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ABSTRACT 

 

Short-term Patterns and Processes of Coastal Cliff Retreat, Rill Erosion on Colluvial 

Hillslopes, and a Sediment Budget for the 2018 Montecito Debris Flows 

by 

 

Paul Alessio 

 

Coastal cliffs and Mountainous regions are features of geomorphic and societal 

significance. Determining the rates and mechanisms by which they erode are important for 

developing a detailed understanding of landscape evolution as well as facilitating 

geophysical risk analysis, event-forecasting, and environmental management at the coast 

and the wildland-urban interface. In the following studies, I use field-measurements and 

remote sensing techniques to quantify topographic change and assess the erosional processes 

that result in the landward retreat of coastal cliffs and the generation of post-wildfire debris 

flows.  

In Chapter 1, I use sequential terrestrial LiDAR scans to measure the volumetric change 

of the cliff face at several sites in Santa Barbara, CA. I find that wave action drives erosion 

at the cliff base, and the erosion rate is controlled by a threshold amount of wave energy 

received by the cliff base. These thresholds, when exceeded, produced the highest cliff base 

retreat rates during the study period. Retreat rates along the cliff base, middle, and top 

converged over a two-year period indicating that wave action ultimately drives retreat over 

short timescales for these soft shale cliffs, and reinforces the expectation that coastal cliff 

retreat rates will increase with rising sea levels. 
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In Chapter 2, I estimate the volume and delivery rate of slurry (a water-sediment 

mixture) supplied to stream channels during a post-wildfire rainstorm that generated large 

debris flows in catchments above Montecito, CA in 2018. I find that the rapid evacuation 

and mixing of water and sediment during rill formation supplied an estimated 241,000 m3 of 

slurry with high solids concentrations of ~50% to stream channels within 12-15 minutes for 

debris flow generation. Colluvium on shale formations was more continuous, finer-grained, 

and probably less permeable than colluvium on sandstones, and these differences affected 

the extent and dimensions of rills. As a result, shale hillslopes supplied over two times as 

much per unit burn area as sandstones. The mechanism of slurry generation by rill erosion is 

then interpreted with the field evidence, through the lens of hydrodynamic theory and 

laboratory experiments conducted by others under comparable conditions. 

Lastly, in Chapter 3, I construct a sediment budget for the 2018 Montecito debris flows 

and estimate that ~910,000 m3 of sediment was mobilized from the six mountain catchments 

and fans within the 20-minute event. The predominate erosional processes that contributed 

to this total included dry ravel, rilling, sheetwash, and channel scour. The volumetric 

contribution and spatial distribution of sediment inputs from the individual erosion 

processes, along with mapping and observations from previous work, yielded insights into 

how the flows were generated and what led to the entrainment of such large quantities of 

sediment. I conclude that an integrated understanding of i) the conditions and erosional 

processes that deliver fine-grained sediment to stream channels, ii) the production and rate 

of slurry generation for debris flow mobilization, and iii) determination of the amount and 

nature of the sediments stored in stream channels are important for guiding assessment 

procedures and developing a process-based understanding of high-magnitude debris flow 

events that can be applied across diverse mountain environments.
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Chapter 1 

1. Short-term pattern and processes of coastal cliff erosion 

1.1 introduction 

Coastal cliffs are a feature of geomorphic and societal significance, and occur along 

~50% of the world’s shorelines (Young and Carilli, 2019). As global sea levels rise, retreat 

rates are expected to increase and expand around the world (Rosser et. al., 2006; Trenhaile, 

2010; Walkden and Hall, 2008; Hackney et al., 2013; Limber et al., 2018). The threat that 

erosion poses on coastal communities and ecosystems has generated increased interest in 

understanding cliff erosion rates, patterns, and processes through time (Rosser et al., 2005; 

Collins and Sitar, 2007; Young et al., 2009; Letortu et al., 2019). In addition, it has sparked 

the development of tools and computer models that aim to evaluate and forecast coastal 

hazard probability and occurrence (Trenhaile, 2010; Hapke and Plant, 2010; Hackney et al., 

2013; Ruggiero et al., 2013; Barnard et al., 2014; Vitousek et al., 2017; Limber et al., 2018). 

However, predicting the recession of coastal cliffs over any time period is recognized as a 

notoriously difficult problem. Substantial progress in understanding coastal cliff erosion has 

been made in recent years, however, knowledge gaps in our understanding and feedbacks 

between processes persist. Paramount to recent advances has been the accumulation and 

analysis of high-resolution data sets, which lend a more complete understanding of coastal 

processes (Benjamin et. al., 2016; Warrick et al., 2016). Overall, quantifying change is 

essential for calculating trends in erosion and evaluating the individual, or combinations, of 

processes that shape coastal cliffs as well as verifying the predictive capability of equations 

and models. 
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Coastal cliff evolution proceeds as an episodic process, wherein cliff failures are 

commonly linked to intense storms (Komar and Shih, 1993; Hapke and Plant, 2002). Cliff 

erosion is influenced by various marine and subaerial processes, including: waves (Norris, 

1968; Lim et al., 2011; Young  et. al., 2011;), groundwater flow (Pierre and Lahousse, 2006), 

beach geometry (Sallenger et. al., 2002;  Trenhaile, 2004), cliff lithology (Sunamura, 1992; 

Benumof et al., 2000; Collins and Sitar, 2008), mechanical and chemical weathering 

(Sunamura, 1992; Porter and Trenhaile, 2007;), rainfall (Collins and Sitar, 2007;  Young, 

2009a; Brooks et al., 2012), anthropogenic agents (Viles and Spencer, 2014), and structural 

characteristics (Duperret et al., 2004). These processes are considerably complex owing to 

multiple factors that are highly variable in space and time. Though complex, the forces acting 

on the coastal cliff can be separated into driving and resisting forces (Fig. 1). Driving forces 

act to destabilize or remove material from the cliff face and include mechanical and 

hydraulic wave action, abrasion, positive pore-fluid pressures from rainfall and irrigation, 

rilling, slopewash, and collapse/cantilever failure. Resisting forces act to deter the movement 

of material from the cliff and include material strength, negative pore fluid pressures, and 

root cohesion. Near-shore topography and changes in beach morphology determine the 

frequency and style in which waves attack the cliff base. In addition, fracture networks play a 

considerable role in creating planes of weakness (Duperret et al., 2004). Though all processes 

work in conjunction to modulate cliff evolution, the predominate driving mechanisms of cliff 

retreat are broadly attributed to wave attack and rainfall, where rainfall modulates the rate at 

the cliff top, and wave action drives retreat at the cliff base via undercutting from abrasion 

and mechanical wave action.  
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The primary goal of this work was to measure volumetric cliff erosion during the 

2015-2016 El Niño and through 2017 to address several research questions. 1) What is the 

correlation between short-term cliff base retreat rates and wave energy flux, total water 

levels, and wave impacts hours? 2) On what timescale do retreat rates along the cliff base, 

middle, and top converge?  3) What are the relative influences of individual storms, abrasion, 

and mechanical wave action on cliff base erosion?  I address these questions by using a series 

of TLiDAR surveys collected at several sites along the coast of Santa Barbara, California to 

quantify retreat rates and patterns during 1) an El Niño winter with elevated sea levels and 

higher than average winter wave energy and 2) a non-El Niño year that exhibited average 

wave energy and above average precipitation. Daily beach elevation measurements and an 

offshore wave pressure sensor were used to determine the influence of waves and water 

Figure 1. Conceptual diagram and list of driving and resisting forces associated with coastal cliff 
erosion. The efficacy of the driving and resisting forces is modulated by the other variables listed 
around the cliff. 
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levels on erosion at the base of the cliff, and Schmidt hammer measurements were used to 

investigate the role of rock weathering. This approach differs from previous attempts to link 

coastal retreat to wave energy by accounting only for the accumulated total water levels and 

wave energy delivered to the cliff over a short period of time, rather than focusing on total 

energy over seasonal, yearly, or decadal timescales. I find that cliff base erosion drives 

parallel retreat of the cliff face and that cliff base erosion is highest when wave energy flux 

and total water levels surpass specific thresholds. However, the efficacy of wave action on 

inducing erosion is modulated by the rate of weathering and the presence of tools for 

abrasion.  

1.2 Background 

1.2.1 Wave action 

Wave attack is particularly important because it drives the long-term evolution of coastal 

cliffs and creates marine platforms (Trenhaile, 1987, Sunamura, 1992). Erosion from wave 

action is also capable of driving and accelerating short-term recession rates by inducing cliff 

top failures via cliff steepening and undercutting (Collins et al., 2007). When tides and other 

water level fluctuations allow waves to impact the cliff, they exert tensional, compressive, 

and shear hydraulic forces onto the cliff face that cause quarrying of blocks, and when sand 

grains and cobbles are present they may cause mechanical abrasion (Sunamura, 1992; 

Rosser, 2013, Kline et al., 2014, Young et al., 2016). Cliff base erosion is therefore a 

combination of mechanical wave action and abrasion by tools, where the processes of 

abrasion are typically limited to the intertidal zone (Trenhaile, 2004; Walkden and Hall, 

2005).  

Trenhaile (2009, 2010) modelled cliff erosion where removal of cliff material occurred 

once a boundary shear stress from wave impacts exceeded the critical shear stress required to 
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induce erosion. Soon after, Hackney et al. (2013) developed a statistical process-response 

model to estimate sea cliff retreat using the sum of wave energy delivered to a cliff over a 

given time interval. The applicability of the both models was addressed, however, the 

Hackney model includes a calibration coefficient that was optimized to account for variations 

in lithology, geotechnical properties, weathering, changes in beach morphology…etc, along 

with the threshold energy, and the Trenhaile model includes a scaling coefficient that 

converts the force exerted at the surf–rock interface into backwearing units. Both of these 

excess shear stress models have been used to investigate the relationships between sea-level 

rise and future changes in storminess and cliff retreat rates. The outcomes of these models 

rely on the existence of a strong relationship between the rate of cliff erosion and the 

accumulated energy over a threshold. Here I am able to test how well this metric explains the 

variability in cliff base retreat rates on short timescales by using volumetric differencing, 

estimating the amount of wave energy delivered to the cliff, and applying a threshold for the 

delivered wave energy flux to determine their correlation. 

1.2.2 Rock type and weathering 

The primary factor opposing wave-induced erosion at the cliff base is the strength of the 

cliff material itself. While different lithologies have their own initial strength, weathering 

reduces rock strength until an event with sufficient energy is capable of inducing erosion. In 

the subdisciplines of fluvial and hillslope geomorphology, weathering is known as an 

integral process for generating bedrock erosion (Selby, 1982; Von Blackenbird, 2007). The 

identification of its importance on coastal cliff erosion is not new, and in fact this process 

was recognized as early as the mid-1800’s by Dwight Dana. More recently, Retallack and 

Roering (2012) discussed the possibility of marine platforms existing as a product of 

weathering via groundwater fluctuations, and Adams (2005) proposed that the cliff 
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experiences fatigue from seismic flexing. Sunamura (1992) and Trenhaile (2014) have both 

proposed equations that incorporate changes in rock resistance due to weathering into cliff 

retreat models, and the efficacy of tidal wetting and drying and salt weathering have been 

demonstrated in experiments conducted on marine platforms along the coast of eastern 

Canada over periods ranging from 1 to 3 years by Porter et al. (2010). From laboratory 

experiments, tidally generated weathering and debris removal is an effective erosional 

mechanism, and is highest at the elevation of the lowest high tides (Porter et al., 2010). From 

field measurements, maximum downwearing rates on marine platforms occur within the 

upper intertidal zone and are attributed to processes such as abrasion, frost action, and ice 

wedging (Porter et al., 2010). 

1.2.3 Patterns in cliff profile evolution  

Rates of change at the cliff base, middle, and top dictate the style of retreat (e.g., parallel, 

replacement, decline). The geometry and mechanism of wave-cut notches and subsequent 

cantilever failure are well understood. However, the nature of the connection between cliff 

base erosion and cliff retreat lacks consensus. Young (2009b) measured retreat rates at the 

base, middle, and top of coastal cliffs composed of sandstones and terrace deposits in San 

Diego, California. over 4 years and found that the cliff base had accreted by 12 cm due to 

talus from cliff top failures and changes in beach elevation exposing more of the cliff base. 

