, ck as the
sediment concentration (kg m−3 ) of sediment size class k, and mk as the mass of deposited sediment (kg m−2 )
in size class k, the HR equations for sediment size class k are
𝜕(ck h) 𝜕(hck u) 𝜕(hck v)
+
+
= ek + erk + rk + rrk − dk ,
𝜕t
𝜕x
𝜕y
𝜕(mk ) 𝜕(qbxk ) 𝜕(qbyk )
+
+
= dk − erk − rrk ,
𝜕t
𝜕x
𝜕y

(1)
(2)

where ek , erk , rk , rrk , and dk denote rates for detachment and redetachment due to rainfall, entrainment and
reentrainment due to runoﬀ, and deposition, respectively, and bed load sediment ﬂuxes in the x and y directions are given by qbxk and qbyk (see Table 1 for notation). Bed load transport may occur at any location in the
model domain, but only material stored in the deposited layer can be transported as bed load (i.e., an original
soil particle must be ﬁrst detached by raindrop impact or runoﬀ before it can be transported as bed load).
A major advantage of the HR model is that it accounts for variations among properties of the original soil and
a deposited sediment layer, consisting of sediment that has been previously detached from the bed. Once
detached from the bed, for instance, sediment may be more easily dislodged by future raindrop impacts or
ﬂow-driven processes because any strength possessed by the original soil matrix has already been overcome.
Particularly at spatial scales of several meters, incorporating the eﬀects of raindrop impact on sediment transport rates may be critical in reproducing observed erosion patterns [McGuire et al., 2013]. By tracking the
evolution of a deposited sediment layer in each size class, the HR model is capable of representing both the
detachment and downstream transport of sediment, which may consist of numerous cycles of detachment,
transport, deposition, redetachment, and transport.
The sediment detachment and redetachment rates due to raindrop impact are evaluated using
ek = (1 − H)pk aP((1 − Cv ) + Tc Cv )Tc ,
m
erk = H k ad P((1 − Cv ) + Tc Cv ),
mt

(3)
(4)

where P denotes rainfall intensity, a and ad are detachability coeﬃcients, pk is the proportion of the original soil that consists of sediment in size class k, Cv is the percentage of vegetation cover, Tc is the throughfall
coeﬃcient, mt is the total deposited sediment mass per unit area, H = min(mt ∕m∗t , 1) represents the degree
to which deposited sediment acts to shield the bed from erosion, and m∗t is the mass of deposited sediment
needed to completely shield the original soil from erosion processes. Vegetation may also shield the underlying soil from raindrop impact. We account for canopy shielding (if present) by multiplying the raindrop
MCGUIRE ET AL.
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Table 1. Model Parameters
Symbol

Unit

Deﬁnition

ek

kg m−2 s−1

Raindrop-driven sediment detachment rate

erk

kg m−2 s−1

Raindrop-driven sediment redetachment rate

rk

kg m−2 s−1

Flow-driven sediment detachment rate

rrk

kg m−2 s−1

Flow-driven sediment redetachment rate

dk

kg m−2 s−1

Deposition rate for sediment in class k

vsk

m s−1

Settling velocity for particles in size class k

a0

kg m−3

Detachability of original soil

ad0

kg m−3

Detachability of deposited sediment

F

-

Eﬀective fraction of stream power

𝛽

-

Fraction of excess stream power eﬀective in bed load transport

J

m2 s−2

Speciﬁc energy of entrainment

Ωcr

W m−2

Critical stream power

dr

m

Raindrop diameter

m∗t0

kg m−2

Deposited mass needed to shield original soil

h0

m

Critical depth associated with raindrop detachment

n0

-

Minimum Manning coeﬃcient

n

s m−1∕3

Manning coeﬃcient

𝜖

-

Exponent in friction model

hc

m

Critical depth associated with friction

ks

mm h−1

Saturated hydraulic conductivity

𝜙

-

Bed sediment porosity

𝜙s

deg

Static angle of friction for sediment

𝜆

-

Ratio of pore ﬂuid pressure to total normal stress

𝜙bed

deg

Basal friction angle

-

Fraction vegetation cover

Tc

-

Throughfall coeﬃcient

C

m

Canopy storage

D

m s−1

Canopy drainage rate

S

m

Canopy capacity

Kc

m s−1

Drainage rate coeﬃcient

gc

m−1

Decay parameter

Cv

detachment and redetachment rates by the factor ((1 − Cv ) + Tc Cv ), which represents the percentage of total
rainfall that impacts the soil surface without contacting the vegetation canopy. Since the inﬂuence of raindrop impact on the bed is known to vary with overland ﬂow depth [Proﬃtt et al., 1991; Gabet and Dunne, 2003;
Dunne et al., 2010], many modeling studies [e.g., Heng et al., 2009, 2011; Kim et al., 2013] prescribe the raindrop
detachment and redetachment coeﬃcients, a and ad , respectively, as decreasing functions of ﬂow depth. In
this study, we let
{
a0
h′ < h0
a=
(5)
a0 (h0 ∕h′ )b h′ ≥ h0 ,
{
ad =

ad0
h′ < h0
′ b ′
ad0 (h0 ∕h ) h ≥ h0 ,

(6)

where h0 is a critical depth of overland ﬂow over which the inﬂuence of raindrop impact is assumed to decay, b
is a positive constant that varies with soil type, h′ = h∕ cos 𝜃t is the ﬂow depth measured vertically from the soil
surface, and 𝜃t is the topographic slope angle. The ﬂow depth measured vertically from the surface is used in
place of h since raindrops are assumed to fall in the vertical direction. Similarly, the mass of deposited sediment
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required to shield the underlying soil layer decreases as raindrop impact becomes less erosive. Therefore, Heng
et al. [2011] suggest
{ ∗
mt0
h′ < h0
m∗t =
(7)
m∗t0 (h0 ∕h′ )b h′ ≥ h0 .
Proﬃtt et al. [1991] found that b ≈ 0.66 provided the best ﬁt to their experimental data, obtained using a clay
soil, whereas Mutchler and McGregor [1983] determined a best ﬁt value of b ≈ 1.13 based on experiments
performed with silt loam. Here we let b = 1 [e.g., Kim et al., 2013]. Following Mutchler and Hansen [1970], who
observed that raindrop splash size reached a maximum when impacting a water layer with depth equal to
one third of the drop diameter, we let h0 = dr ∕3 where dr is the mean raindrop diameter, which we deﬁne in
section 3.8.1.
The HR model neglects the direct transport of sediment through rain splash. Rain splash transport can be
signiﬁcant in certain situations but is ineﬃcient in the presence of overland ﬂow [Kinnell, 2005]. Rain splash is
likely negligible at our study area given the low rainfall rates required to produce runoﬀ.
The rates of entrainment and reentrainment due to runoﬀ are given by

rk = (1 − H)pk
rrk = (1 − 𝛽)H

F(Ω − Ωcr )
J

mk F(Ω − Ωcr )
.
mt 𝜌s −𝜌f gh

(8)

(9)

𝜌s

Here F is the fraction of excess stream√
power eﬀective in entrainment, J is the energy required per unit mass of
sediment for entrainment, Ω = 𝜌f gSf uh2 + vh2 denotes stream power with Sf = n2 (uh2 + vh2 )h−10∕3 being
the friction slope, n is Manning’s roughness coeﬃcient, 𝜌f = c∗ 𝜌s + (1 − c∗ )𝜌w is the density of the ﬂuid, c∗
the total volumetric sediment concentration, 𝜌s = 2600 kg m−3 the density of sediment, 𝜌w = 1000 kg m−3
is the density of water, and Ωcr is the critical stream power needed for entrainment. The critical threshold
for sediment entrainment, Ωcr , is computed as a function of topographic slope following Ferguson [2012]
(see supporting information for details). The factor 1 − 𝛽 denotes the fraction of excess stream power that
is expended on reentrainment. The remaining excess stream power is expended on transporting sediment
as bed load. Following Zheng [2011], we set 𝛽 = 0.5. Building on the one-dimensional model presented by
Zheng [2011], we deﬁne the bed load sediment ﬂuxes in the x and y directions to be proportional to excess
stream power,
qbxk = 𝛽

m
F 𝜌s 𝜌f gSf uh
(Ω − Ωcr )H k
g 𝜌s − 𝜌f
Ω
mt

(10)

qbyk = 𝛽

m
F 𝜌s 𝜌f gSf vh
(Ω − Ωcr )H k .
g 𝜌s − 𝜌f
Ω
mt

(11)

Manning’s roughness coeﬃcient is computed using the depth-dependent formula proposed by Jain et al.
[2005],
{
n0 (h∕hc )−𝜖 h < hc
n=
(12)
n0
h ≥ hc ,
where n0 is the minimum Manning’s roughness coeﬃcient, hc is a critical depth above which n is assumed to
be constant, and 𝜖 is a positive exponent. Mügler et al. [2011] used rainfall runoﬀ experiments at the plot scale
to test four diﬀerent roughness models including the chosen model above as well as Darcy-Weisbach’s model,
Manning’s model with a constant roughness coeﬃcient, and the model proposed by Lawrence [1997]. Based
on detailed measurements of overland ﬂow velocity and tracer tests combined with numerical modeling of
overland ﬂow and tracer transport, Mügler et al. [2011] concluded that a roughness model having the general
form of equation (12) performed the best of the four tested models.
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The deposition rate, dk , for sediment class k is a function of both the clear water settling velocity for a particle
in class k as well as the total sediment concentration [Richardson and Zaki, 1954]. The eﬀective deposition rate
is given by dk = vsk ck (1 − c∗ )ms , where vsk denotes the settling velocity of particles in class k, and ms = 4 is
an empirical exponent that can vary from approximately 2 to 5. The clear water settling velocity is given by
[Cao, 1999]
v sk =

√

(13.95𝜈∕𝛿k )2 + 1.09sg𝛿k − 13.95𝜈∕𝛿k .

(13)

Here s = 𝜌s ∕𝜌w − 1, 𝜌s = 2600 kg m−3 is the density of the sediment, 𝜈 = 1.2 ⋅ 10−6 m2 s−1 denotes the
kinematic viscosity of water, and 𝛿k denotes the characteristic particle diameter for size class k.
Previous studies employing the Hairsine-Rose model in ﬂume experiments designed to study interrill sediment transport have found that the eﬀective settling velocities of particles with 𝛿k > 0.1 mm are signiﬁcantly
lower than what would be predicted by traditional formulas such as equation (13) [Tromp-van Meerveld et al.,
2008; Jomaa et al., 2010]. More speciﬁcally, Tromp-van Meerveld et al. [2008] found that particles greater than 1
mm had maximum eﬀective settling velocities of approximately 3 ⋅ 10−2 m s−1 , whereas equation (13) would
predict settling velocities that are an order of magnitude greater for particles with a mean diameter in the
range of 1–2 mm. Similarly, Jomaa et al. [2010] applied the Hairsine-Rose model in conjunction with a laboratory study of soil erosion under conditions of signiﬁcant rain splash and had to modify the settling velocities
of particles greater than 0.1 mm in order to correctly predict the sediment concentration within those particle size classes at the base of a 6 m long ﬂume. These observations may be attributed to hindered settling
in the presence of high sediment concentrations, shallow overland ﬂow depths that prevent particles from
reaching their terminal settling velocities, turbulence, or the transport of coarse particles via raindrop-induced
rolling mechanisms that are not explicitly represented within the Hairsine-Rose model framework [Tromp-van
Meerveld et al., 2008]. For these reasons, we follow Tromp-van Meerveld et al. [2008] and Jomaa et al. [2010]
and modify the settling velocity of coarse particles (𝛿k > 0.1 mm) within interrill areas in our numerical experiments. Based on evidence that raindrop-induced sediment transport decays considerably once overland ﬂow
depth exceeds three raindrop diameters [Proﬃtt et al., 1991; Sander et al., 1996], we deﬁne interrill areas to be
regions with an overland ﬂow depth less than 3dr . Further, in regions where overland ﬂow depth (measured
vertically) is greater than three raindrop diameters, or equivalently 9 times greater than the critical depth (h0 )
related to raindrop detachment, the rates of raindrop detachment and redetachment are approximately an
order of magnitude less than the maximum possible rates based on the form of equations (5) and (6). We
apply equation (13) in noninterrill areas since we expect the eﬀective settling velocity to be closer to the theoretical value when the overland ﬂow depth is greater relative to 𝛿k and raindrop-induced rolling processes
are less inﬂuential. A methodology for constraining the modiﬁed settling velocities, in conjunction with the
parameters a0 and ad0 , is presented in section 3.8.
3.3. Fluid Flow
The equations governing the motion of ﬂuid and sediment can be written as a set of conservation laws. First,
let gx , gy , and gz denote the components of gravitational acceleration in the x , y, and z directions, respectively,
and let
U = [h

uh

vh

c1 h

⋅ ⋅ ⋅

cK h]T ,

(14)

huv

hc1 u

⋅ ⋅ ⋅

hcK u]T ,

(15)

hv 2 + 1∕2gz h2

hc1 v

⋅ ⋅ ⋅

hcK v]T

(16)

F = [hu

hu2 + 1∕2gz h2

G = [hv

huv

denote the vector of conserved variables and their corresponding ﬂux functions in the x direction and y direction, respectively. Note that sediment concentrations and ﬂuxes are deﬁned for each of the K sediment size
classes. Then,
𝜕U 𝜕F 𝜕G
+
+
= S0 + S1 + S2 ,
𝜕t
𝜕x
𝜕y
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where S0 , S1 , and S2 are the forcing terms. Due to the manner in which each of the forcing terms are
incorporated into the numerical scheme, it is convenient to separate them into the following three vectors,
⎡ Peﬀ − I + 𝜕z∕𝜕t ⎤
⎡
⎤
0
√
⎢
⎢
⎥
2
2 + hv 2 ∕h7∕3 ⎥
h
+
𝛾
−
𝜓S
−g
n
hu
hu
g
x
x ⎥
⎢ x
⎢ z
⎥
√
⎢ −gy h + 𝛾y − 𝜓Sy ⎥
⎢ g n2 hv hu2 + hv 2 ∕h7∕3 ⎥
z
⎢
⎢
⎥
⎥
0
0
⎥ , S1 = ⎢
⎥,
S0 = ⎢
⎢
⎢
⎥
⎥
⋅
⋅
⎢
⎢
⎥
⎥
⋅
⋅
⎢
⎢
⎥
⎥
⋅
⎢
⎢
⎥
⎥
⋅
⎢
⎢
⎥
⎥
0
0
⎣
⎣
⎦
⎦

and
0
⎤
⎡
⎥
⎢
0
⎥
⎢
0
⎥
⎢
⎢ (e1 + er1 + r1 + rr1 − d1 ) ⎥
S2 = ⎢
⎥.
⋅
⎥
⎢
⋅
⎥
⎢
⎥
⎢
⋅
⎥
⎢
⎣ (eK + erK + rK + rrK − dK ) ⎦

The forcing term S0 accounts for momentum sources and sinks arising from variations in topographic elevation (z), the eﬀective precipitation rate once interception has been accounted for (Peﬀ ) as described in
section 3.5, inﬁltration (I), spatial variations in sediment concentration (𝛾x , 𝛾y ) following Cao et al. [2004], and
debris ﬂow resistance terms, Sx and Sy . Letting 𝜙bed denote the basal friction angle, the momentum sinks
associated with basal shear stress for debris ﬂow are deﬁned by [Iverson and Denlinger, 2001]
Sx = sgn(u)(1 − 𝜆)gz h tan (𝜙bed )

(18)