Rosser et al. (2013) observed a propagation of instability from a wave cut notch to the cliff 

top and noted that this cycle operates on decadal time scales for cliffs composed of limestone 

in the United Kingdom. These studies are among the few that have attempted to determine 

the rate that cliff base erosion is translated to the cliff top and at what timescale rates of each 

segment converge.  
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1.2.4 Cliff retreat in Santa Barbara  
 

Regional and local retreat rates for southern Santa Barbara County have been measured by 

several authors, including: Norris (1986), Santa Barbara County (2007), Hapke and Reid 

(2007), Sylvester (2016), and Young (2018). Table 1 summarizes the methods, timescales, 

and average retreat rates calculated for Santa Barbara County as well as known retreat rates 

at specific study locations. Retreat rates from these studies were calculated using either 

permanent markers or digitizing the cliff edge to compute the average cliff retreat rate. These 

studies span a decade or more, and while long-term averages of cliff retreat are useful for 

planning purposes and provide boundary conditions for driving numerical models, such as 

Limber et. Al., (2018), they do not provide the spatial or temporal resolution necessary to 

identify the role of specific processes responsible for retreat. Although retreat rates at the 

base, middle, and top of the cliff will eventually converge, short-term estimates provide 

insight into cliff retreat processes, and allow determination of the relative importance of 

higher total water levels, rainfall, and waves. Lastly, it is important to note the interchange of 

terminology used in this, and other studies of coastal cliffs. The terms erosion, erosion rate, 

and retreat refer to the three-dimensional change of the cliff, the change over time, and the 

landward planimetric cliff position, respectively. These terms are used extensively in this 

paper and require a clear distinction to be made for discussion of when and where erosion is 

taking place 
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1.2.5 Study area, beach, and coastal cliff characteristics 

Sites chosen to measure cliff erosion are located within Santa Barbara County, a south 

facing section of coast situated at the intersection of southern and central California. Much of 

the coastline here is highly developed and urbanized and the coastal geomorphology is 

characterized by moderate-relief cliffs (8-12 m) that assre fronted by narrow (5 - 20m), 

ephemeral beaches situated on the modern marine platform. The cliffs in southern Santa 

Barbara are composed predominately of either Monterey or Sisquoc shale that has 

subsequently been faulted, folded, and uplifted to form ~45 kya marine terraces capped by 

beach deposits and terrestrial sands (see fig.2) (Gurrola et al., 2014). Both shales are highly 

fractured, and the Sisquoc Formation has a high slaking potential. Sites were chosen based 

on accessibility and the existence of coastal structures. Coastal access stairs and houses allow 

placement of retro-reflective targets and assessing error in scan alignment. Sites were also 

chosen based on frequency of wave impacts. At Coal Oil Point and Leadbetter, higher beach 

elevations typically buffer the cliff from wave action. Lagoon Rd. is buffered from wave 

Table 1: Retreat rates in Santa Barbara, CA 

Extent  Method Erosion 
Rate  (m/yr) 

Uncertainty 
(m/yr) Time Frame Reference 

El Capitan to 
Carpinteria 

Airborne 
LiDAR 

0.11 0.015 1998 - 2010 Young (2018) 

Isla Vista to 
UCSB 

Permanent 
markers 

0.08 - 0.23 - 2001 - 2015 Sylvester (2015) 

El Capitan to 
Carpinteria 

T-sheets + 
Airborne 
LiDAR 

0.2 0.2 1934  - 1998 Hapke and Reid 
(2007) 

Isla Vista Permanent 
markers 

0.08 - 0.37 - 1965 - 1994 County of Santa 
Barbara (2007) 

Various Locations Permanent 
markers 

0.1 - 0.25 - 1920 - 1960 Norris (1968) 

Lagoon Rd.* Permanent 
markers 

0.25 - 2001 - 2015 Sylvester (2015) 

Camino Del Sur* Permanent 
markers 

0.37 - 1965 - 1994 County of Santa 
Barbara (2007) 

* Indicates site specific rate 



 

 9 

action during the summer months, and Camino Majorca and Camino Del Sur are exposed to 

wave action all year. Lithology, morphology, and other site characteristics are located in 

table 2. A 17-year time series of beach elevations at the Camino Majorca site and a 

comparison to seasonal beach elevations throughout Santa Barbara County is found in 

Barnard et al. (2012). Barnard et al. (2012) concluded that the daily single point 

measurements at Camino Majorca correlated extremely well with the mean beach elevations 

for ten high-spatial resolution beach surveys, and therefore variability at the single point 

monitoring site was representative of regional coastal behavior. The area of high-spatial 

resolution beach surveys encompasses the study sites. 

The majority of beaches within Santa Barbara vary in width and height, but are generally 

narrow and are seasonally ephemeral. The Channel Islands, located ~40 km offshore, create a 

wave shadow that results in seasonal variability in beach elevation and wave energy 

delivered to the shoreline. Beach elevations oscillate throughout the year, but are generally 

lower during the winter and spring months and higher during summer and fall (Griggs, 2005; 

Barnard et al., 2009; Barnard et al., 2012). Up to 85% of the incoming wave energy 

originates from west/northwest swells generated in the northern Pacific Ocean during the 

winter, and the summer is typically quite calm (Barnard et al., 2009). South swells are also 

capable of delivering wave energy to this section of coast in the summer by entering the 

Santa Barbara Channel at the eastern end, but their occurrence is far less frequent. A detailed 

description of coastal processes in Santa Barbara, including beach dynamics, sand transport, 

and wave climate can be found in Barnard et al. (2009). 
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Table 2: Site characteristics 

Site Coordinates Geologic 
Unit 

Average 
Slope  

Cliff 
Height         

Cliff 
Length  

Cliff 
Top 
Area  

Cliff 
Middle 
Area  

Cliff 
Base 
Area  

  Lat. Long. Fm. (o) (m) (m) (m2) (m2) (m2) 
Coal Oil Point 34.407 -119.878 Sisquac 47 7.5 59 220 115 105 
Camino 
Majorca 34.409 -119.869 Sisquac 53 8 26 N/A 110 100 

Camino Del 
Sur 34.409 -119.862 Sisquac 84 10 23 79 87 65 

Lagoon Rd. 34.410 -119.842 Sisquac 84 10 145 630 480 340 
Leadbetter 34.398 -119.702 Monterey 80 10 97 340 400 230 

 

1.2.6 Climate characteristics from 2015-2017  

Sea level rise for Santa Barbara in recent decades is 0.73 ± 1.2 mm/yr (NOAA, 2015). 

For Southern California, considering tectonic processes, the rate is 1.5 to 2.4 mm/yr 

(Reynolds and Simms, 2015). During strong El Niño years, the coast of California 

experiences raised sea levels by as much as 10-30 cm (Huyer et al., 2002). Tidal records in 

Santa Barbara show that the 2015-16 El Niño local sea levels were consistently super-

elevated in Santa Barbara by 15 - 25 cm through the months of August 2015 to March 2016 

(Tidesandcurrents.noaa.gov, 2019). For comparison, sea levels along the southern California 

coast are projected to rise 4–30 cm by 2030, 12–61 cm by 2050, and 42–167 cm by 2100 

(relative to the year 2000) (NRC, 2012). Although sea levels and wave energy were high in 

2016, rainfall was only 69% of the annual average for Santa Barbara County. In 2017, 

rainfall was 136% of the annual average. 
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1.3 Methods 

1.3.1 Field work   

Direct field observations of wave attack and cliff conditions before, during, and after 

winter storms were used to delineate zones of weathering and abrasion at the base of the 

cliff. The timing and style of wave interaction with the cliff base was also observed during 

different tide levels. Observations of cliff morphology and marine terrace deposits were 

important in identifying cliff segment boundaries. 

1.3.2 Terrestrial LiDAR scans  

Terrestrial LiDAR (TLiDAR) scans were performed using a Riegl VZ-400 scanner. 

Initial scans started in November of 2015. Each site was re-scanned directly after three 

substantial storms during the winter of 2016. Sites were scanned again in May, and in 

December of 2016 to provide a baseline for comparison the following year. Point clouds 

were registered and georeferenced in RiSCAN PRO using control points (retro-reflective 

targets) and a Trimble Real-Time Kinematic GPS (RTK-GPS). Points were filtered for 

distance 140 m away from the scanner since beam divergence increases the footprint of the 

measured area. At 140 m, the footprint is 5 cm (see Riegl VZ-400 manual). Point clouds 

were manually trimmed to isolate the cliff surface at the intersection of the beach and the 

Figure 2. Location of study sites, wave pressure sensor, and rain gauge in Santa Barbara, CA. 
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cliff top edge. Vegetation was then identified and removed using the CANUPO plugin for 

cloud compare, a multiscale dimensional analysis technique developed by Brodu and Lauge 

(2013). A large portion of the vegetation could be classified at the 95% confidence interval 

using this technique, but not entirely. Therefore, manual removal of points was performed by 

trimming points that were identified by the user as non-cliff points. The cliff top at Camino 

Majorca was omitted from volume calculations due to dense vegetation cover resulting in a 

low density of identifiable cliff points. 

1.3.3 Mesh creation, filtering, and error assessment  

After alignment and vegetation removal, the point cloud from the earliest scan date was 

used to create a triangulated irregular network (TIN). The TIN was used as a reference mesh 

to compare all subsequent point clouds. The reference mesh was created using the Poisson 

surface reconstruction plugin for cloud compare developed by Kazhdan and Hoppe (2013). 

Since this method of mesh creation fills all data gaps, the mesh was filtered by point density. 

Point densities of 100 points/m2 were found to best represent the cliff surface and areas with 

less were omitted. The filtered mesh was generally free of holes or data gaps, but not 

entirely. These are delineated by the white areas in the change maps.  

Registration error and 3D accuracy of the point clouds were assessed using fixed objects 

that didn’t move during the length of the study, such as buildings and coastal access stairs. 

The root mean square error (RMSE) between point clouds was determined for each scan date 

relative to the first scan of the time series. To assess error in the reference mesh, a second set 

of scans were performed a meter away from the initial scans. This set of second scans was 

then used to assess error in the reference mesh and repeatability in volume calculations. The 

RMSE between the first and second sets of scans and the volumetric between them was 

calculated. Uncertainty in point cloud registration was between 2-4 cm and 1-2 cm for mesh 
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error. Values for the registration error, mesh error, volumetric error, and the uncertainty in 

retreat rates can all be found in table 3. Overall, this method is capable of detecting small 

scale change, involves the use of free and open-source software, is robust to gaps or holes in 

the data, and the error in the estimate is easily quantifiable.  

Table 3: Scan Registration and Volumetric Error 

Site 
Registration 

error 
RMSE           

Registration 
error 1σ           

Mesh 
error 

RMSE            

Volumetric 
error from 

mesh           

Retreat 
uncertainty   

   (cm)  (cm)  (cm) (m3) (m)  
Coal Oil Point 3.6 1.3 0.8 -1.6 0.004 
Camino Majorca 3.3 0.4 1.1 -1.5 0.007 
Camino Del Sur 3.2 0.4 0.8 -1.9 0.008 
Lagoon Rd. 2.6 0.6 1.9 -3.5 0.002 
Leadbetter 3.3 0.7 1.2 -3.9 0.004 
*Retreat uncertainty reflects filtering out change < 5 cm  

 

1.3.4 Volumetric change and retreat rate 

Volumetric change was calculated by using cliff to mesh differences computed in cloud 

compare and a simple script modified from Day et al. (2013). Day et al. (2013) concluded 

that the most accurate change detection technique compares a point cloud to a reference 

mesh along a set of normals that accommodate bluff curvature. Cliff-face normals (vectors 

orthogonal to the cliff face) were computed in cloud compare using the M3C2 plug-in with a 

search radii range of 0.1 – 1 m. By varying the size of the neighborhood for each point 

between 0.1 and 1 m, the radius that produces the most planar surface is identified, which is 

ideally suited to normal estimation (Lague et al., 2013). A nearest neighbor analysis was 

used to compute a cell size for each point. Volume was then calculated by multiplying the 

cell size by the negative cliff to mesh difference for the corresponding point (Fig. 3). Cloud 

to mesh differences were filtered by sign (-) and elevation. Values of retreat < 5cm were 

filtered out in order to exclude error from point cloud registration and mesh creation. In other 

words, change > 5 cm was used in volumetric calculations and displayed in difference maps 
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and change < 5 cm was omitted. The volume of material eroded (m3) was divided by the 

planform cliff area (m2) to calculate the amount of retreat (m) for each cliff segment. The 

amount of retreat was then divided by the length between scan intervals to determine the 

retreat rate (mm/day). 

A height of 3m (NAVD88) was chosen to delineate the cliff base, based on the elevation 

of the highest total water levels. This height corresponds to ~1.8 m above the cliff toe (Fig. 

4). The distinction between the middle and top of the cliff was delineated by the contact 

between the shale and overlying terrace deposits. To retain consistency in the area measured 

between scan dates, each point cloud was trimmed to cover the same area as the reference 

mesh. To account for changing beach elevations, the area of the cliff that was covered during 

the first scan was added in from the second and third scan dates, when the beach was stripped 

to the marine platform. Therefore, values for erosion at the base of the cliff are minimum 

estimates because the accumulation or loss of sand between scans may have masked areas 

that underwent erosion.  

1.3.5 Waves, rainfall, water levels, and beach elevations 

Near-shore significant wave height and wave period were recorded hourly by a wave 

pressure sensor located in Isla Vista (see Fig 5). Deep water wave height and wave lengths 

were obtained from a buoy located in the Santa Barbara Channel, station #46053 

(ndbc.noaa.gov, 2019). Hourly still water levels (SWL) were obtained from a buoy located at 

Santa Barbara Harbor, Station NTBC1 - 9411340 (Tidesandcurrents.noaa.gov, 2019). Beach 

elevations were recorded daily by Dave Hubbard at Camino Majorca by making a single 

point measurement from the coastal access stairs. The sand surface elevation was recorded to 

the nearest 2 cm relative to a fixed reference point on the concrete staircase. Variability at the 

single point monitoring site is representative of Isla Vista and UCSB (Barnard et al., 2012). 
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Observations were also made between sites to ensure correspondence. When beach 

elevations at Lagoon Rd. deviated during the summer of 2016, weekly measurements were 

made using the same method. Daily rainfall totals were obtained from a rain gauge located at 

the University of California, Santa Barbara (UCSB). Total water levels (TWL) were 

calculated by adding the still water level and the vertical height of wave run-up. The vertical 

height of the 2% exceedance value of wave run up maxima (R2%) for each hour was 

approximated using (eq. 1), the empirically derived equation from Ruggiero (2013), where 

H0 and L0 are the deep-water wave height and wavelength, respectively.  