Sy = sgn(v)(1 − 𝜆)gz h tan (𝜙bed ),

(19)

and

where 𝜆 denotes the ratio of the basal pore ﬂuid pressure (pbed ) to the total basal normal stress. An additional
term is sometimes included to account for the viscous stress associated with the interstitial ﬂuid, but it is
generally small relative to Sx and Sy [e.g., George and Iverson, 2014] and is neglected here.
The vector S1 accounts for ﬂow resistance using Manning’s formulation, while S2 accounts for erosion and
deposition processes. The debris ﬂow resistance terms are multiplied by a transition function, 𝜓 , that has a
value between 0 and 1, with 1 indicating that the ﬂuid is treated as a debris ﬂow and 0 indicating that it is
treated as clear water. We assume that 𝜓 increases linearly from 0 to 1 as volumetric sediment concentration
(c∗ ) increases from 0.2 to 0.4. The ﬁrst threshold of 0.2 was chosen based on the classiﬁcation scheme proposed
by Costa [1988], which groups ﬂows having c∗ < 0.2 as water ﬂoods that can be reasonably described using
standard hydraulic relationships such as Manning’s equation. The second threshold of 0.4 is based on the
observation that debris ﬂows typically have sediment concentrations greater than ≈ 0.4 [e.g., Iverson and
Denlinger, 2001]. For simplicity, entrainment and deposition processes, which diﬀer among debris ﬂows and
clear water runoﬀ, are not included when the ﬂuid is treated as a debris ﬂow. This is a reasonable assumption
given the small size of our study area and the debris ﬂows recorded at the outlet but may not be valid in larger
basins. In addition, we set 𝜓 = 0 in areas where h < 9h0 to prevent debris ﬂow resistance terms from being
applied in locations where ﬂow depths are extremely shallow. Even though c may be high in these areas, it
is perhaps more appropriate to interpret c as the amount of sediment being discharged per unit quantity of
water rather than the concentration of material traveling in suspension when modeling sediment transport
in extremely shallow ﬂows [Kinnell, 2013].
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Even when debris ﬂow resistance terms are not applied, spatially variable sediment concentration may still
aﬀect ﬂuid ﬂow through the terms 𝛾x and 𝛾y , deﬁned as [Cao et al., 2004]
𝛾x = −

(𝜌s − 𝜌w )gz h2 𝜕c∗
2𝜌f
𝜕x

(20)

𝛾y = −

(𝜌s − 𝜌w )gz h2 𝜕c∗
.
2𝜌f
𝜕y

(21)

and

An additional term is sometimes included within 𝛾x and 𝛾y to account for changes in ﬂow momentum associated with exchange of sediment between the bed and the ﬂow [Cao et al., 2004] but is not included here
because sediment exchange between the bed and the ﬂuid is complicated in our model by the ability of
raindrop impact, as well as the ﬂow, to detach sediment.
3.4. Inﬁltration
Inﬁltration is computed using the Green-Ampt model [Green and Ampt, 1911]. In this representation of inﬁltration it is assumed that two layers of soil, an initial soil layer with a volumetric water content of 𝜃i and a
saturated soil layer with volumetric water content 𝜃s , are separated by an advancing wetting front having a
depth denoted by Zf . Letting ks denote hydraulic conductivity, hf the wetting front capillary pressure head,
and V the cumulative inﬁltrated depth, the inﬁltration capacity is given by [Esteves et al., 2000]
I = ks

Zf + hf + h
,
Zf

(22)

V
.
𝜃s − 𝜃i

(23)

where
Zf =

3.5. Rainfall Interception
Rainfall interception is modeled using the framework proposed by Rutter et al. [1972, 1975], which predicts
temporal changes in the canopy storage, C , as a function of rainfall rate (P), the throughfall coeﬃcient (Tc ),
and the canopy drainage rate (D),
dC
= (1 − Tc )P − Dc .
dt

(24)

The rate at which water drains from the canopy is given by [Shuttleworth, 1979]
Dc = Kc egc (C−S) ,

(25)

where Kc , gc , and S are, respectively, the drainage rate coeﬃcient, decay parameter, and canopy capacity.
Since we are only concerned with relatively short, event-scale processes in this work, we neglect the eﬀects of
evaporation. After integrating equation (24) with Dc given by (25), the eﬀective rate at which rainfall reaches
the soil surface can be computed as
Peﬀ = (1 − Cv )P + Cv (Tc P + Dc ).

(26)

3.6. Governing Equations
The coupled system of equations used to model the evolution of overland ﬂow, sediment transport, and
topography can be written compactly as
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+
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𝜕M
= D,
𝜕t

(28)
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)
𝜕(qbxk ) 𝜕(qbyk )
−
,
𝜕x
𝜕y

(29)

⎤
⎡ d1 − er1 − rr1 − 𝜕(qbx1 )∕𝜕x − 𝜕(qby1 )∕𝜕y ⎤
⎥
⎥
⎢
⋅
⎥
⎥
⎢
⋅
⎥,
⎥,D = ⎢
⎥
⎥
⎢
⋅
⎥
⎥
⎢
⎦
⎣ dK − erK − rrK − 𝜕(qbxK )∕𝜕x − 𝜕(qbyK )∕𝜕y ⎦

where 𝜙 denotes bed sediment porosity. Details of the numerical methods are described in the following
section and in the supporting information (Texts S1–S3).
3.7. Numerical Methods
The numerical solution of the governing equations is facilitated through several steps. First, equation (27) is
solved using a fractional-step method, whereby a ﬁnite volume, Godunov-type method is used to compute
the numerical ﬂuxes [e.g., Toro et al., 1994; Toro, 2001; Simpson and Castelltort, 2006; Toro, 2009; Liang and
Borthwick, 2009], the source terms S0 and S2 are treated explicitly, and we adopt a semi-implicit treatment of
the friction terms [LeVeque et al., 2011]. We choose a Godunov-type method because of its shock-capturing
properties, which allow it to deal naturally with dry/wet interfaces that may exist in the solution when
overland ﬂow is shallow and potentially discontinuous. Equations (28) and (29) are solved using explicit,
ﬁrst-order-in-time methods, but special care must be taken to prevent the computation of negative values
for ck and mk where predicted erosion or deposition rates may be limited by the availability of sediment [e.g.,
Struiksma, 1999; Le et al., 2015]. Details of the numerical methods and several test cases, also found in Sander
et al. [1996, 2002], are presented in the supporting information (Texts S1–S3).
3.8. Model Input Data and Parameter Estimation
Digital elevation models for the study area were derived from TLS data obtained by Staley et al. [2014] before
and after a single rainfall event in December 2009. The ﬁrst survey was performed 10 days after the ﬁrst
postﬁre rainfall event, which occurred on 12 November 2009, using a Leica ScanStation 2 laser scanner. The
second postﬁre rainstorm began on 10 December 2009 and lasted approximately 61 h. The second TLS survey
was conducted from 27 to 29 December 2009 and was completed before the third rainfall event. Sediment
transport by dry ravel processes between the ﬁrst and second surveys appeared to be minor based on ﬁeld
observations [Staley et al., 2014], and therefore, changes between the two surveys reﬂect erosion occurring
during the December storm. Additional details can be found in Staley et al. [2014].
Since we do not have high-resolution topographic data prior to the November storm, we use the topography
derived from the TLS data before the December storm as input into the numerical model for both events.
Due in part to uncertainty associated with the initial topography before the November storm, we focus on
comparing model-simulated erosion and deposition volumes within three “process domains” of our study
area (described in section 4.1) to the TLS data rather than attempting to directly compare erosion or deposition
in any particular location. The DEM (2.5 cm pixel−1 ) derived from TLS data obtained by Staley et al. [2014] was
aggregated from a resolution of 2.5 cm pixel−1 to 37.5 cm pixel−1 because this coarser grid was still suﬃcient
to resolve the majority of the rill network (Figures 2a and 2b) and signiﬁcantly reduced the computation time
required for numerical experiments. The location of the subbasin was chosen because of the presence of rills
and the large topographic changes documented in both interrill and rill areas within this part of the basin
(Figure 2).
Measurements from a tipping bucket rain gage installed near the basin outlet [Kean et al., 2011] were taken
every 2 s during both storms. Using these data, we determined cumulative rainfall as a function of time
throughout the storms, from which we reconstructed estimates of average rainfall intensity over 3 min intervals to use as input for the numerical model (Figure 3). We neglect rainfall interception processes when
modeling both the November and December rainstorms because the high severity of the ﬁre incinerated
nearly the entire vegetation canopy (Figure 1).
Stage was measured in the ﬁeld by suspending a laser (SICK DT50-HI) from a bridge spanning the channel
near the bottom of the basin [Kean et al., 2011]. The channel bottom elevation actively changed during the
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Figure 2. The subbasin contains a large rill network within the study basin. (a) Shaded relief of the study basin along
with yellow lines identifying edges of the computational domain. (b) Colormap showing the locations of the three
process domains (1. hillslope divergent, 2. hillslope convergent, and 3. channelized). (c) A photograph taken before the
rainfall event reveals extensive rilling within the subbasin. (d) A photograph taken after the rainfall event shows a much
more poorly deﬁned and less extensive rill network. The red cross in Figures 2a, 2c, and 2d corresponds to the same
approximate location within the basin.