    (eq. 1) 

Total water levels were then subtracted from daily beach elevations to estimate whether 

or not waves were in contact with the cliff for every hour. Hours when waves weren’t in 

contact with the cliff were filtered out, and the number of wave impacts hours, the average 

water level above the cliff toe, and the sum of the wave energy flux were calculated between 

each scan interval to determine their correlation with cliff base retreat rates. The sum of 

hourly wave energy fluxes greater than 35,000 W/m was chosen as a threshold to correlate 

with erosion. 35,000 W/s corresponds with the highest 10% of wave energy fluxes during the 

study period. Retreat rates from 2016 were used for correlations, when the time between scan 

intervals was ~1 month during the winter and ~5 months over the summer. Wave energy 

density (E) was calculated using equation (2), where (E) is energy (J/m), ρ is the density of 

sea water (1020 kg/m3), g is the gravitational acceleration (9.81 m/s2) and Hs is the 

significant wave height (m), which is the average height of the largest one third of waves. 

Wave energy flux (P) (W/m) was calculated using equation (3) where   , the group  
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velocity of incoming waves. In equation 3, h (m) is the water depth at the wave pressure 

sensor. Total water levels at the study sites are implicitly assumed to be dependent on the 

elevation of the beach at the cliff toe. Observations at each site suggest that this is the case, 

but, no direct measurements were made between sites at the same time. 

    (eq. 2) 

    (eq. 3) 

1.3.6 Schmidt hammer measurements 

Schmidt hammer measurements were recorded seasonally at each site starting in January, 

2016 to record changes in compressive strength at the cliff base. 20 measurements were 

taken at random along the length of the cliff within the zone of abrasion, the zone of 

mechanical wave action, and on fresh rock surfaces that were exposed by erosion. Each of 

the measurements was made following ASTM C805 guidelines where 10 measurements are 

performed in a grid at each measurement location and then averaged. However, in some 

cases, the continued rebound measurements caused fracturing in the rock, and in this case all 

measurements up until fracturing were averaged.  

1.3.7 Statistical analyses  

Data sets for the dependent variable (retreat rate) and independent variables (average 

total water level above the cliff toe, wave energy flux, wave energy flux > 3500 (W/m), and 

wave impact hours) were tested for normality, and Spearman’s correlation was used to 

determine their R2 value. Spearman's correlation is a non-parametric test used to determine 

the strength and direction of the monotonic relationship between two variables, rather than 

the strength and direction of the linear relationship between the two variables. 
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1.4 Results  

1.4.1 Cliff retreat rates, patterns, and correlations with wave climate 

A time series of wave energy flux (P), total water levels (TWL), beach elevations, and 

rainfall are shown in Fig. 5. Winter wave energy flux was 26% higher and hourly wave 

energy flux > 35,000 W/m was 15% higher in 2016. In 2017, total rainfall was 67% higher. 

Cliff retreat rates reflect these differences in wave energy and rainfall totals (Fig. 6). Cliff 

base retreat rates were between 4 and 39% higher in 2016 and Cliff top retreat rates were 0 to 

Figure 3. The reference mesh at Camino Del Sur and a depiction of how cliff to mesh differences were 
calculated from subsequent point clouds.  

Figure 4. Photo of the Camino Del Sur site in March 2016. Location is shown on Figure 2. Cliff segments 
for the base, middle, and top are delineated by black lines. The red dashed line marks the boundary between 
the zone of abrasion and the zone of mechanical wave action. 
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107% higher in 2017. Retreat rates along the base and middle of the cliff were strongly 

coupled and produced a stepped function through time, whereas the cliff top produced a more 

constant rate. Retreat rates along the base and middle of the cliff were positively correlated 

with total water levels and wave energy flux. Maximum cliff top retreat rates correspond 

with the occurrence of higher seasonal rainfall totals, yet cliff top failures occurred 

continuously throughout the year, even during dry periods. Retreat rates at each cliff segment 

eventually converged within the two-year study period (Fig. 6). Difference maps show 

patterns in erosion and the progression of erosion from the cliff base to the top (Figs. 7 and 

8). Over the two-year period, cliff top retreat rates at Lagoon Rd. and Camino Del Sur were 

consistent with previously measured long-term averages (see table 1). 

Cliff base retreat rates were highest in January of 2016 and are synonymous with the 

highest values for wave energy flux and total water levels. Erosion during this time 

accounted for 30-40% of the total cliff base erosion over the 2-year study interval. In 

February of 2016, cliff base erosion was anomalously low at all sites, even though wave 

energy flux and total water levels exceeded thresholds for erosion. During the summer of 

2016, Lagoon Rd. was cut-off from wave action and cliff base erosion nearly ceased. In 

contrast, waves continued to impact the cliff at both Camino Del Sur and Camino Majorca, 

and the cliff base continued to erode, albeit at a slower rate than the winter. The cliffs at Coal 

Oil Point and Leadbetter experienced minimal cliff base erosion throughout the study period 

since beach elevations consistently remained above 2.9m (NAVD88), just below the 

elevation of the highest total water levels (Fig 5). 

Correlations between cliff base retreat rates and wave climate variables all show positive 

relationships (Table 4). P-values < .001 indicate that the relationships are statistically 

significant. Notably, the sum of wave energy flux and sum of wave energy fluxes > 35,000 
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W/s have strong correlations with cliff base retreat rate (r2 = 0.82 and 0.84, respectively) and 

threshold behavior is observed when the average total water level above the cliff toe is > 0.8 

m (2m NAVD88).  

Small and medium-sized failures tended to preferentially reoccur near previous failures, 

forming short-term hot spots similar to those described in San Diego, California by Young et 

al. (2011) and in Pacifica, California by Collins et. al. (2008), and in several cases, they 

precluded larger failures. Over time, the area of the cliff face that experienced erosion 

increased, and new failures tended to occur along the margins of previous failures. Cliff toe 

deposits were virtually absent during the study period and provided little to no armoring from 

wave impacts at the base of the cliff. Rockfall deposits were washed away by waves almost 

immediately after failure during the winter and spring. During the summer, small cliff toe 

deposits at Coal Oil Point (< 1 m3) and several rockfall deposits were present along Lagoon 

Rd. These were subsequently washed away during the first substantial swell in December, 

2017. 

1.4.2 Abrasion, mechanical wave action, and Schmidt hammer measurements 

Observations and patterns observed in difference maps indicate that abrasion and 

mechanical wave action work in concert to erode the cliff, but their dominance is segregated 

by height (Fig. 10). The zone of abrasion was observed to occur at 0.8 m above the cliff toe 

on average, ranging from 0.6 to 1m (1.8 – 2.2 m NAVD88). Above the zone of abrasion, 

angular blocks were quarried by waves, and mechanical wave action was found to be the 

dominant processes. The erosional signatures produced by abrasion and mechanical wave 

action are apparent in change maps as well as in the field (see Figs. 3, 6, and 9). Abrasion 

produced a smooth polished surface that is expressed as gradual continuum of change in 

difference maps, whereas the zone of mechanical wave action is characterized by angular 
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blocks and small block failures that are truncated along fractures or planes of weakness. 

Schmidt hammer rebound values indicate that the average compressive strength at the cliff 

base is variable through time, and rocks in the zone of mechanical wave action are more 

weathered (Fig. 11). There is likely gradation to these zones, but here I simplify them by 

describing the end member conditions based on a discrete boundary. 

Table 4. Correlations with retreat rate 

 Spearman R2 P-value Pearson R2 P-value 

Sum of wave energy flux  0.84 < 0.001 0.71 < 0.001 
Sum of wave energy flux > 
35000 0.82 < 0.001 0.86 < 0.001 

Average TWL above cliff toe  0.85 < 0.001 0.68 < 0.001 
Wave impact hours 0.68 < 0.001 0.26 0.20 

*n = 27, includes all sites and scan intervals from 2016   
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Figure 5. Stacked plot of wave energy flux (P), total water level (TWL), beach elevations, and rainfall during 2016 (left). The largest three storms of the 
winter are denoted on the plot of wave energy flux. LiDAR scan dates are denoted on the beach elevation plot. Plots of wave energy flux and rainfall for 
2017 (right). Elevations are in NAVD88. The intersection of the marine platform and cliff toe is 1.2 m. 
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Figure 6. Cumulative retreat of each cliff segment during the study period. See Fig. 2 for locations. The slope of the line is the retreat rate. Rates at the 
cliff base, middle, and top converge at all sites over the study period, cliff erosion rates vary by up to an order of magnitude between sites with higher 
beach elevations. 



 

 

 

23 

Figure 7. A comparison of seasonal patterns in erosion at Lagoon Rd. (Top) Camino Del Sur (bottom) from 2016 through 2017. The progression in 
erosion along the cliff base to cliff top is evident over the 2-year period. 



 

 

 

24 

 

 
Figure 8. Difference maps displaying patterns in erosion at Camino Del Sur (left) and Lagoon Rd. (right) during 2016. The signature of abrasion is 
denoted by a smooth, gradual continuum of change, whereas erosion from mechanical wave action is denoted by localized angular block failures. 
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 Figure 9. Cliff base retreat rate vs. (A) wave energy flux, (B) wave energy flux >35,000, (C) wave impact hours, and (D) average total water level above 
the cliff toe. Individual storms are highlighted by color. Plots contain data points from all sites and scans during 2016. 
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1.5 Discussion 

1.5.1 Retreat rates at the cliff base, middle, and top 

The El Niño did not produce higher than average cliff top retreat rates at the study 

locations. Young et al. (2018) also noted this occurrence in San Diego, CA and attributed the 

Figure 10. Signature of abrasion along the cliff base in Isla Vista, CA. a) Overview of cliff face b) Inset 
showing poc marks from cobble impacts. Above the zone of abrasion, cliff roughness increases and consists 
of fractured angular blocks. 

Figure 11. Average Schmidt hammer rebound values at each site within the zone of abrasion, zone of 
mechanical wave action, and fresh rock exposed by erosion. Error bars correspond to the standard error for 
the 20 measurements taken along the cliff length. 
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lower than average cliff top rates to the anomalously low rainfall. I reach a similar 

conclusion here, however, cliff base retreat rates were relatively high in 2016, and cliff top 

rates increased the following year resulting in the convergence of retreat along the base, 

middle, and top of the cliff. Here, wave action appears to be capable of driving cliff top 

erosion on short timescales and notch development is virtually absent for soft shale cliffs. 

Retreat rates along the base and middle of the cliff were often coupled, indicating that the lag 

time between them was in most cases shorter than the scan interval. This is not typical for 

other rock types with greater tensile strengths. For example, wave cut notches have been 

observed to persist for years in the sandstone units of San Diego, California before any 

translation up the cliff face occurs (Young, personal communication). Rosser (2013) reported 

that it took 7-years for a notch to be translated up the cliff face for a limestone cliff in the 

UK. This occurrence is not surprising since shale is relatively weak and erodes more readily 

compared to sandstone and carbonate. I hypothesize that the lag-time between cliff base and 

cliff top erosion is strongly linked to rock tensile strength. Disparities in fracture density and 

rock weathering rates may also be contributing factors, even within the same rock type, but is 

likely subsidiary. It is possible that observations in this study are unique given the setup of 

higher than average winter wave energy during 2016 followed by higher than average 

rainfall in 2017, but a longer time-series of segmented cliff face erosion is necessary to test 

this.  

1.5.2 Correlations with wave energy and total water levels 

A positive relationship between wave impacts and cliff base erosion have been suggested 

by other studies (Ruggiero et al., 2001; Norman et al., 2013; Rosser et al., 2013; Young et 

al., 2016). Whether the relationship between retreat rate and wave energy is linear, 

exponential, or follow a power law, however, is unknown. The distributions of independent 
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variables are not normally distributed, their variance is not homogeneous, and frequency 

diagrams suggest their distributions are asymmetric (highly skewed to the left), therefore 

precluding the use of a linear model. In addition, zero values complicate log-transformation 

of the data. Instead, I use Spearman's correlation coefficient, a non-parametric test, to 

determine the strength and direction of the monotonic relationship between variables. 

Pearson correlation coefficients are reported along with the Spearman coefficients for 

comparison. Threshold behavior is also observed and prevents the use of correlations for 

prediction. Additional caveats include, i) ~10 data points are located near the origin in the 

plot of wave energy flux > 35,000 (W/m) vs. retreat rate, and ii) rainfall was associated with 

times when the cliff base eroded substantially and the effects of groundwater seepage cannot 

be ruled out. 

1.5.3 thresholds  

Maximum cliff base retreat rates correspond to times when wave energy flux and total 

water levels were highest. Figure 9 suggests that an extrinsic threshold is crossed when total 

water levels exceed 0.8 m, or when the wave energy flux is > 35,000 (W/m). Thresholds in 

geomorphology may be considered in various ways depending upon context (Schumm, 

1973). Here, I define them as boundary conditions, that when exceeded, can cause sudden 

and substantial change. As the system receives an impulse change in the controlling variables 

(water level and wave energy flux) the response is transitional, and the cliff erodes landward 

to varying degrees. This is also an example of a variable threshold, where the actual critical 

value of both thresholds depends on the recent history of cliff and the rate of rock 

weathering. Incidentally, the threshold elevation for total water levels is nearly coincident 

with the observed transition from the zone of abrasion to mechanical wave action, and I 

attribute this to higher rates of rock weathering in the zone of mechanical wave action.  
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1.5.4 influence of rock weathering 

Extrinsic threshold crossings characteristically entail some processes that are intrinsic to 

the system. In the case of coastal cliffs, the strength of the rock controls whether or not 

waves are capable of eroding rocks at the cliff base. Schmidt hammer measurements, though 

taken less frequently than terrestrial LiDAR scans, lend some insight into the timing and 

changes in the energy required to induce erosion. For example, high Schmidt hammer 

rebound values on freshly exposed rock illustrate the constant feedback between waves 

weakening the cliff through physical and chemical weathering, and strengthening the cliff by 

exposing unweathered rock through erosion. The zone of mechanical wave action exhibited 

lower rebound values on average, indicating differential weathering along the vertical profile 

of the cliff, possibly produced by fluctuations in total water levels. Exposure to salt spray as 

well as wetting and drying can cause shales to disintegrate in fragments of various sizes. This 

process, known as slaking, is a common problem in slope stability (Gautam et al., 2013). I 

expect that higher elevations on the cliff face are wetted inconsistently from wave runup and 

experience more wetting and drying cycles, whereas lower elevations remain wet longer 

from tidal action and therefore retain their compressive strength longer. Overall, the results 

from Schmidt hammer measurements show that rock hardness, a proxy for weathering and 

erodibility, changes through time along the cliff base, and that more detailed work is 

necessary to identify the primary mechanisms and rates of change. 