storm due to erosion and deposition caused by runoﬀ and debris ﬂows and is therefore only known exactly
before and after ﬂow was active in the channel. Consequently, knowledge of the true ﬂow depth with respect
to the channel bottom is uncertain. Following Kean et al. [2011], we estimated channel bottom elevation by
linearly interpolating the channel bottom elevation between periods of active ﬂow within the channel and
used this approximate elevation to compute stage.
Model parameters associated with inﬁltration and hydraulic roughness were estimated for both the November
and December rainfall events by Rengers et al. [2016b] through a combination of previously published values,
soil moisture sensors installed at the study site, and comparisons of model-predicted hydrographs with the
hydrograph recorded by the monitoring station at the basin outlet. Rengers et al. [2016b] assume 𝜃s = 0.4
based on a soil porosity of 0.4 [Kean et al., 2011] at the study site, hf = 0.06 m as the wetting front capillary pressure head for a loamy sand [Rawls et al., 1992], and initial soil moisture contents of 𝜃i = 0.025 and
𝜃i = 0.2 for the November and December events, respectively, based on sensor readings of the volumetric soil moisture content [Kean et al., 2011]. The exponent, 𝜖 , and critical overland ﬂow depth, hc used in
the depth-dependent friction model were assigned ﬁxed values of 0.33 and 0.003 m, respectively. Rengers
et al. [2016b] then determined best ﬁt values of ks = 3 mm h−1 and n0 = 0.06 for the November storm and
ks = 8 mm h−1 and n0 = 0.125 for the December storm through an analysis of the correlation coeﬃcient
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Figure 3. Model-simulated hydrograph using the best ﬁt calibrated values for saturated hydraulic conductivity, ks , and hydraulic roughness, n0 . (a) Comparison of
the modeled and actual hydrograph for the November event. (b) The actual stage for the December event contains numerous short-duration spikes that are
indicative of debris ﬂow surges, whereas the modeled stage, which consists only of water without debris, is more slowly varying. Three minute rainfall intensity
for the (c) November and (d) December rainstorms.

between the modeled hydrographs and the observed stage (Figure 3). It is not surprising that the calibrated
values are diﬀerent among the two rainfall events given that ks may vary with time after a burn based
on reductions in ﬁre-induced soil water repellency or the creation and destruction of soil surface sealing.
Calibrated values for roughness, n0 , may be diﬀerent between the two events due to changes in typical overland ﬂow depths or microtopography, which can lead to changes in the relative inundation of roughness
elements [Lawrence, 1997].
Many of the short time scale, large-amplitude spikes that are present in the actual hydrograph, and not present
in the modeled hydrograph, are debris ﬂow surges. Debris ﬂow surges are known to have peak discharges
that are many times greater than clear water ﬂows [VanDine, 1985; Rickenmann, 1999]. Since the sediment
transport component of the model is not active during the simulations used to calibrate ks and n0 , the model
does not capture the changes in ﬂow rheology that would allow for surge formation. However, because the
debris ﬂow surges appear to be isolated or embedded locally within the ﬂow as short-duration pulses, it is
still possible to constrain n0 and ks based on analyses of the simulated and measured hydrographs.
The debris ﬂow resistance terms require estimates for 𝜙bed , the basal friction angle, and 𝜆, the ratio of pore
pressure to the total normal stress. Geotechnical analysis of hillslope sediment at our study site yielded a friction angle of 41∘ [Kean et al., 2011] so we let 𝜙bed = 41∘ . In natural debris ﬂows, pore ﬂuid pressures are variable
throughout the course of the ﬂow event but can remain greater than the hydrostatic pressure for extended
periods of time [Iverson, 1997]. For simplicity, and due to the small spatial scale that we are working on in this
study, we assume a ﬁxed value of 𝜆 = 0.65 since that reﬂects pore water pressures that are intermediate to
the elevated values (𝜆 ≈ 0.9) expected of recently initiated debris ﬂows [Denlinger and Iverson, 2001] and the
hydrostatic pressure in a saturated column of sediment (𝜆 ≈ 0.5).
3.8.1. HR Model Parameters
Existing empirical relationships that relate rainfall intensity to median raindrop diameter were used to estimate dr . Median raindrop diameter is often considered to scale with rainfall intensity as 𝜂P𝛾 with empirical
coeﬃcients 𝜂 and 𝛾 that vary depending on the study [Van Dijk et al., 2002]. Given peak 5 min rainfall intensities of ≈ 40 –80 mm h−1 [Kean et al., 2011] during the two storms, and assuming values of 𝜂 in the range
0.80–1.28 and 𝛾 in the range 0.123–0.292 [Van Dijk et al., 2002], estimates for dr likely fall within the range of
2–4 mm. Here we assume dr = 3 mm for both storms.
Still, there are ﬁve remaining parameters in the HR model that need to be constrained: m∗t0 , F , J, ad0 , and a0 .
As suggested by Heng et al. [2011], J can be constrained based on a0 through the relationship

J=
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where vr ≈ 5.5 m s−1 is the raindrop impact velocity. Additionally, soil bulk density at our study area is approximately 1560 kg m−3 based on the measured soil porosity of 𝜙 = 0.4. Therefore, assuming it would require at
least 1 mm of deposited sediment in order to completely shield the underlying bed from erosion, one could
consider 1.56 kg m−2 to be a physically reasonable lower bound for m∗t0 . Moreover, values of m∗t0 calibrated
from ﬂume experiments fall in the range of 1.5–5 kg m−2 [Heng et al., 2011]. Therefore, we let m∗t0 = 3 kg m−2
in our numerical experiments.
The raindrop detachment coeﬃcients, ad0 and a0 , are treated as free parameters within our numerical experiments but are subject to the constraint that ad0 > a0 since it has been observed that the redetachability of
deposited sediment is typically 1 to 2 orders of magnitude larger than the detachability of the original soil
[Proﬃtt et al., 1991; Jomaa et al., 2010; Heng et al., 2011]. Further, it is helpful to note that ad0 , a0 , and the modiﬁed particle settling velocities in interrill areas can be related to the interrill erodibility coeﬃcient (Kir ) used in
the WEPP model [Heng et al., 2011]. In cases where overland ﬂow depth is less than h0 and in the absence of
ﬂow-driven sediment detachment, three factors control the model-predicted sediment discharge for a given
rainfall rate (P) and inﬁltration rate (I): the detachability of the original soil (a0 ), the detachability of previously
deposited sediment (ad0 ), and the mass-weighted mean settling velocity of the sediment based on the particle size distribution of the original soil (v̄ s ). In fact, the analytic solution to the HR equations for the steady
state sediment concentration (kg m−3 ) is [Tromp-van Meerveld et al., 2008]
c=

a0 P
a

P − I + (̄vs + I) a 0

.