1.5.5 Sea-level rise 

As total water levels are expected to increase from global sea-level rise, it is widely 

accepted that erosion rates will also increase as wave impacts will become more frequent and 

in turn, more energy will be delivered to the cliff face (Rosser et. al., 2006; Trenhaile, 2010; 

Walkden and Hall, 2008; Hackney et al., 2013; Limber et al., 2018). Observations and 
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correlations in this study suggest that cliff base erosion rates are strongly correlated with the 

wave energy flux delivered to the cliff, and therefore, we expect cliff retreat rates to increase 

with rising sea levels. This is especially true for locations like Coal Oil Point, where higher 

beach elevations currently buffer the cliff from wave erosion and rocks at the cliff base are 

highly weathered. At locations like these, the cliff base is extremely susceptible to wave 

action and we expect that initial rates of wave-induced erosion will be high until weathered 

material is removed. The results indicate that the rate of increase in erosion along the coast 

will primarily depend on the amount of energy delivered to the cliff and how frequently 

water levels exceed critical thresholds, as suggested by other authors (Trenhaile, 2010; 

Hackeny et al., 2013; Limber et al., 2018). 

1.6 Conclusion 

Short-term measurements of erosion have been useful in quantitatively linking wave 

action to cliff base erosion and determining the fundamental mechanisms that govern the 

retreat of the soft shale cliffs in Santa Barbara, California. These results indicate that cliff 

retreat is driven by cliff base erosion via wave action and that retreat rates along the cliff 

base, middle, and top converge over relatively short time-scales compared to cliffs composed 

of stronger rock. The base and middle of the cliff preferentially eroded during high-energy 

swell events and are strongly coupled, whereas cliff top erosion is temporally variable and 

retreat rates increase with higher seasonal rainfall totals. Threshold behavior was observed 

for cliff base retreat rates, and Spearman correlation coefficients suggest strong relationships 

with the sum of the wave energy flux imparted to the cliff base (R2 =0.84), the sum of the 

wave energy flux > 35,000 W/m (R2 = 0.82), and the average total water level above the cliff 

toe (R2 = 0.85). Threshold behavior and maximum retreat rates occurred when average total 

water levels were > 0.8 m above the cliff toe. Correlations with retreat rate, the sum of the 
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wave energy flux imparted to the cliff base, and the average total water level above the cliff 

toe indicate that retreat rates are will likely increase with rising sea levels. Where beach 

elevations are high enough to buffer the cliff from wave action, retreat rates can be up to an 

order of magnitude less than cliff faces that experience appreciable wave attack. I define 

zones of abrasion and mechanical wave action based on observations of cliff morphology and 

difference maps. Where beach elevations are low and allow frequent wave interaction, 

abrasion is the primary erosion mechanism up to ~0.8 m above the marine platform. Above 

~0.8 m, angular blocks are quarried more frequently via mechanical wave action. Schmidt 

hammer measurements suggest that wave induced erosion is controlled not only by beach 

elevation, but also energy thresholds that are modulated by weathering rates which remain 

poorly understood. The feedback between these processes are important over short 

timescales because they control the amount of erodible material along the cliff at any given 

time. Whether these processes dominate the long term signal is unknown at this time, yet, the 

data emphasize that linking specific processes and feedbacks with cliff erosion first requires 

measurements of change over the areas and timescales at which they operate. 

Chapter 2 

2. Post-wildfire Generation of Debris-flow Slurry by Rill Erosion on Colluvial 

Hillslopes 

2.1 introduction 

It is well known that wildfires can intensify hillslope runoff and erosion, and initiate 

debris flows (Parise and Cannon, 2012). However, links between hillslope processes and 

debris-flow generation depend on diverse physiographic and hydrometeorological 

circumstances, hindering the capacity for predicting such disastrous events. Debris flows are 
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water-saturated mixtures of sediment with a wide range of grain sizes and solids 

concentrations of 50-70%, driven by gravity and resisted by interacting solid and fluid forces 

(Costa, 1984; Iverson, 1997). They originate on hillslopes or in steep mountain channels and 

can grow in size along their tracks by incorporating sand-to-boulder-sized clasts stored in 

channels, making them much more destructive than floodwater alone (Reid et al., 2016). 

Their initiation and growth require (a) the presence of some fluid or slurry (water-sediment 

mixture), which increases buoyancy, pore pressure, and inter-clast distances to reduce flow 

resistance, and (b) the retention of water within the flowing mass, which in turn requires a 

significant fraction of fine-grained material to maintain low permeability (Iverson, 1997).  

Researchers have identified several processes of mass failure and surface erosion by 

which regolith can be mobilized into a debris-flow slurry (Wells, 1987; Meyer and Wells, 

1997; Cannon et al., 2001b; Ellet et al., 2019). The processes of mobilization were identified 

as shallow mass failure, sheetwash, and rill erosion. However, it was not usually possible to 

measure rates of evacuation of sediment from hillslopes, nor the runoff conditions that drove 

the erosion processes and the resulting solids concentrations of the slurry delivered to debris-

flow initiation sites. In contrast to mass failures that usually leave behind distinctive 

topographic features and approximate constraints on timing; the location, magnitude, 

mechanism, and production rate of slurry generated by runoff are often difficult to identify 

because of limitations in site accessibility, measurement techniques, scale, and the ephemeral 

nature of field evidence. In 2018, large debris flows emerging from six catchments of the 

Santa Ynez Range of Southern California severely impacted the mountain-front community 

of Montecito during a rainstorm three weeks after the Thomas Fire (Kean et al., 2019; 

Lancaster et al., 2021) (Figure 12). This event provided an opportunity to identify the 



 

 33 

location, magnitude, timing, and generating process of slurry from hillslopes that was 

available for mobilizing bouldery sediment throughout channel networks.  

The debris flows mobilized coarse colluvial deposits, ranging in depth up to > 6m and 

in clast diameter from 0.5 to 6+ m from mountain canyons (Lancaster et al., 2021), that must 

have accumulated over centuries at least. Therefore, they had resisted mass failure and 

fluvial transport during many floods, generated by larger rainstorms than the 2018 event 

without network-wide evacuation. Debris flows much smaller than the 2018 event 

transported relatively small volumes of >1m boulders to the upper fans of three of the 

catchments in 1964-1965 and 1971 (Lancaster et al. (2020). The initially dry sediments 

stored in these canyons prior to 2018 contained little fine-grained material (Keller et al., 

2015), which suggests that the supply of some fluid denser than floodwater, containing a load 

of fine-grained sediment, was needed for mobilizing the coarse sediments as debris flows. It 

is reasonable to conclude that the volume, density, and supply rate of the mobilizing fluid 

supplied by the catchment influenced the capacity of flows to scour boulders from the 

canyons. In turn, the release of fluid from the catchment hillslopes and its capacity to scour 

stream deposits would depend on the mechanism and rate of its generation. The rapidity of 

the slurry generation process for the 2018 flows was reflected in the 15-16 minute lag 

between the first entry of the rainstorm into the Cold Spring and San Ysidro catchments and 

the arrival of a bouldery debris-flow front 4.2-5.5 km downstream at the mountain front 

(Lancaster et al., 2020). 

Field observations and aerial images, made within weeks after the debris flows, 

indicated that the burned, colluvium-mantled hillslopes of each catchment were fretted by 

dense networks of rills, bounded by levees of fine-grained sediment with sparse, matrix-

supported gravel. This pattern suggested that the silty-sandy colluvium eroded from the rills 
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and the intervening interrill surfaces had mixed with surface runoff and supplied large 

volumes of slurry to stream channels across 19.5 km2 of the burned catchments. Therefore, I 

initiated an investigation to measure the volume and supply rate of the fluid from hillslopes 

to the channels and to understand the mechanism by which the eroded soil and runoff water 

were mixed into a slurry within minutes of the onset of rainfall. I conducted field and 

photogrammetric surveys to map and measure the spatial distribution, spacing, and 

dimensions of rills which were affected by lithology and hillslope characteristics. I integrated 

the measurements to estimate catchment-scale volumes of rill erosion and made a separate 

estimate of interrill erosion based on field observations and laboratory investigations by 

others. I then combined the measurements of rill dimensions and spacing with computations 

of surface runoff to understand the process of rill evacuation and determine the rate at which 

it released slurry with an estimated solids concentration of 50% to stream channels. Finally, I 

compare the analysis with the few other detailed studies of hillslope erosion associated with 

debris flows to explore the range of environmental conditions to which results of the 

Montecito case study might apply.  

For this analysis, I define rills in steep terrain as ephemeral channels with distinct 

margins, which form where the incising capacity of sheetwash transport exceeds the 

smoothing capacity of raindrop transport (Dunne & Aubry, 1986; McGuire et al., 2013). In 

this case, the concentration of surface runoff becomes sufficient to detach soil at rates that far 

exceed the lowering rate of the adjacent soil outside of the flow concentrations. Therefore, 

rills typically arise during intense overland flow and erosion events, and the flow transport 

capacity caused by locally high discharge and gradient converts sediment transport to supply-

limited conditions in which the critical shear resistance of the soil with respect to intense 

scouring eventually controls the upstream location and drainage area, and thus spacing, of rill 
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heads (e.g. Horton, 1945; Rauws & Govers, 1988; Gilley, 1990; Mancilla et al., 2005; Yao et 

al., 2008). Well-defined rills require at least a small amount of cohesion in the topsoil to 

sustain banks, and thus they are more sharply defined in silt-clay-rich soils (e.g., Mancilla et 

al., 2005) than in sands (e.g., Aksoy et al., 2013). Because rills become filled by sidewall 

collapse and sediment accumulation between erosion events, they do not endure for long 

enough to repeatedly incise the hillslope surface into bedrock and therefore do not evolve 

into gullies. 

2.2 Background 

2.2.1 Intensification of post-wildfire hillslope runoff and erosion 

Accelerated surface erosion after wildfire has been associated with debris-flow 

generation in a number of mountain environments, but the details of the hillslope erosion and 

timing of the required water-sediment mixing process appear to differ between physiographic 

regions, lithologies, and rainstorms. For example, dry ravel can load low-order channels with 

sediment (Florsheim et al., 1991), which can be scoured away as a dense suspension by 

dilute runoff (DiBiase and Lamb, 2020), or experience mass failure from saturation 

(Takahashi, 1991; Prancevic et al.,2014).  

Sediment can also be mobilized from hillslopes by hydrodynamic processes, which 

are frequently intensified by changes to runoff and surface erodibility caused by the burning 

of vegetation and topsoil (e.g. Imeson et al., 1992; Moody & Martin, 2001). For example, 

Meyer and Wells (1997) observed evidence of extensive post-wildfire sheetwash and shallow 

rills (~1 cm), that transitioned to 1-12 cm deep rills without levees, and then to deep, narrow 

gullies scoured within bedrock hollows. The upstream-most evidence for viscous debris flow 

(muddy levees and coatings) occurred 0.8 km downstream from the hillslope sediment 

sources, immediately downstream of deep gully erosion “indicating that additional sediment 
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bulking by channel erosion was required to produce debris-flow concentrations” (Meyer & 

Wells, 1997, p. 787). Recently, detailed pre-and post-debris flow monitoring using field 

observations and terrestrial laser scanning have been conducted to differentiate erosion 

processes and define the interactions of rainfall, runoff, and erosion on releasing slurry from 

hillslopes after wildfire (Schmidt et al., 2011; Staley et al., 2014; Tang et al., 2019). These 

field studies have also been interpreted with numerical simulations of runoff and erosion on 

hillslopes and in channels (McGuire et al., 2016; McGuire et al., 2017; Tang et al., 2019). In 

these events, the attainment of high solids concentrations for the debris flows required 

deposition of sheetwash-eroded sediment in low-gradient “sediment capacitor sites”, from 

which it could be re-mobilized as 10-30 cm deep debris flows by in-channel water flows 

(Kean et al., 2013), or mass failure (McGuire et al., 2017). 

Alternatively, the combination of high runoff rate, gradient, and erodibility can cause 

sufficiently rapid erosion and mixing of water and solids to generate viscous slurry on 

hillslopes, during even brief rainstorms. The erosion and mixing in these cases occur in 

networks of rills, often flanked by sedimentary levees. For example, on weathered volcanic 

rocks in Cerro Grande New Mexico, Cannon et al. (2001a) described 25°-35° hillslopes 

incised by rills with levees of matrix-supported sediment high on the hillslopes in a 62 mm  

h-1 post-wildfire rainstorm. Nyman et al. (2011) reported shallow hillslope failures and rills 

lined with levees and other matrix-supported coarse deposits after post-wildfire rainstorms in 

several S.E. Australian forestlands. Langhans et al. (2017) also described the frequent 

occurrence of rills with several kinds of levees on steep hillslopes after wildfire in various 

regions. Ellett et al. (2019) used a combination of ground-level and remote sensing 

techniques to measure the dimensions and spacing of rills and their contribution to debris 

flow volumes. The emphasis of these studies has been on field observations and measuring 
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volumes of sediment delivered to stream channels during some stage of a debris flow, but not 

on the amount of water involved, the rate of sediment delivery to channels, or the 

mechanisms of erosion and slurry generation. 

The field evidence therefore indicates that some rill networks on steep hillslopes are 

flanked with mud-rich levees (Cannon et al., 2001a; Nyman et al., 2011), whereas others 

leave behind no such deposits and appear to be cut by more dilute flows (Meyer and Wells, 

1997). Such evidence relates to the question of whether and how rill erosion can generate 

sediment concentrations sufficient for viscous debris-flow slurry, or whether achievement of 

such concentrations requires additional intensification of sediment recruitment and mixing in 

larger gullies or stream channels (Tang et al., 2019). 

2.2.2 Experimental studies of rill erosion  

The processes of rill formation and integration into networks were initially studied in 

the context of agricultural fields, badlands, and experimental plots where gradients and flow 

discharges are relatively small (Foster et al., 1984; Bryan & Poesen, 1989; Slattery & Bryan, 

1992; Brunton & Bryan, 2000; Mancilla et al., 2005). These rill-forming events generally 

involve relatively dilute runoff with maximum solids concentrations of <20% or less, on 

gradients less than 0.4 (22°) (Polyakov and Nearing, 2003; Wirtz et al., 2012; Shen et al. 

(2016), and Qin et al. (2018).  Rill network studies have been expanded onto steep slopes 

with gradients > 0.4 in disturbed mountain environments (Collins & Dunne, 1986) and 

artificial slopes (Govindaraju & Kavvas, 1992), but the runoff in these cases was dilute, and 

the studies were primarily descriptive.   

Experiments on large steep plots under natural or artificial rainfall have allowed the 

systematic measurement of channel initiation and network integration through bed incision, 

intermittent headcut migration, cross grading of interfluves, and micropiracy (Gomez et al., 



 

 38 

2003; Yao et al., 2008; He et al., 2014; Shen et al., 2015, 2016; Qin et al., 2018b; Qin et al., 

2018b). Channel initiation in these experiments was described as occurring where locally 

high values of shear stress reach critical levels and produce small depressions or pits which 

propagate downslope through bed incision or upslope as headcuts and widen through 

sidewall expansion (Slattery and Bryan, 1992; Bennett et al., 2000; Gomez et al., 2003; Qin 

et al., 2018b). Random local effects of microtopography or soil erodibility during upslope or 

downslope extension cause the developing rills to intersect, leading to networks in which 

drainage area increases downslope, causing a general increase in rill width and depth 

(Govindaraju and Kavvas, 1992; Qin et al., 2018b). These laboratory plot and field studies of 

rill formation extended over hours or multiple runoff events and involved relatively slow 

erosion with dilute sediment concentrations. 

Laboratory studies of sediment transport in steep, pre-formed channels (simulating 

rills) have demonstrated that under spatially uniform water discharge, sediment evacuation 

rates increased with flow rate and gradient, and the detachment rate from the bed decreased 

as sediment concentrations increased rapidly along the channel to a steady value (Lei et al., 

2002 ab; Chen et al., 2014). In these experiments, the maximum solids concentration attained 

in the rill outflow depended mainly on the gradient and only slightly on the flow rate, and 

approached levels supporting viscous flow behavior only on gradients exceeding ~0.4 (22°) 

(Lei et al., 2002 ab; Chen et al., 2014).  

Rill spacing has received little systematic study, but existing work indicates that 

runoff rate and especially gradient are the variables that control the drainage area required to 

initiate rill heads (Gomez et al., 2003; Yao et al., 2008). The topic of rill spacing has been 

addressed theoretically by McGuire et al. (2013), who modeled the balance between the 

tendency of flow transport to incise a soil surface and the tendency for rainsplash transport to 
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smooth it, generating rills up to several centimeters deep. An alternative analysis of channel 

incision and spacing was presented by Izumi and Parker (1995), who adopted an erosion 

threshold model for sheetwash erosion of cohesive materials. They conducted a linear 

stability analysis of the interaction between the incisional tendency of flow concentration and 

the countervailing tendencies of the lateral pressure gradient and transverse Reynolds 

stresses in the flow to create a stable wavelength or spacing of channel sources. 

2.3 Field setting 

2.3.1 Landscape characteristics 

Montecito is located on debris flow fans south of the Santa Ynez Mountains (Figure 

12). The range is part of the Western Transverse Ranges and consists of locally overturned, 

steeply northward dipping beds of marine and terrestrial sedimentary rocks (Minor et al., 

2009). The rock formations include: the Juncal Shale; the thickly bedded Matilija Sandstone; 

the Cozy Dell Shale; and the massively bedded Coldwater Sandstone. Each unit contains 

interbeds of either shale or sandstone (Minor et al., 2009). The alternating lithologies are 

eroded by the southward-flowing stream network into topographic zones of rugged ridges on 

the sandstones and lower, smoother, convex ridges on the shales. Channels within the range 

are incised into the bedrock due to active fold growth and uplift of the Western Transverse 

Ranges (Melosh & Keller, 2013). Topographic relief from the northern ridgeline to the 

mountain front is ~1000 m, and hillslope gradients average 0.7 (35°) for shales and 0.9 (42°) 

for sandstones. Hillslope longitudinal profiles are 100-120 m long and nearly straight with 

short convexities at their crests; some hillslope profiles on Juncal Shale in the upper tributary 

catchments are convex throughout their length and culminate in gradients >1.0. Hillslope 

planforms are predominantly planar, but subtle convex and concave planforms affect runoff 

and erosion in some locations. Where planform concavities exist, narrow (1-5 m) and 
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shallow (1-2 m) bedrock-floored gullies are eroded into them, heading at distances of 20 to 

50 m from the drainage divide.  

Soils on the Matilija and Coldwater Sandstones are dominantly sandy loam with clay-

silt-sand percentages of (14-51-35, n = 8), while those on the shales are mainly silt loams 

(16-70-14, n = 24) with sandy loams on some sandstone interbeds. Before the fire, the 

dominant vegetation types included coastal sage scrub and chaparral on hillslopes and 

sycamores and coast live oak lining the major drainage channels. Soil depths are limited to a 

few decimeters, and many plant roots penetrate to weathered bedrock. Soil burn severity was 

classified as moderate over most of the study area in Figure 12; small patches of high burn 

severity occurred in areas where the original chaparral vegetation was dense, and patches of 

low burn severity occurred in riparian corridors and on the low-elevation margins of the fire 

(USDA Forest Service, 2018, Appendix A, p. 15). Nearly complete removal of the vegetation 

canopy, organic horizon, and roots down to depths of 4-5 cm resulted in ash, char, and areas 

of water repellency to several centimeters below the surface.  
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2.3.2. Rainfall Characteristics of the 9 January 2018 Rainstorm 

Rainfall intensities in one-minute increments were obtained from eight Santa Barbara 

County rain gauges around the periphery of the study area to define the characteristics and 

movement of the rainstorm (Countyofsb.org, 2018). The records define a narrow, N-S 

oriented, gradually widening and intensifying rain band traveling eastward across the study 

area at an average speed of ~40 km h-1. Peak, one-minute rainfall intensities were 198 mm h-1 

at KTYD on the western margin of Montecito Creek catchment and 258 mm h-1 at Doulton 

Tunnel on the eastern margin of Romero Creek catchment, and rainfall intensities > 25 mm 

h-1 lasted ~10-15 min at any hillslope location (Figure 12c). The most intense 50% of the 

storm rainfall occurred within ~4 minutes at the western margin and ~6 minutes at the 

Figure 12. a: The six catchments of the study area are outlined in black and encompass a total area of 26 
km2. Locations of the rill transects, rain gauges, infiltration measurement sites from Kean et al. (2019), and 
the spatial extent of the 2018 debris flow deposits from Lancaster et al. (2021) are also shown. b: Hillshade 
derived from airborne LiDAR showing the steep mountain catchments, the debris flow fans of Montecito, 
and the Thomas Fire perimeter. c: One-minute rainfall intensities from the KTYD and Doulton Tunnel rain 
gauges at the NW and NE margins of the debris flow source area. 
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eastern margin of the study area (Figure 12). The maximum 15-minute total rain and the peak 

intensity both increased eastward and then declined at the eastern margin of the study area as 

the rain band widened. Apart from 10 mm of intermittent, low-intensity rainfall during the 

previous night, the rainstorm occurred on dry soil after the fire and at the end of a long 

drought. Confidence in the rainfall records was enhanced by the similarity of the one-minute 

hyetographs from eight rain gauges around the periphery of the debris-flow source area, 

together with a movie of 2-minute rainfall intensities that we created with data from the 

NEXRAD-based MultiRadar Multisensor system, which generates maps of rainfall intensity 

for 1 km2 cells at 2-minute intervals. These intensities were computed and provided by J. J. 

Gourley of the NOAA/OAR/National Severe Storms Laboratory, Norman, OK. Even though 

the NEXRAD derived intensities under-represented the rain gauge values, the video verified 

the spatial coherence and orientation of the rainfall pattern and provided confidence that the 

rainstorm was a coherent rain band with a sudden onset and conclusion. 

2.4 Methods 

2.4.1 Field observations 

Field observations of rill networks, rill channels, and soils were made on both shale 

and sandstone units several weeks after the January 9th rainstorm before their cross sections 

were modified by a subsequent rainstorm. The field investigations were supplemented by 

remote sensing and repeated during multiple visits to collect soil samples and confirm image 

interpretations. 

2.4.2 Reconstruction of topography 

Post-event airborne LiDAR data were collected for the study area 8-19 days after the 

debris flows. The LiDAR data were collected using a Teledyne-Optech Orion 300 sensor at a 

nominal pulse spacing of 8 points per square meter. High-resolution, georeferenced photos 
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were taken from the same airborne platform using a Phase One iXU-RS1000 camera, 300 - 

400 m above the ground surface, with >50% overlap, and a native photographic resolution of 

5 cm. Structures from Motion (SfM) photogrammetry was used to generate point clouds with 

Agisoft Photoscan, including orthomosaics and digital elevation models (DEMs). 

Reconstruction of the vegetation-free topography by SfM photogrammetry yielded point 

cloud densities of ~400 m-2, whereas the spacing derived from the airborne LiDAR was ~10 

m-2, and the average elevation difference between the two sets of point clouds was 0.045 m. 

The DEMs from the photogrammetry were gridded with a cell size of 5 cm using the nearest 

neighbor approach, and the photo orthomosaics with 5 cm resolution were exported to 

ESRI’s ArcMap Geographic Information Systems (GIS) for mapping and measuring rill 

geometries and hillslope characteristics. The airborne LiDAR DEM with a cell size of 1 m2 

was used for spatial analyses across the entire study area since the SfM derived DEMs were 

only generated for a subset of the catchments. 

2.4.3 Mapping and measurements of rill networks 

The photo orthomosaic was used to map the extent of rill erosion across the six 

burned catchments. Rill network occurrence was mapped at the hillslope scale and classified 

visually into five units: (i) rilled slopes (75-100% areal coverage), (ii) partially rilled slopes 

(50-75%), (iii) partially rilled slopes (25-50%), (iv) bedrock-dominated slopes (0-25%), and 

(v) vegetation (no visible rills). For regions partially occupied by rill networks, several 

transects were made across a representative hillslope to estimate the percentage of the area 

occupied by fully integrated rill networks. The unrilled portions of these units were surfaced 

with bedrock, soil armored with large sandstone clasts, or a combination of both. The 

resultant map was used to quantify the area within each catchment occupied by rill networks 

on sandstone and shale formations. 
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Rill width, depth, and spacing, and levee occurrence, width, and height were 

measured on 20 m-long contour transects. The transects were spaced at distances of 10, 20, 

40, 60, 80, 100 m, and, where possible, 120m from the drainage divide. Measurements were 

made in the Juncal Shale and Matilija Sandstone on slopes of 30°- 45° (s = 0.5-1.0). Two sets 

of transects were extracted for each of the three hillslope planforms (convergent, divergent, 

and straight) on each lithology, for a total of 12 different hillslopes and 72 transects. Figure 

12 shows the locations of each sampled hillslope, and Table 5 provides coordinates and 

average hillslope properties. The drainage area per unit of contour width of the hillslope 

(A/w) and the local approach gradient between each transect were measured on the SfM-

derived DEMs.  

To identify rills along each 20 m-long transect, rill networks were outlined by hand 

digitizing on the photo orthomosaic, and by extracting a flow accumulation grid on the SfM-

derived DEM using TopoToolbox (Schwanghart and Kuhn, 2010). Rill and levee margins 

were visually identified on the orthomosaic (Figure 13c), the 3D point cloud model (Figure 

13b), and then on the elevation profile graph from the SfM-generated DEMs by identifying 

breaks in slope (Figure 13a). Measurements of the height and width of both the rill and levee 

were made on the profile graph using those locations (Figure 13a). Depths were measured on 

the profile graph from the rill margin to the deepest trough of the rill profile, and the widths 

and maximum heights of levees were also recorded from the difference between the levee 

ridgetop and the interrill surface. Rills exhibited steep, near-vertical sidewalls, whereas 

levees were triangular in cross section, as were observed in the field.  Rill and levee widths 

were also measured separately on the orthomosaic (Figure 13c) to ensure correspondence 

with the elevation profiles.  
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By inspection and mapping flow accumulation areas for rill channels I distinguished 

primary rills, which extended the entire length of hillslopes beginning at contributing 

drainage areas > 5m2, from much smaller secondary rills, which either joined or diverged 

from them at various distances downslope. Confluence and bifurcation angles were measured 

on the photo orthomosaic in GIS. Each angle was measured over a length of 1m extending 

from the node of the converging or bifurcating rill. Sets of 20 measurements of both 

confluence and bifurcation angles were made at distances of 10, 20, 40, 60, and 80 m from 

the divide in order to recognize any potential variations with contributing drainage area or 

local slope.  