(31)

d0

This implies that the amount of sediment delivered from an interrill area (where the above restrictions on
overland ﬂow properties are met) is Dir = 𝜎ir c, where 𝜎ir (m s−1 ) is the interrill runoﬀ rate. The WEPP
model uses the formula Dir = fs Kir P𝜎ir to predict the interrill sediment delivery rate, where fs = 1.05 −
0.85 exp (−4 sin (arctan S0 )) is a factor accounting for changes in hillslope gradient (S0 ) [Flanagan and Nearing,
1995]. Equating the two expressions for Dir yields
1
P − I v̄ s + I
=
+
.
a0
ad0
fs Kir

(32)

Being able to relate a0 , ad0 , and v̄ s to the WEPP database of Kir values does not allow for us to uniquely constrain these parameters, but we utilize this relationship when analyzing results since it provides a means of
contextualizing our model parameters within the framework of a model that has been applied and tested in
a number of natural settings.
We use the particle size analyses reported by Kean et al. [2011] to deﬁne ﬁve particle size classes (𝛿1 = 0.05 mm,
𝛿2 = 0.15 mm, 𝛿3 = 0.49 mm, 𝛿4 = 2.7 mm, and 𝛿5 = 7.7 mm) with each particle size class making up 20%
of the original soil. In cases where the settling velocity is modiﬁed (i.e., h < 3dr ), we let vsk = 2 ⋅ 10−3 m s−1 ,
and otherwise settling velocities are determined using equation (13). The modiﬁed settling velocities were
chosen to be larger than vs1 = 1.3 ⋅ 10−3 m s−1 predicted by equation (13) and of the same order of magnitude
as the eﬀective settling velocities determined during small-scale ﬂume experiments by Jomaa et al. [2010]
for particles with median diameters between 0.1 and 1 mm. To explore the sensitivity of the model to the
modiﬁed settling velocity, we performed a series of numerical experiments that are presented in section 4.1
using a modiﬁed settling velocity of vsk = 5 ⋅ 10−3 m s−1 where appropriate.
Lastly, note that raindrop detachment as formulated in section 3.1 is assumed to be independent of particle
size. However, based on experimental observations, McCarthy [1980] determined that the critical raindrop
diameter needed to splash sediment with diameter 𝛿k can be given by drc = 2.1𝛿k0.37 . This indicates that
raindrops with a diameter of ≈3 mm are large enough to splash particles with a diameter of 𝛿4 = 2.7 mm,
which make up our second largest size class but are not suﬃciently large to regularly splash particles within
our largest sediment size class (𝛿5 = 7.7 mm). Therefore, we set the raindrop detachment and redetachment
coeﬃcients, a and ad , equal to 0 when computing raindrop-induced sediment detachment rates for the ﬁfth
particle size class (𝛿5 = 7.7 mm).

4. Model Results and Exploration
4.1. Comparison Between Modeled and Measured Topographic Change for the December Event
The relative importance of raindrop- and ﬂow-driven sediment transport processes within the subbasin was
assessed for the December storm by performing a model sensitivity analysis. Numerical model simulations of
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net topographic change within the subbasin were compared to the measured topographic change for a wide
range of the HR parameters describing raindrop-driven (a0 , ad0 ) and ﬂow-driven (F ) sediment transport. By
including or eliminating diﬀerent components of the numerical model, we are able to explore how the presence or absence of diﬀerent sediment transport processes inﬂuences the simulated erosion pattern. In the
extreme case that values of a0 > 0, ad0 > 0, and F = 0, which represent an erosional environment controlled
entirely by raindrop-driven processes, result in the best ﬁt between modeled and actual topographic change,
we can infer that ﬂow-driven processes contributed in only a negligible way to the redistribution of sediment
during the storm. In general, one can expect that nonzero values of a0 , ad0 , and F will result in the best ﬁt, but a
sensitivity analysis nonetheless allows us to quantify the relative importance of raindrop- and ﬂow-driven sediment detachment processes at our study site. We do not expect the model to correctly match the observed
topographic change on a point-by-point basis, but it is reasonable to require the model to correctly reproduce spatial patterns in erosion and deposition as well as the net volumes of erosion and deposition within
the subbasin. The model’s performance is evaluated by comparing the volume of modeled erosion and deposition to the measured volumes of erosion and deposition within diﬀerent morphometrically deﬁned process
domains (Figure 2b).
Based on a morphometric analysis of local topography, Staley et al. [2014] classiﬁed each point in the study
basin as being in one of three primary process domains: (1) hillslope divergent, (2) hillslope convergent, and (3)
channelized incision (Figure 2b). Interrill areas with relatively low contributing areas are classiﬁed as hillslope
convergent or hillslope divergent depending on planimetric curvature. Hillslope divergent areas lie on convex
hillslopes that are generally characterized by a decrease in discharge and overland ﬂow depth with increasing
distance downslope, whereas the opposite is true in hillslope convergent zones [Staley et al., 2014]. Staley
et al. [2014] also identiﬁed a fourth transitional domain that is likely aﬀected by both hillslope and channel
processes. This transitional domain occupied less than 1% of pixels with the subbasin. Since these locations
are generally connected to the upper portion of the rill network, we combine the transitional and channelized
process domains and refer to those domains collectively as the channelized process domain.
Model-simulated erosion volumes in all three process domains are within the error bounds of TLS-derived
estimates of erosion when there are high rates of raindrop-driven sediment detachment and low rates of
ﬂow-driven sediment detachment (Figure 4). Low rates of raindrop-driven detachment, regardless of the
amount of ﬂow-driven detachment (controlled by F ), lead to underestimates of the magnitude of erosion
in interrill areas and underestimates of the net deposition that occurred within the rill network. In other
words, low values for the raindrop detachment and redetachment coeﬃcients cannot be compensated for
by increasing the rate of ﬂow-driven detachment (Figure 4). Increases in the raindrop detachment coeﬃcient
(a0 ), however, lead to increases in the removal of sediment from hillslope divergent areas but can also cause
small decreases in the volume eroded from hillslope convergent zones, particularly when F is small (Figure 4).
High rates of ﬂow-driven detachment lead to overestimates of erosion within the rill network and increased
erosion in hillslope convergent areas but do not substantially inﬂuence the magnitude of erosion within the
hillslope divergent process domain (Figure 4). Therefore, there is a relatively narrow range of parameter values,
F , a0 , and ad0 , that yield results that match the measured erosion and deposition volumes for each of the three
process domains.
Values of a0 = 9 ⋅ 103 kg m−3 , ad0 = 4.1 ⋅ 105 kg m−3 , and F = 0.0065 provided the best ﬁt between model
results and measurements of topographic change (Figure 5). The set of best ﬁt parameter values yields modeled erosion volumes from each process domain that are within the error bounds of the TLS-derived volume
estimates (Figure 5). The relative importance of ﬂow-driven processes can be elucidated by comparing model
results with the best ﬁt parameters to model results with a0 = 9 ⋅ 103 kg m−3 , ad0 = 4.1 ⋅ 105 kg m−3 , and F = 0.
With F = 0, model simulations result in 23 m3 of sediment being eroded from the subbasin, with 33 m3 of
sediment being eroded from hillslope divergent areas and 10 m3 of net deposition within the hillslope convergent and channelized zones. Since the best ﬁt model simulations with F = 0.0065 indicate a net volume
eroded of 40 m3 , with 36 m3 being eroded from hillslope divergent areas, we can deduce that ﬂow-driven
detachment processes directly contributed to less than 10% of erosion in hillslope divergent areas and less
than ≈ 40% of the total erosion occurring within the subbasin.
To better understand the sensitivity of the model to the modiﬁed settling velocity, we performed a series of
numerical experiments using a higher modiﬁed settling velocity of vsk = 5 ⋅ 10−3 m s−1 (instead of the original
value of vsk = 2 ⋅ 10−3 m s−1 ). Model results are only consistent with observed erosion and deposition patterns
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Figure 4. Model-simulated topographic change within the subbasin for both low and high rates of raindrop detachment and ﬂow-driven detachment. In general,
a better ﬁt is predicted with high rates of raindrop detachment and low rates of ﬂow-driven sediment detachment. Process domains 1, 2, and 3 refer to hillslope
divergent, hillslope convergent, and channelized areas.