The uncertainty associated with these measurements involves a combination of data 

resolution and limitations in visual identification. The vegetation-free surfaces allowed high-

resolution definition of both the SfM-derived DEMs and the color photography (Figure 13). 

The 5 cm resolution of both the DEM and orthomosaic limit knowing where the true rill or 

levee margin is located within each cell or pixel, but the continuity of rill margins facilitated 

their location. In some reaches, the bottom of the rill might be partially obscured due to 

shadowing effects from SfM, gridding of the data, and SfM reconstruction error, so that some 

local depth variations might have been missed. However, measurement locations were 

selected where these effects were observed to be minimal, and the opportunity to observe 

local trends in the color photographs minimized obvious errors. Quantifying these 

uncertainties is difficult, but image interpretations and measurements were also validated 

informally with field measurements of rills, but only after their edges had been partially 

degraded by two subsequent small rainstorms. Measurements were repeated at various 

locations to check for potential bias in hand-selecting features. Repetition did not reveal any 

differences in rill identification or measurements. The resulting regular spatial patterns in rill 
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dimensions, together with the field observations of these patterns, also generated confidence 

in the photogrammetry.  

 

 

 

 

Table 5. Transect locations and hillslope properties 

Hillslope  Northing  Easting Rock type Planform 
# of 

transects 

Avg. 

gradient 

1 256254 3818200 shale concave 5 0.67 

2 256126 3818134 shale convex 5 0.76 

3 256074 3817978 shale straight 5 0.51 

4 257958 3818098 shale concave 6 0.70 

5 257885 3818038 shale convex 6 0.51 

6 258212 3818806 shale straight 6 0.61 

7 256284 3817270 sandstone concave 7 0.89 

8 256252 3817226 sandstone convex 7 0.63 

9 256383 3817296 sandstone straight 7 0.80 

10 256764 3817012 sandstone concave 6 0.55 

11 256989 3816773 sandstone convex 6 1.00 

12 258075 3817319 sandstone straight 6 0.81 

Figure 13. a) 20 m-long elevation profile used to measure rill and levee widths and depths from the SfM-
derived DEM. Note the vertical exaggeration relative to the x-axis. b) SfM derived 3D-model of a concave 
planform slope on the Juncal shale, showing the location of the elevation profile in a) (inset). c) 
orthomosaic used to identify and cross-reference rill and levee margins on the elevation profile in (a). The 
blue line delineates the contour-parallel transect used to extract the elevation profile in (a). d) soil profile 
representative of the burnt shale hillslopes in a rill sidewall. 
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2.4.4 Estimation of interill erosion 

To estimate the amount of interrill erosion by raindrop-impacted sheetwash, I used 

equations 3 and 31 from McGuire et al. (2016) with parameters calibrated from the surface 

lowering measurements by Staley et al. (2014) and rainfall intensities from KTYD. However, 

the resulting prediction of 5-13 cm of lowering was not consistent with the field observations 

that the upper 3-5 cm of burnt topsoil with its patchy ash-rich surface (Figure 13d) survived 

on almost all interrill surfaces. I also evaluated interrill erosion by analyzing data from 

laboratory experiments on raindrop-impacted sheetwash transport performed by Wu et al. 

(2018), Zhang et al. (2017), and Zhang et al. (2019). In each experiment, soil loss and 

sediment concentrations were measured from 0.8 m long plots on 7°-30° slopes under a 

range of soil textures (sandy loess, silt loam, and clayey loess). Rainfall intensities ranged 

from 42-170 mm h-1, and the 0.8 m length was similar to the ~1-meter length of the interrill 

surfaces. The raindrop size distributions were designed to be in the range of natural rainfall 

(2-6 mm) and were applied at natural terminal velocities. I analyzed the data from these 

experiments to produce regression equations that relate the solids concentrations in the thin 

sheets of runoff to surface gradient and rainfall intensity. The regression equations are listed 

in Table 6, which also lists the source of the data in each case. The range in materials, 

gradients, and rainfall intensities encapsulate the Montecito burned area and rainstorm, 

except that I had to extrapolate the equations to a represent gradients up to 0.7 (35°) and 

intensities up to 258 mm h-1. 

The regression equations were used to estimate solids concentrations for each one-

minute rainfall intensities from the KYTD rainfall in Figure 13c to compute the solids 

concentrations throughout the rainstorm, and the concentrations were multiplied by the 

runoff rate in each minute to obtain the total soil loss from one-meter long interrill surfaces 
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flanking the primary rill. The equation derived from the most sand-rich soil yielded an 

average solids concentration of 3% (discharged-weighted average = 8%) and a total inter-rill 

lowering during the rainstorm of 3.1 mm. The intermediate-textured soil yielded an average 

concentration of 4% (discharge-weighted average = 5%) and an inter-rill lowering of 1.8 

mm. The most clay-rich soil yielded concentrations of 1-3% only in the highest rainfall 

intensities but was interpreted to be under-estimating representative values for the study area 

because of its cohesive, clay-rich nature. This third equation, however, supported the 

consistency of the texture-based pattern among the three soil types.  

Table 6. Regression equations for solids concentrations in raindrop-impacted sheetwash 

Equation Soil Source 

 

 

Sandy loess 

70% sand, 21% silt, 9% clay 

 

Wu et al. (2017), eq. 12 

 

 

Silt loam 

39% sand, 45% silt, 16% clay 

 

Zhang et al. (2017), Fig. 3 

 

 

Clayey loess 

7% sand, 68% silt, 25% clay 

 

Zhang et al. (2019), Fig. 5a 

Variables:   

C Volumetric solids concentration  

S Gradient (%)  

I Rainfall intensity (mm h-1)  

 

2.4.5 Catchment-wide volumes of soil evacuated from rill and interrill erosion  

To estimate the volumes of soil evacuated by rill erosion over the entire burned area, 

I developed an empirical relationship between the contributing drainage area per unit width 

of the hillslope (A/w) and the total cross-sectional area of rills per meter of transect length 

for each lithology. This relationship combines the effects of width, depth, and spacing and is 
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equivalent to the contribution of rill erosion to the average lowering of the hillslope surface. 

An analogous expression for the volume of levee deposition per unit area was constructed by 

combining the spatial frequency, height, and width of levees per unit length of transect as a 

function of (A/w). I then applied these empirical relationships for rill erosion and levee 

deposition to each 1 m2 cell of a flow accumulation grid extracted from the LiDAR-derived 

DEM. This calculation of net surface lowering was then weighted by the fractional area of a 

hillslope occupied by rill networks identified from the mapping. Cells with a contributing 

area greater than 200 m2 m-1 were excluded from volume estimates because they were 

visually identified on the orthomosaic to represent gullies and stream channels occupied by 

bedrock or gravelly-bouldery alluvium. This classification is consistent with the definition of 

colluvial and bedrock channels by Montgomery and Buffington, (1992). Cells with A/w 

values < 5 m2 m-1 were classified as interrill and hilltop areas and were used to estimate the 

volumetric contribution by sheetwash using an average surface lowering value of 2.5 mm 

derived as described in section 2.4.4. I also applied this lowering rate to the areas mapped as 

unrilled and partially rilled hillslopes. These areas would have also experienced overland 

flow, and although this runoff would have a higher transport capacity, erosion was partially 

limited by bedrock and surface armor. Application of the average interrill erosion rate to 

these areas would be expected to under-estimate sheetwash erosion from areas of colluvium 

and over-estimate it for armored or bedrock areas. Volumes from the mapped areas were then 

summed to compute totals for the burned area of the six catchments studied. 

2.4.6 Hillslope hydrology: runoff modelling 

The infiltration capacity of the soils during the rainstorm is unknown, but 11-13 days 

after the event Kean et al. (2019) used a tension infiltrometer (Decagon mini-disk) to 

measure infiltration rates of burned and eroded interrill soil surfaces on the Cozy Dell Shale 
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and Coldwater Sandstone in the lower reaches of the burned area (see Figure 13). The 

infiltration measurement sites were on the low-elevation margin of the burned area (Young, 

2018, Appendix A, p. 15), where the amount of unconsumed, burned vegetation and even 

sparse living vegetation indicated relatively brief and cool burn intensities. I interpret the 

measurements and the analysis of them here as indicators rather than a fully representative 

survey, but they are valuable for indicating some general features of fire’s hydrological 

effect. The textures of soils sampled from both Juncal and Cozy Dell shales are essentially 

identical, and visual observations did not reveal any differences between soil profiles on the 

two shales or the two sandstones, and the pairs of soil types on each lithology were classified 

as identical in US Forest Service surveys (Young, 2018, Figure 1). Consequently, I take the 

measurements on Cozy Dell Shale to be representative of soils on both shales and those on 

Coldwater Sandstone to be representative of soils on both sandstones.  

I estimated probable hydrological conditions at the burned soil surface during the 

rainstorm by modeling, guided by the field measurements of infiltration in the burned area, 

published by Kean et al. (2019). The infiltration measurement process included removal of 

the uppermost 1 cm of residual topsoil “to sample the water-repellent layer below the 

surface” and the results were parameterized in terms of the Philip (1957) infiltration equation 

(Kean et al., 2019).   

On shale inter-rill sites, six of the ten infiltration measurements made by Kean et al. 

(2019) yielded Kfs values < 10 mm hr-1 with S values of 0.1 to 5.8 mm/hr-0.5 (solid blue curves 

in Figure 14a). These sets of values defined distinctively low infiltration curves, suggestive 

of strong hydrophobicity. The low S values suggest that the role of capillarity was reduced by 

the burning and the infiltration rates declined to their minimum Kfs values within 1 to 8 

minutes of the onset of rain. At the other four inter-rill sites on shale, higher values of both 
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parameters were measured after burning and predicted Kfs values declined to 25 to 100 mm 

hr-1 (dashed blue curves in Figure 14a). On the sandstone soils, infiltration was measured at 

eight inter-rill sites. Seven of the curves plotted in the upper range for the shale soils (dashed 

red curves in Figure 14b), suggesting that hydrophobicity on sandstone soils was less intense 

and/or discontinuous, at least in the low-burn intensity zone.  

Thus, although I do not claim that hydrophobicity was ubiquitous or continuous, the 

field evidence of rill distributions suggests that the solid curves in Figure 14 are likely to be 

more representative of surface conditions over the study area where rill networks were 

present. The fact that the infiltration measurements were made on the low-elevation margin 

of the Thomas Fire, including at sites where some vegetation survived suggests that the 

results tended to under-estimate the effects of burning on the infiltration capacities. 

Therefore, the solid curves in Figure 14 are likely to be more representative of conditions 

across the burned area, where rills were widespread and showed only subtle differences 

between shale and sandstone sites.  

This evaluation was based on two field observations. First, the distribution of densely 

spaced rill networks across a majority of the burn area with a continuous colluvial cover, 

indicated that intense surface runoff was widespread. Second, soil conditions within the 

study area strongly suggested that the moderate-high burn intensities over a majority of the 

study area had produced hydrophobic conditions in the topsoil. Rapid surveys over the entire 

burned area immediately after the fire reported that “soil water repellency was very common 

within moderate and high soil burn intensity (areas)” (USDA Forest Service, 2018, p. 10), 

and the field observations indicated that particles in the upper 3-5 cm of the topsoil were 

coated with black sooty carbon throughout the burn area (Figure 13d). Soil texture and the 

amount of black carbon on the soil surface are two factors that contribute to the degree of 
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water repellency (Lewis et al., 2006). Based on controlled experiments on forest soils, 

Moody et al. (2005) attributed the formation of black carbon to heating in the range of 275-

350°C; and Bentley and Fenner (1954) reported that its presence indicated maximum soil 

temperatures of 175-290°C. DeBano (2000) reported that hydrophobicity tends to be most 

intense after heating in the range ~175-280°C.  

There was ample circumstantial evidence, therefore, to interpret that the wildfire 

rendered the topsoil hydrophobic to various degrees. Runoff calculations using the 

infiltration parameters from other measurement sites, especially on sandstone soils that did 

not exhibit extensive rilling, would also predict little or no overland flow (Figure 15). I 

interpret that the burn intensity at these sites was insufficient to alter infiltration to the same 

degree as on the extensively rilled hillslopes.  For these reasons, I chose infiltration 

parameters: Kfs = 3.7 mm hr-1 and S = 5.8 mm hr-0.5 from the Kean et al. (2019) dataset for an 

illustrative computation of infiltration and runoff. The rates of surface water accumulation 

computed with each of the other measurements made by Kean et al. (2019) and each of the 

rain gauge records (KTYD and Doulton Tunnel) are shown in Figure 15 for comparison.  

Moody et al. (2019) and Ebel & Moody (2020) also measured infiltration rates after 

the Thomas Fire on core samples from locations 25-30 km east of the study area and one site 

within it. However, I did not incorporate data from their survey into the analysis since the 

single local measurement site retained sparse vegetation on a stony soil with no evidence of 

rill erosion on the high-resolution aerial imagery. The infiltration capacities measured on 

samples from this hillslope were an order of magnitude higher than those measured by Kean 

et al. (2019) for shale soils in the study area, and their use would predict almost no runoff 

contrary to the widespread field evidence. 
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I used the measured rainfall and infiltration data to compute (i) rates of water 

penetration into the soil (equation 4) and (ii) the intensities and volumes of surface runoff 

from typical hillslopes. I also used the KINEROS2 numerical model of infiltration and 

overland flow to calculate typical discharge hydrographs of sheetflow and rill flow at various 

distances downslope; (i) on a 2 m wide, 100 m long, 35°, planar hillslope and (ii) the 

catchment of a hillslope-spanning primary rill. The representative primary rill and its 

catchment were created by averaging width, depth, and spacing of 40 primary rills that 

extended the entire length of straight hillslopes. The catchment was 2 m wide at the hilltop, 

where primary rill spacing averaged 2 m, and 3 m wide at the footslope with two 1-meter 

long interrill planes draining to the widening channel (Figure 16).  

   

 

 

 

 

Figure 14. (a,b) Infiltration curves derived from the Philip (1957) model parameters measured by Kean et 

al. (2019) for sites between rills. The solid curves indicate what I consider to be representative of the 

extensively rilled hillslopes of the study area, although high values indicated by the dashed curves might 

have occurred on the cooler margins of the fire. Ordinate scales are different. 
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Figure 15. Instantaneous rates of surface water accumulation (rainfall intensity – infiltration rate) for sites 

on shale and sandstone computed with the infiltration curves in figure 14 and rainfall records from KTYD 

and Doulton Tunnel. 
 

Figure 16. Figure 3: Sketch of a single primary rill catchment on a 100 m-long hillslope supplied by runoff 

and sediment from secondary rills and raindrop-impacted sheetflow. The primary rill begins 5 m from the 

crest of a planar hillslope and widens and deepens downslope at rates derived from the rill measurements. 

The area of the entire catchment is 270 m2, and the area of the primary rill channel is 70 m2. 
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In order to estimate the depth to which rainfall could have penetrated the soil and 

alter the topsoil resistance to movement, we calculated a minimum wetting front speed of 

infiltrated water as: 

                                                    (eq. 4) 

where wv = the vertical velocity of the wetting front (mm hr-1)), I(t) = rainfall intensity 

(mm hr-1) at time t, f(t) = the infiltration capacity (mm hr-1), and θfs and θi are the field 

saturation and pre-storm values of the volumetric soil water contents, respectively, which 

were taken as 0. 5 and 0.05. On the most hydrophobic soils (solid curves in Figure 14a), the 

wetting front would penetrate only 0.1-0.6 cm during the rainstorm. On the more permeable 

shale and sandstone soils, the wetting front could penetrate 2-6 cm during the rainstorm, but 

in these cases the topsoil would not be saturated as infiltration would occur at rates below the 

saturated hydraulic conductivity.  

I could not model the full interaction of runoff and erosion altering the shape of the 

hillslope surface by rilling and therefore affecting the timing of runoff. Instead, I could only 

calculate flows for one-dimensional, planar surfaces, and separately I could calculate 

hydrographs for a single representative, fully developed, non-evolving primary rill and its 

contributing area. These are only idealized situations of the first few minutes and last half of 

the rainstorm. Thus, the emphasis is on quantifying the volumes of water available for 

surface and rill erosion and slurry production at various distances along a typical hillslope 

during the rainstorm. The results are generally supported by the small difference between the 

hydrographs computed for rilled and unrilled conditions.  

I converted the Philip (1957) infiltration parameterization to that of the Smith and 

Parlange (1978) infiltration equation for inclusion in the KINEROS2 numerical model of 
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infiltration and overland flow (https://www.tucson.ars.ag.gov/kineros/). This model was used 

to develop a picture of the accumulation and flow of water immediately before and late in the 

process of rilling and slurry generation. I used the KYTD record of 1-minute intensities (total 

depth = 20 mm), since that station is close to the measured rill sites (Figure 12a). The 

KINEROS2 model can accept time-varying rainfall intensities and compute the time 

variation of both infiltration and runoff. I used the measured one-minute intensities from the 

KTYD rain gauge. The model estimates infiltration with the Smith and Parlange (1978) 

equation: 

          (eq. 5) 

where f (t)= the time-dependent infiltration rate (mm h-1), Kfs = the field saturated 

hydraulic conductivity (mm/hr), α = 0.85 for most mixed-grain-size soils, F(t) is the 

accumulated infiltration (mm) up to time t, B = G/(θs-θi) is the net capillary drive (G, mm) 

divided by the dimensionless available soil water storage capacity at the beginning of the 

storm.  (θs - θi). I used values of 0.5 for θs, the saturated water content, and 0.05 for θi, the 

initial water contents, respectively.  

 I had no direct measurement of the parameter B, but I used the field-measured 

infiltration parameters from Kean et al (2019) to estimate B in the following way. First, I 

used the Kfs and S values from Kean et al. (2019) to parameterize the Philip (1957) 

infiltration model to which those parameters pertain. I used the Philip equation to calculate 

the accumulated infiltration, F, throughout the January 9th rainstorm, and then used the 

sequence of F values during the storm to estimate the B value that would align the Smith-

Parlange infiltration curve with the Philip infiltration curve. B was then correlated with the 

original sorptivity measurements to yield a calibration equation (B = 0.386S1.225; r2 = 0.92; n 

https://www.tucson.ars.ag.gov/kineros/
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= 17). The estimation method is approximate since the Philip equation, unlike the Smith-

Parlange (1978) equation, assumes that the surface was saturated at all times, but since 

intensities were so high in the critical part of the rainstorm the development of ponding 

required only one to several minutes at most of the sampled sites, so the discrepancy with the 

assumed Philip ponding condition should be very small.  

The Manning roughness coefficient for the bare soil surface was set at 0.05 based on 

the low Reynolds Number range of experiments by Emmett (1970), and for the rill channel it 

was set to 0.15 by projecting and converting Darcy-Weisbach coefficients for rills, measured 

by Nearing et al. (1997), to the steeper range of the Santa Ynez Range hillslopes. Variation 

of these coefficients within reasonable ranges made only 1-2 minute differences to the 

predicted timing of the runoff and virtually no difference to the predicted volumes. The slight 

differences between predicted hydrographs with and without the fully developed rill indicate 

that the change of geometry and flow resistance did not significantly affect runoff delivery, 

which was dominated by the rapidly changing rainfall intensity and the high hillslope 

gradient. Under the modeled conditions, there was limited opportunity for storage of surface 

water on the hillslope surface, and its delivery to the bounding stream channel took at most 

~5 minutes. The solids concentration of the runoff was also changing rapidly during the 

event, but the channel flow velocities predicted for clear water were roughly the same as 

those predicted for a viscous slurry in the rills.  

2.4.7 Topsoil stability analysis 

In order to investigate how the topsoil remained stable and thus susceptible to rill 

erosion, throughout the rainstorm, I performed an infinite-slope stability analysis of the 

wetted layer of topsoil (Carson & Kirkby, 1972, eqns. 7.1, 7.6) during infiltration: 
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                                   (eq. 6) 

where Fs = factor of safety, rs = shear resistance, τ = shear stress, c = cohesion, z = thickness 

of saturated layer, g = gravitational acceleration, ρsat = saturated soil density,  ρw = water 

density, θ = hillslope angle, and ϕ = angle of internal friction. 

 No direct measurements of the local soil geotechnical properties were made in the 

study area, but measurements by Kean et al. (2011) from a burned sandy soil on a 40° 

hillslope in the San Gabriel Mts., CA. yielded an internal friction angle of 41°. Visual 

observations in the study area revealed that all plant roots had been burned out of the topsoil 

essentially everywhere, but weak cohesion of the burned topsoil was indicated by the 

survival of near-vertical rill margins. The fact that the rill channel margins could stand up to 

5 cm high with an angle of internal friction of 41° and a saturated bulk density of 1870 kg m-

3, measured on 3 cm deep cores, implied a minimum cohesion of 105 Pa (Carson & Kirkby, 

1972, eq. A3.5): 

                               (eq. 7) 

where Hc is the height to which a cohesive bank can stand. 

Saturation of the topsoil during infiltration reduces its frictional strength, so the soil 

would fail as soon as it became saturated in the absence of some cohesive resistance. The 

depth of saturated soil in the slope stability equation was calculated from the penetration 

during surface ponding conditions (eq. 4). As the saturated soil depth increased, the factor of 

safety decreased until failure was predicted at some saturation depth. At times and sites 

where the rainfall intensity was less than the infiltration capacity, the topsoil would not be 

completely saturated during infiltration. Therefore, the predicted depth to which cohesion 
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could stabilize saturated soil would be a conservative minimum. I also searched for evidence 

of shallow landsliding in the field and on the high-resolution color photographs of the burned 

area.  

2.4.8 Onset of erosion 

Calculation of the onset of sheetwash erosion on a 35° hillslope, using the sine of the 

slope as S, which is the appropriate force balance term for steep hillslopes. Sheetwash 

discharge per unit width of hillslope at a downslope distance, x, a rainfall intensity I, and an 

infiltration rate f is 

               (eq.8) 

By Manning’s equation, the flow depth, h, is   

                            (eq .9) 

where n = the Manning roughness parameter. 

If soil has a critical tractive shear stress, τc, at the onset of erosion 

                 (eq. 10) 

                                     (eq. 11) 

where ρ = density of water, g = gravitational acceleration, S is the sine of the hillslope angle, 

and hc and qc are the flow depth and discharge per unit width required for erosion  

So, the critical discharge per unit width at the onset of erosion is 

            (eq. 12) 
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The distance of flow required to develop qc at steady-state runoff on short planar slopes 

(xc), or the drainage area per unit width, (A/w)c, for nonplanar hillslopes is 

          (eq. 13) 

2.4.9 Estimation of solids concentrations and channel bed erosion from laboratory 

experiments 

Data from laboratory experiments by Lei et al. (2002 a,b) and Chen et al. (2014) were 

used to estimate rates of bed erosion and sediment transport in rills during the intense 

rainstorm. These investigators measured the rate at which sediment was detached from 

loosely compacted, silt-rich (loess soil) beds in 0.1 m wide flume beds with non-erodible 

sidewalls for a range of water inflow rates and gradients. Under spatially uniform discharge 

(not characteristic of natural events, in which water supply is continuously augmented along 

the channel) the detachment rate decreased along a rill as the solid volume fraction of the 

flow increased rapidly to a constant maximum value that depended on the gradient.  The 

steady-state solid volume fractions in the various experiments ranged from 20% to 35% as 

gradients increased from 0.09 to 0.47 (5-25°) and flows ranged up to 1.33x10-4 m3m-1s-1. 

Correlating these steady-state concentrations with gradient (Figure 17) and extrapolating the 

regression, one can project potential maximum solids concentrations of 40-42%, independent 

of flow rate, on gradients of 0.7-0.8 respectively. Similar experiments on gravelly silty sand 

produced maximum solid volume fractions of up to 66% on gradients of up to 0.84 (40°) and 

water flows of up to 4.44x10-3 m3m-1s-1 (Jiang at al. 2018); in this case the measured steady-

state concentration at a gradient of 0.7 (35°), representative of the Montecito hillslopes, was 

63%. Other laboratory and field studies of sediment transport in rills have measured peak 
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solids concentrations of less than 20% on gradients <0.40 (22°) (Polyakov and Nearing, 

2003; Wirtz et al., 2012; Shen et al., 2016; Qin et al., 2018) (Figure 17).  

 

 

 

 

The same laboratory experiments by Lei et al. (2002b) indicated that at low solids 

concentrations, the rate of detachment of sediment from the bed was linearly inverse to the 

evolving solids concentration. I combined the results of experiments by Lei et al. (2002b) 

and Chen et al. (2014) on the same silty loessial soil to obtain:   

         (n = 175, R2 = 0.49, SEE = 0.37)          (eq. 14) 

where Dr is the detachment rate (kg m-2 s-1), ω is the stream power per unit area (W m-2), and 

C is the volumetric solids fraction (Lei et al, 2012; Chen et al., 2018). Division of this 

detachment rate by the soil bulk density yields the bed incision rate in m s-1. I used stream 

power per unit area (ω=ρgqs) as the driving variable because shear stress values could not be 

Figure 17. Maximum solid volume fractions attained after several meters of flow along laboratory channels 

with a range of gradient. Lei et al. (2002 a,b) and Chen et al. (2014) on loessial silty soil; Jiang at al. (2018) 

on gravelly silty sand; and miscellaneous soils and water flow rates by Polyakov and Nearing (2003), Wirtz 

et al. (2012), Shen et al. (2016), and Qin et al. (2018). 
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derived from the published results. The lowest rates of detachment as the flows approached 

their transport capacity were too low to estimate reliably from the published information and 

so were omitted from the regression analysis. Analogous experiments on the sandier soil 

produced a similar relationship but higher predicted detachment rates (Jiang et al., 2018). 

The experiments by Lei et al. (2002b) could be used to define relations between detachment 

rate and shear stress, or stream power per unit area, only at the upper end of the rill channels 

where the solid volume fraction was close to zero. Stream power was calculated as defined 

above and shear stress was obtained from the water inflow rate by using equation 11 with a 

Manning n value of 0.05 for the shallow flow.  The results are shown in Figures 18 and 19, 

based on data read from Figure 1 and Table 1 of the Lei et al. (2002b) paper. Both 

relationships are linear and Figure 18 indicates a critical shear stress of ~0.5 Pa for the 

loosely compacted silty soil. 