when rates of raindrop detachment are relatively high and rates of ﬂow-driven detachment are relatively low
(Figure S3). Therefore, we conclude that model results demonstrating the dominance of one process over
another are not particularly sensitive to the value assigned to the modiﬁed settling velocity.
As expected, model-simulated overland ﬂow depths were lowest in hillslope divergent areas, greater in hillslope convergent locations, and highest in channelized portions of the hillslope (Figure 6). Modeled overland
ﬂow depths in the chosen hillslope divergent locations were typically lower than the median raindrop diameter used in numerical experiments, 3 mm, and increased to several centimeters within the rill network during
the most intense periods of rainfall (Figure 6).
4.2. Model Simulations of Erosion During the November Event
To further evaluate the model and its ability to reproduce erosion patterns at the study area, we also applied
the model to the ﬁrst postﬁre storm on 12 November. Despite not having both preevent and postevent topography to generate a DEM of diﬀerence, a simple test of the model is to determine if net erosion is predicted
within the rill network as was observed by Schmidt et al. [2011]. Unknown HR parameters are assumed to
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Figure 5. The best ﬁt numerical model simulation based on a comparison between the (a) actual and (b, c) modelsimulated volumetric change in the three diﬀerent process domains for the December rainstorm. Error bars represent
the uncertainty in the actual volumetric change, computed following Staley et al. [2014]. Uncertainties for process
domain 3 are smaller than the marker size. Raindrop-driven sediment transport parameters are a0 = 9 ⋅ 103 kg m−3 and
ad0 = 4.1 ⋅ 105 kg m−3 . (Figure 5b) The model results with F = 0.0065 match observations within the error bounds
associated with the TLS data. (Figure 5c) In the absence of ﬂow-driven transport (F = 0), total erosion volumes are
similar in hillslope divergent areas but diﬀerent in the channelized and hillslope convergent domains.

be the same as those calibrated based on the December event, but diﬀerent values for roughness, n0 , and
saturated hydraulic conductivity, ks , are used based on the model calibration for the November storm
presented in Rengers et al. [2016b].
Using the best ﬁt HR parameters obtained from the December event, the numerical simulations result in net
topographic lowering within each of the three process domains for the high rainfall intensity November storm.

Figure 6. Modeled (left) maximum ﬂow depths and (right) depth time series using the best ﬁt parameters for the
December event. Flow depths vary as a function of time throughout the storm but are typically less than 3 mm within
hillslope divergent areas (e.g., HD1 and HD2) and several centimeters in areas of concentrated ﬂow.
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Figure 7. Numerical model simulations of soil erosion occurring as a result of the November storm. (a) Substantial rill
erosion occurs when using the best ﬁt HR parameters calibrated from the December event (a0 = 9 ⋅ 103 kg m−3 ,
ad0 = 4.1 ⋅ 105 kg m−3 , and F = 0.0065). (b) The same model experiment, performed with F = 0, eliminates the eﬀects of
ﬂow-driven detachment and results in substantial aggradation within the rill network. (c) A comparison of the two
simulations, performed with and without ﬂow-driven detachment, demonstrates that a large percentage of the total
volume eroded from the hillslope is removed from the hillslope convergent and channelized process domains
(i.e., domains 2 and 3) as a result of ﬂow-driven processes. The actual volume of material eroded from each process
domain is unknown.

The actual volume of material eroded from each process domain is unknown, but the model simulations
result in 64 m3 of erosion with 60% being removed from hillslope divergent areas and 40% from the hillslope
convergent and channelized process domains (Figure 7). Assuming F = 0 within the numerical model, and
holding all other parameters ﬁxed, model simulations result in only 17 m3 of sediment being eroded, with net
deposition in the hillslope convergent and channelized process domains (Figure 7). Based on a comparison of
the results with F = 0 and F = 0.0065, it can be estimated that ﬂow-driven processes accounted for roughly
65% of the erosion occurring during the November storm. The higher relative importance of ﬂow-driven
processes relative to raindrop-driven transport suggested by these model results are consistent with ﬁeld
observations of rilling during the rainstorm [Schmidt et al., 2011].
4.3. Soil Erosion Simulations for Synthetic, Postwildﬁre Hillslopes
To assess the eﬀects of postwildﬁre recovery on erosion potential, the numerical model is applied to a synthetic hillslope with a length of 20 m and width of 5 m (Figure 8). Topography is generated by adding random
roughness elements to a planar surface with a slope of 25∘ to simulate the presence of microtopography. The
numerical model is used to simulate the net volume of erosion from the hillslope resulting from two diﬀerent
idealized rainstorms. One storm is a 30 min event with a peak intensity of 75 mm h−1 that is twice as high as
the average intensity. The other rainstorm is 2 h long with a steady rainfall intensity of 15 mm h−1 (Figure 8).
Postwildﬁre recovery of vegetation and soil hydraulic properties through time are not explicitly simulated in
the model, but recovery is represented by systematically changing the vegetation cover and soil inﬁltration
properties. Changes in vegetation are represented within the model through variations in Cv , the percentage
of vegetation cover. Changes in soil hydraulic properties after wildﬁre and during the subsequent recovery
period are represented by varying ks , which can be substantially reduced following wildﬁre [e.g., Robichaud
et al., 2007]. Although Cv and ks are spatially uniform throughout the model domain for any given simulation,
we performed simulations using a range of Cv and ks values. Values of Cv range from 0.05 to 0.95 in increments
of 0.1, and ks varies from 2 mm h−1 to 11 mm h−1 with an increment of 1 mm h−1 . If one associates values of
Cv = 0.05 and ks = 2 mm h−1 with a recently burned hillslope and Cv = 0.95 and ks = 11 mm h−1 with a
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Figure 8. Synthetic postwildﬁre hillslope and storms. (a) The model is applied to study the total erosion occurring as a
result of two diﬀerent theoretical rainstorms on (b) a planar hillslope superimposed with random roughness elements.
One storm (dashed line) consists of constant rainfall at a rate of 15 mm h−1 , while the rainfall rate is variable in the other
(solid line) with a peak rate of 75 mm h−1 . The mean hillslope angle is 25∘ , and an arrow indicates the downslope
direction.

fully recovered hillslope, then the percentage of vegetation cover and ks can be considered proxies for time
since burning. We do not specify any particular relationship between time and percent vegetation cover since
substantial vegetation recovery may occur as rapidly as 1–2 years after a wildﬁre in some environments [e.g.,
Shakesby et al., 1993; Inbar et al., 1998; Cerdá and Doerr, 2005] or over the course of more than 6 years in others
[e.g., Dyrness, 1976]. Likewise, we do not associate changes in ks with any particular recovery time scale. Some
studies have found that soil water repellency, which can dramatically reduce the inﬁltration capacity of the
soil, decays over a period of roughly 1–2 years [Giovannini et al., 1987; Huﬀman et al., 2001; Larsen et al., 2009],
but others have found that its eﬀects may last for up to 5 years [Dyrness, 1976].
We consider two end-member erosion scenarios in these numerical experiments. The ﬁrst is characterized by
moderate rates of raindrop-driven sediment detachment, speciﬁcally a0 = 1000 and ad0 = 125000, and the
absence of ﬂow-driven detachment (F = 0). The second is characterized by the presence of ﬂow-driven sediment detachment (F = 0.25) and the absence of raindrop-driven detachment (a0 = 1000, ek = erk = 0). We
also model a hillslope where both raindrop- and ﬂow-driven detachment are active by specifying a0 = 1000,
ad0 = 125,000, and F = 0.25. The HR sediment transport parameters were chosen such that rilling occurred,
at least under some rainfall conditions, and measurable amounts of erosion occurred in areas with modest
concentration of overland ﬂow. Since the main goal of these simulations is to assess the sensitivity of erosion
rates to changes in vegetation cover and inﬁltration capacity, we assume a simple case where sediment on the
hillslope is represented by a single particle size class, 𝛿1 = 0.1 mm. Results using the particle size distribution
from our study area and ﬁve particle size classes (𝛿1 = 0.05 mm, 𝛿2 = 0.15 mm, 𝛿3 = 0.49 mm, 𝛿4 = 2.7 mm,
and 𝛿5 = 7.7 mm) are qualitatively similar and are presented in the supporting information (Figures S4
and S5). Although ks varies among simulations, n0 = 0.05 and hf = 0.06 m are ﬁxed. For all simulations on
synthetic topography we let gc = 3.9 mm−1 , Tc = 0.35, and Kc = 5 ⋅ 10−5 mm s−1 , which are within the range
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Figure 9. (a) Total volume of sediment eroded in response to a 30 min high-intensity rainfall event (Figure 8a) for three diﬀerent erosion regimes. Total erosion
varies as a function of soil hydraulic properties and vegetation cover. The volume of sediment eroded from a synthetic hillslope (Figure 8b), which is only
susceptible to raindrop-driven sediment detachment, is extremely sensitive to increases in vegetation cover, Cv . In contrast, the volume eroded from the same
hillslope varies more with changes in saturated hydraulic conductivity, ks , when ek = erk = 0 and only ﬂow-driven transport is active. When both raindrop- and
ﬂow-driven processes are active, the volume of sediment appears equally dependent on changes in Cv and ks . (b) Rills form in a wide range of scenarios, but they
are substantially deeper and extend farther upslope when both raindrop- and ﬂow-driven detachment are active.

of values generally used in the literature [e.g., Shuttleworth, 1979; Ivanov et al., 2004], and S = 2.2 mm, based
on estimates of storage capacity in chaparral vegetation [Corbet and Crouse, 1968].
In the test case with short-duration, high-intensity rainfall, numerical model experiments indicate that the
total volume of sediment transported oﬀ the hillslope through raindrop-driven sediment detachment and
transport processes are more sensitive to changes in vegetation cover, Cv , relative to changes in saturated
hydraulic conductivity, ks (Figure 9). For a ﬁxed value of ks , the volume of eroded sediment decreases by at
least a factor of ≈ 5 as Cv increases from 0.05 to 0.95. Erosional regimes characterized solely by the presence
of ﬂow-driven detachment, in contrast, are more sensitive to variations in ks than Cv , with decreases in total
volume eroded of less than a factor of ≈ 2 when Cv increases from 0.05 to 0.95 for a ﬁxed ks . When both detachment processes are included in the model experiments, the total erosion volumes appear equally sensitive
to changes in vegetation cover and saturated hydraulic conductivity. Rills form in a wide range of scenarios
when ﬂow-driven detachment processes are active, but their development is inﬂuenced substantially by the
addition of raindrop-driven detachment (Figure 9b).
In the scenario where steady rainfall occurs for 2 h at a constant rate of 15 mm h−1 , hillslopes characterized
by both raindrop- and ﬂow-driven processes experience an order of magnitude more erosion than hillslopes
where only one of the detachment processes are active (Figure 10). There is minimal runoﬀ in cases where
ks > 8 mm h−1 , resulting in negligible erosion in those cases. While there are noticeable diﬀerences in predicted erosion volumes with variations in vegetation cover for the raindrop-driven detachment case, there
are only minor diﬀerences in the ﬂow-driven detachment case. However, erosion volumes in the ﬂow-driven
detachment case decrease rapidly with increases in ks , becoming negligible in cases where ks > 4 mm h−1
(Figure 10a). A rill network does form in cases where ks is low but is much better developed when both
raindrop-driven and ﬂow-driven detachment are active (Figure 10b).
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Figure 10. (a) Total volume of sediment eroded in response to a low-intensity 120 min rainfall event (Figure 8a) for three diﬀerent erosion regimes. Total erosion
varies as a function of hydraulic conductivity, ks , and vegetation cover, Cv . The volume of sediment eroded from a synthetic hillslope (Figure 8b), which is only
susceptible to raindrop-driven sediment detachment, is sensitive to increases in vegetation cover, Cv , and increases in ks , which eventually lead to a complete
lack of runoﬀ. In contrast, when ek = erk = 0 and only ﬂow-driven transport is active, the volume eroded from the same hillslope does not vary substantially with
changes in Cv but decreases rapidly in response to changes in saturated hydraulic conductivity, ks . (b) When both raindrop- and ﬂow-driven processes are active,
rilling is accentuated and the volume of sediment eroded is an order of magnitude greater than the cases where only one detachment mechanism is active.

5. Discussion
Numerical model results of hillslope sediment transport at our study area suggest that while both raindropand ﬂow-driven transport are active processes, their relative importance depends on rainfall characteristics.
Numerical model results suggest that more than 60% of hillslope erosion during the December rainfall event
was facilitated through raindrop-induced sediment transport. The relative contribution of ﬂow-driven erosion, referring to the direct entrainment of sediment without the aid of raindrop impact, was minimal in
interrill areas. Flow-driven detachment increases linearly with F , but model simulations with larger values of
F resulted in excessive incision within the rill network relative to what was observed and did not signiﬁcantly
increase the volume of sediment eroded from hillslope divergent areas (Figure 4). Therefore, we hypothesize
that ﬂow-driven detachment was not responsible for the large volumes of sediment eroded from hillslope
divergent areas during the December storm. The importance of raindrop-induced sediment transport at our
study site during the December rainstorm is consistent with previous studies that demonstrate a strong relationship between higher postwildﬁre sediment yields and increases in percent bare soil [Prosser and Williams,
1998; Benavides-Solorio and MacDonald, 2005] and rainfall erosivity [Benavides-Solorio and MacDonald, 2005].
Model results suggest that raindrop-induced sediment transport was likely still an important process during the November storm, mostly in hillslope divergent areas, but of lower overall importance relative to
ﬂow-driven transport particularly in convergent areas. Using the best ﬁt sediment transport parameters calibrated from the December event, model simulations result in erosion within the rill network during the
November storm (Figure 7), which is consistent with the results of Schmidt et al. [2011], who reported rilling
and channel erosion as a result of that storm. Based on model simulations of topographic change, with
and without the presence of ﬂow-driven transport, for the November event, we infer that ﬂow-driven processes were responsible for the majority of sediment transport, including a modest contribution (≈35%) in
hillslope divergent areas (Figure 7). Storms with high-intensity rainfall may be expected to result in rill incision because greater stream power associated with runoﬀ from intense rainfall would increase ﬂow-driven
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sediment detachment, leading to preferential erosion in areas of concentrated ﬂow. In contrast, when runoﬀ
rates and stream power are suﬃciently low, ﬂow-driven detachment rates may be low even in areas where
overland ﬂow is concentrated. This can lead to situations, such as that during the December event, where
sediment may be detached less eﬃciently in areas of concentrated ﬂow compared to interrill areas.
Comparisons between a0 , ad0 , and v̄ s in the present model and Kir , the interrill erodibility coeﬃcient in the
WEPP model, provide a means of contextualizing our model parameters within the framework of the WEPP
model, which has been more extensively tested in natural settings. The values of a0 , ad0 , and v̄ s that yielded
the best agreement between TLS-derived erosion estimates and model-predicted erosion can be related
through equation (32) with a Kir value of roughly 9 ⋅ 107 kg s m−4 . Before comparing these values with those
obtained in previous studies, it should be noted that values obtained here are only a ﬁrst-order estimate of
Kir for three reasons. First, overland ﬂow depths in hillslope divergent areas typically varied between h0 and
3h0 . We accounted for the eﬀects of depth-dependent raindrop detachment rates by reducing the best ﬁt
values for a0 and ad0 by a factor of 2 before inserting them into equation (32) since the eﬀective raindrop
detachment and redetachment rates would be a factor of 2 smaller than their maximum potential values when
the overland ﬂow depth is 2h0 . Second, rainfall rates were not constant throughout the storm as assumed
for the analytical solution. Rainfall rates that produced runoﬀ, however, were typically between 20 and
40 mm h−1 (Figure 3), and the computed value of Kir varies by less than 20% within this range. Lastly, we set
a0 = ad0 = 0 for the largest particle size class, which would reduce interrill sediment transport within the
numerical model relative to that predicted by the analytical solution. For comparison, however, Robichaud
et al. [2007] provide a range of 0.23 ⋅ 106 kg s m−4 ≤ Kir ≤ 3.6 ⋅ 106 kg s m−4 for the interrill erodibility
coeﬃcient on recently burned, sandy-loam soils in areas inhabited (preﬁre) by rangeland and chaparral
vegetation and the largest recommended value for Kir listed in WEPP documentation is 1.2 ⋅ 107 kg s m−4 .
Thus, the values of Kir intuited here based on numerical model results are substantially higher than other
published values. However, typical hillslope gradients in our study area regularly exceed 80% and few if any
WEPP parameters have been estimated for slopes that are greater than 60%. With the exception of Robichaud
et al. [2007], few studies have constrained Kir in wildﬁre-aﬀected soils. Wildﬁre-induced changes to soil erodibility [Moody et al., 2005], increased rainsplash rates due to soil hydrophobicity [Terry and Shakesby, 1993],
and decreased surface roughness [Moody et al., 2013] may also play a role in increasing interrill erosion rates
relative to unburned areas. Alternatively, the large discrepancy between previously published values for Kir
and the best ﬁt model parameters needed to reproduce the measured amount of erosion could suggest that
the eﬃciency of raindrop-induced sediment transport processes increases signiﬁcantly as hillslope gradients
approach the angle of repose. Additional experiments with steep hillslope gradients are needed to further
explore this hypothesis.
Particularly in postwildﬁre environments, having a better process-based understanding of hillslope erosion processes will aid in interpreting observed relationships between sediment yield data, rainfall intensity/duration, and time after the burn. For instance, future vegetation recovery at our study area may limit
raindrop-driven erosion processes, making the hillslopes less susceptible to low-rainfall intensity events.
However, the hillslopes may remain susceptible to erosion by ﬂow-driven processes regardless of vegetation recovery. Applying the numerical model to synthetic topography indicates that in environments prone
to ﬂow-driven sediment detachment, the window of disturbance following wildﬁre is controlled mostly
by the time scale for increases in saturated hydraulic conductivity (Figures 9 and 10), which could result
from decreases in ﬁre-induced soil hydrophobicity. Simulated erosion volumes from the synthetic hillslope
decreased nonlinearly with increases in the saturated hydraulic conductivity (ks ) in those scenarios, while
they were less sensitive to increases in vegetation cover (Cv ). Therefore, the time scale for vegetation recovery
would not provide a useful indication of the time scale associated with the window of disturbance. Instead,
knowing the time scale associated with the decay of soil water repellency would be critical. Hillslopes prone
solely to ﬂow-driven sediment detachment may consist of cohesive soils or gravelly soils in which even large
raindrops are unable to generate suﬃcient power to overcome the critical stress needed to detach sediment
from the bed. In contrast, predicted sediment yields decreased roughly linearly with increases in vegetation
cover and saturated hydraulic conductivity in environments where detachment was driven primarily by raindrop impact (Figures 9 and 10). In the case of high-intensity rainfall, when substantial amounts of runoﬀ were
generated even for larger values of ks , the sediment volume eroded from hillslopes prone to raindrop-driven
detachment was less sensitive to increases in ks because decreases in the ability of the ﬂow to transport
detached sediment may be partially compensated for by the fact that shallower overland ﬂow depths lead
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to increases in the raindrop-driven sediment detachment rate. Hillslopes prone to raindrop-driven sediment
detachment may have a substantial amount of ﬁne sand, which has the lowest critical threshold for raindrop
detachment [Salles et al., 2000].
Rill erosion likely accounts for a large percentage of the total erosion occurring on many bare hillslopes
[Govers and Poesen, 1988] and is frequently observed to be a dominant form of hillslope erosion in postwildﬁre environments [Wells, 1987; Pietraszek, 2006; Schmidt et al., 2011]. Rill erosion is driven by a positive
feedback between concentration of overland ﬂow and increased erosion, which leads to further concentration
of runoﬀ. Flow-driven sediment transport processes are crucial in creating rills, but it has also been hypothesized that miniature debris ﬂows could play a role in rill generation in postwildﬁre environments when soils
are hydrophobic immediately below the surface [e.g., Wells, 1987; DeBano, 2000]. Model simulations presented here also suggest, however, that raindrop-driven erosion processes could be particularly important in
the incipient stages of rill formation in postwildﬁre settings. Vegetation does not have a large inﬂuence on
ﬂow-driven sediment transport, but results demonstrate how vegetation can impede rill incision. The total
volume of erosion occurring when both raindrop- and ﬂow-driven processes are active is substantially more
than the sum of the two cases where raindrop-driven and ﬂow-driven transport occur in isolation (Figures 9
and 10). Moreover, the depth of rilling increases substantially due to the addition of raindrop-driven processes
relative to the case where only ﬂow-driven processes are active (Figures 9 and 10). For example, model simulations of the high-intensity rainstorm result in rills that increase in depth from a maximum of approximately
6 cm in the case where only ﬂow-driven processes are active to 18 cm when raindrop-driven processes are
also active (Figure 9b). Raindrop-driven processes are able to detach sediment from the soil surface, making
it more erodible and susceptible to ﬂow-driven transport. Without raindrop-driven detachment, the positive
feedback between concentration of overland ﬂow and increased erosion may not occur or may occur on a
much longer time scale. Increases in raindrop-driven erosion processes, while not often associated with rilling,
could play an important role in the early stages of erosion in creating the intense rilling often observed in postwildﬁre sites. Additionally, it is possible that increases in vegetation cover also lead to increases in hydraulic
roughness [e.g., Kim et al., 2012], an eﬀect that is not included in the current model. Including interactions
between roughness and vegetation cover would likely accelerate reductions in sediment transport following
vegetation recovery.
In general, steep burned areas may be particularly susceptible to raindrop-induced erosion since high hillslope gradients promote shallow overland ﬂow depths, which encourage high rates of sediment detachment
by raindrops, and high overland ﬂow velocities, which increase the typical transport distance of detached
sediment. Our results suggest that in addition to other processes such as dry ravel [Lamb et al., 2011],
raindrop-driven sediment transport could play an important role in supplying channels with ﬁne sediment
prior to vegetation regrowth. Prancevic et al. [2014] argue that pulses of ﬁne sediment transported from hillslopes to channels following wildﬁre can lead to reductions in the Shield’s stress in channel bed locations,
which then promotes bed failure and debris ﬂows. A number of debris ﬂow surges were recorded by the channel monitoring station at the outlet of our study area (Figures 1 and 3), but additional work would be needed
to uncover any connection between the debris ﬂow initiation mechanism and sediment being transported
oﬀ of the hillslopes.
The existence of process-dependent reductions in soil erosion with increasing vegetation recovery has
implications for applying numerical models to assess postwildﬁre erosion. Parameterizations of vegetation
recovery, for instance, could potentially be improved by exploring the use of diﬀerent recovery rate coefﬁcients depending on the expected dominance of raindrop- versus ﬂow-driven processes. Just as there is
often considered to be a window of disturbance following wildﬁre within which to expect debris ﬂows versus shallow landslides, this study suggests that there is a diﬀerent window of disturbance associated with
raindrop-driven sediment transport processes than there is for ﬂow-driven processes. The numerical model
presented here provides a promising tool for interpreting detailed observations of runoﬀ and sediment transport in natural settings and can be used to generate additional ﬁeld-testable hypotheses that relate the
magnitude of sediment transport to diﬀerent wildﬁre-induced changes in vegetation, soil erodibility, and soil
hydraulic properties.
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6. Conclusions
By combining high-resolution measurements of topographic change with data from intensive ﬁeld monitoring and numerical modeling, we were able to examine the processes that lead to a signiﬁcant redistribution of
hillslope sediment following wildﬁre within a small, steep, recently burned drainage basin in the San Gabriel
Mountains, CA, USA. Quantitative comparisons between model-generated erosion patterns and observed
topographic change allowed us to calibrate a process-based sediment transport model, through which we
were able to assess the relative importance of raindrop- and ﬂow-driven sediment transport during two natural postwildﬁre rainfall events. Using the calibrated numerical model, we conclude that raindrop-induced
sediment transport processes were primarily responsible for hillslope erosion at our study area during a
long-duration event with modest rainfall intensities but that ﬂow-driven processes were of greater relative
importance during a short-duration, high rainfall intensity event. Results add to other studies that demonstrate the importance of raindrop-driven transport in steep recently burned areas but also highlight how a
change in the dominant erosion processes can be facilitated by a change in rainfall characteristics. Our results
provide general insights into the relative importance of diﬀerent hillslope sediment transport processes in
contributing to erosion in steep, recently burned areas, which can be useful for understanding sediment delivery to channels as well as the debris ﬂow and sedimentation hazards associated with that inﬂux of sediment.
Numerical experiments conducted using synthetic topography demonstrate that the dominance of diﬀerent
sediment transport processes at a particular site can exert a ﬁrst-order control on the time scales associated with the window of disturbance following wildﬁre. On hillslopes that are prone to ﬂow-driven sediment
detachment, as a result of either soil properties or precipitation regime, the window of disturbance appears
less sensitive to changes in vegetation cover relative to hillslopes where sediment is primarily detached by
raindrop-driven processes.
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