 

 

 

 

 

Figure 18. Relationship between shear stress in essentially clear water and detachment rate of silty 
(loessial) soil at the upper end of the rill channel flumes of Lei et al. (2002b). 
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The equations in Table 6 can be used to estimate the solids concentration in the 

raindrop-impacted sheetflow that initiated the rilling during the first few minutes of the 

rainstorm when flow depths were ~1 mm and similar for any drainage area. 

2.4.10 Erosion of a representative primary rill on a planar hillslope 

I developed an empirical model of the evolution of a representative primary rill on a 

planar hillslope where parallel rills were spaced an average of 2 m apart at the top of the 

hillslope and traversed the full hillslope length. Between these rills are much smaller 

secondary rills, which form at various distances downslope and connect with a primary rill or 

in a few cases join the stream channel directly. I considered the ten largest rills on each 20 m 

long sample transect to be primary rills and the secondary rills to act as a distributed lateral 

sediment supply (expressed as an average volume per unit contour width and unit hillslope 

distance) to each primary rill as it traverses the hillslope length. The sediment from raindrop-

impacted sheetwash on the inter-rill surfaces is a second distributed sediment supply to the 

primary rill. The model was used to examine both the downslope, event-averaged sediment 

budget of the evacuation process and the temporal evolution of the rill and its evacuation.  

Figure 19. Relationship between stream power per unit area in essentially clear water and detachment rate 
of silty (loessial) soil at the upper end of the rill channel flumes of Lei et al. [2002b]. 
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I combined data from all primary rills on both lithologies to define an average 

primary rill and its lateral sediment supply from tributary rills and inter-rill erosion. The 

primary rills are spaced about 2 m apart at the top of the hillslope implying that each rill is 

supplied with runoff and sediment from inter-rill surfaces that are 0.8 m long near the 

drainage divide, where primary rill widths averaged 0.4 m at 10 m by the end of the 

rainstorm. Because of a small amount of network integration, the spacing of primary rills at 

the base of the hillslope averages 3 m, so the primary rill catchment widens downslope. The 

rill width also increases downslope to 1 m so the average spacing of 3 m implies that the 

inter-rill surfaces are 1 m long. However, since the channel width was evolving throughout 

the runoff event, I retained to simplification of two 1 m long inter-rill planes throughout the 

catchment (Figure 16).   

2.4.11 Estimation of slurry discharge 

To estimate the rate of rill enlargement and slurry discharge to stream channels, the 

dimensions of the average primary rill channel were integrated with the distance downslope 

to calculate the eroded rill volume, and lateral contributions from secondary rills and interrill 

sheetwash erosion were added to obtain the total discharge to the stream channel. The timing 

of the discharge was represented as a triangular hydrograph, approximating the shape of the 

runoff predicted with KINEROS2, which indicated that almost all runoff occurred between 5 

and 17 minutes after the onset of rainfall. I did not account for levee deposition in this 

approximate analysis for the sake of simplicity. 

Sediment was assumed to be evacuated from each 100 m-long catchment of a primary 

rill catchment within the 12 minutes indicated by the hydrological modelling of the surface 

water accumulation and runoff. The only storage of sediment after its erosion was 

represented by the overbank levees, which amounted to 7.5% of the total mobilization and 
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was not accounted for in the following calculations for the sake of simplicity. The volume of 

sediment evacuated past any distance downslope was the sum of primary rill and the 

distributed sediment inputs from the secondary rills and from sheetwash. Taking the 

hydrograph of these inputs to be an isosceles triangle with a 12-minute base, as indicated by 

the runoff modelling, I obtained the peak rate of evacuation at any distance, Q(x)pk (m3 s-1) 

as: 

                                            (eq. 15) 

where V(x)tot is the total volume of slurry (water + sediment) evacuated from upslope of 

distance x. The discharge rate at any time, t, after the onset of rainfall therefore, is: 

              for 5< t <17.          (eq. 16) 

There are several options for the rates at which rills widened and deepened during the 

12 minutes of runoff, and the expressions could be calibrated with the final measured width 

and depth at each distance downslope. For the purposes of illustration, I choose a scenario in 

which deepening occurs at a rate inversely proportional to the depth, reflecting the 

expectation that resistance to bed detachment increases with depth in the soil profile. Also, 

the widening rate is assumed to be proportional to the transient discharge at each location, 

reflecting the fact that sidewall collapse is the prime source of the sediment discharge. These 

assumptions can be formalized and calibrated as follows. 

Rills deepen at rates inversely proportional to their current depth, D(x,t):  

                                                                             (eq. 17) 



 

 66 

Calibrating the solution with a depth of zero at t = 5 and a measured final depth, D(x)f, at t 

=17, yields: 

                                                          (eq. 18) 

Rills at each distance widened and deepened at a rate proportional to Q(x,t) in the modelled 

triangular hydrograph and expressed in equation 16: 

                                                                     (eq. 19) 

For 5< t ≤  11, the solution, calibrated with the measured final rill width, wf (x) is:                                  

 

                      5 < t< 11.                   (eq. 20) 

For t > 11, a similar derivation leads to  

                     11< t < 17.             (eq. 21) 

Rill depth, D(x,t), is derived by the same procedure. 

The scenarios are illustrated for a rill width or depth with a final measured dimension of 

y(x)final in Figure 20. 
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The flow depth and velocity of slurry within the enlarging channel could then be 

calculated from the hydrograph and the selected combination of widening and deepening 

rates, illustrated in Figure 20. Cup-and-vane rheological tests were conducted on the 

hillslope source materials and were found to behave as shear-thinning materials with a finite 

yield stress. The effective viscosity was strain-rate dependent and varied with the solids 

concentration. The average viscosity at a strain rate of 1 s-1 at a solids concentration of 50% 

was 5 Pa.s. Although there was considerable variation about this average, depending on the 

clay-sand ratio of the sample, I adopt this average value for the purpose of illustration. 

The cross-section-averaged flow velocity (u) and depth (h) at any distance and time 

(ignoring the drag of the collapsing sidewalls) would be: 

                                                                       (eq. 22) 

and:  

Figure 20. Variation of width or depth during the erosion event for a rill with final measured width of 
y(x)final. 
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                                                             (eq .23) 

where w = channel width, g = gravitational acceleration, ρs = slurry density, μ = dynamic 

viscosity, and Q = discharge.  

2.5 Results  

2.5.1. Field observations and image interpretation of soil profiles and rill characteristics 

Aerial photography of the debris-flow source catchments, collected 8-19 days after 

the rainstorm and ground-level field surveys in subsequent weeks revealed dense networks of 

evenly spaced, sub-parallel rills on essentially all continuous, bare colluvial surfaces 

throughout the burned area (Figures 21,22,23). Lancaster et al. (2019) also observed 

widespread levee-lined rills that were 50 - 100 cm wide and 4 - 10 cm deep. At the crests of 

the hillslopes (1 - 5 meters from the divide), I observed anastomosing sets of smaller flow 

concentrations, centimeters to a decimeter apart, on the short, low-gradient convexities. 

These anastomosing channels, with rounded, indistinct margins, were incised only one to 

several centimeters into the burned topsoil with no regular spacing. As the gradient increased 

downslope at distances of 5-10 m from drainage divides, the anastomosing channels became 

organized, abruptly enlarged, regularly spaced, and they straightened into nearly parallel 

paths perpendicular to contour. At this distance, the rills had developed sharp, vertical 

channel boundaries and were spaced about one meter apart on average (Figure 22). Where 

unburned vegetation was present, undisturbed soil was found underlying a duff layer several 

centimeters thick, and no rills were observed.  

The interrill surfaces consisted of either a dark-gray, burnt topsoil with a patchy, 2-3 

mm thick, fine-grained ash-rich layer or levees containing sparse, matrix-supported gravel 

overlying the ash and burnt topsoil (Figure 13d). In some areas, sheetwash had partially 
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removed the ash and surface soil, and most of the interrill surfaces were gray-colored 

because of the mixing of ash and soil by rainsplash and sheetwash (Figure 21). The burned 

topsoil into which the rills were incised consisted of a loose, dusty, weakly cohesive layer, 3-

5 cm thick (Figure 13d). The original humus in the topsoil, observable at nearby unburned 

sites, was converted to charcoal coatings and ash from burned roots (>1 mm). No fine roots 

had survived the incineration. Beneath the burned topsoil, the unburned soil retained its 

cohesion and fine-root reinforcement.  Penetration of rills into the unburned soil started at 

10-15 m downslope, at which point local gradients ranged from ~0.25-0.7 (15°-35°) on the 

shales and ~0.6-0.8 (30°-40°) on the sandstones.  

The rills were commonly lined with continuous levees beginning at ~10 m 

downslope. The levees consisted of poorly sorted, fine-grained sediment containing sparse, 

matrix-supported gravel and cobble clasts (Figure 22d,e). Levee material overtopped and 

spread only a few decimeters from the channels, reflecting the viscous nature of the flows 

and indicating that the water and sediment were intimately mixed as the material flowed 

along the rills. The frequency and size of the levees generally increased downslope. 
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Figure 21. Field and aerial photos of rill networks on sandstone and shale units. a) field photo of rills 
entering and depositing slurry in a 1st order channel from a convex planform slope in the Juncal shale. b) 
field photo of rills on a planar sandstone slope in the Matilija sandstone. c) aerial image showing extensive 
rilling on the Juncal shale. Dark-colored patches represent the upper 4-5 cm of burnt soil, lighter streaks 
represent rills and gullies, and broad light-colored patches represent sandstone lenses in the Juncal, where 
shallow soil depths and bedrock outcrop precluded fully developed rill networks. d) aerial image of partial 
rilling on the Matilija sandstone, where bedrock outcrop and armoring precluded or disrupted rill network 
development. Aerial photos were taken 8-19 days, and field photos approximately one month after the 
rainstorm that generated rills. 
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2.5.2 Rill network distributions  

Mapping of rill networks on the orthophotomosaics revealed that the rilled area per 

unit area of burned hillslope was three times greater on shale units than on sandstone units 

(Figure 23, Table 7). The extensive areas of partial rilling on the Juncal Shale in the upper 

Cold Spring and Romero catchments (Figure 23) were associated with eastward-expanding 

outcrops of sandy beds within the shale (Dibblee, 1982). Rill networks were more 

conspicuously developed on shales, which had deeper and more continuous colluvial covers 

Figure 22. Patterns in rill networks derived from flow accumulation on the 5cm DEMS and field photos of 
levee-lined rills on shale hillslopes. a) planar planform. The primary (hillslope-spanning) rills are 
approximately 2m apart, and parallel network patterns emerge at ~5-10 m2 of contributing drainage area. 
b) convex planform c) concave planform d) field photo of rilling and levee deposits on the Juncal shale 
near Cold Springs Trail (visible in the upper right). Shallow soil depths from sandstone lenses in the Juncal 
produced the lighter patches in the top left and were mapped as partially rilled regions. e) inset from (d) 
showing the nature of the matrix-supported levees lining the rills.     
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(Figure 21a,c). On the sandstones, well-developed, dendritic networks of rills were confined 

to slopes of less than 45° (s = 1.0) that had a continuous colluvial cover and minimal surface 

armoring. In other cases, partial armoring of the soil surface with angular gravel to boulder-

sized clasts from upslope (Figure 21) restricted rill networks, and the area was mapped as 

“partially rilled” in Figure 23. Rills on sandstone soils were similar to but smaller than those 

on shale hillslopes, and the levees tended to contain a larger fraction of coarse sand and fine 

gravel. Sandstone hillslopes steeper than 55° (s > 1.5) had rough bedrock surfaces without 

colluvial cover and corresponded to areas mapped as bedrock (Figure 23). In areas where 

armor and bedrock outcrop were sufficiently extensive to preclude organized rill 

development, erosion took the form of sheetwash in anastomosing flow concentrations 

without well-defined banks, and the dispersed flows transported sediment into bedrock 

gullies (Figure 21d). Gully formation on the sandstones typically began 30-50 m from the 

drainage divide, and some hillslopes exhibited sets of converging rills or bare bedrock 

(depending on the gradient) leading into the gully head at contributing drainage areas of 200 

m2. 
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2.5.3 Rill network structure 

The structure of rill networks varied with hillslope planform (Figure 22). On straight, 

planar shale hillslopes, primary rills extended down the entire length of the hillslope 

beginning ~5m from the divide, whereas secondary rills formed at various distances from the 

divide, and most of them eventually converged with primary rills (Figure 22a). Some primary 

rills also merged or bifurcated due to either channel sidewall breaching or diversion by 

bedrock protuberances and charred plant remains. In general, rills merged or bifurcated 

infrequently on the steep parts of the profile, and the confluence/bifurcation frequency 

increased in cases where gradient declined on the footslope. When rills encountered a 

perturbed area with an abrupt decrease in slope, such as a trail, they bifurcated intensely. On 

Figure 23. Map of the spatial extent of rilling. Map units define the percentage of the hillslope area that 
contained rill networks and were used in the volumetric estimates. The contact between shale and 
sandstone lithologies and the watershed boundaries are delineated by bold red and black lines.  
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convergent hillslopes, rills showed a greater degree of integration, which was particularly 

strong at the heads of zero-order hollows, gullies, and 1st-order streams (Figure 22c), and 

divergence was particularly strong on convex ridges (Figure 22b). The local (1 m scale) 

angles of confluence and bifurcation averaged 32° (± 7°) for shale hillslopes, and 37° (± 7°) 

for sandstones hillslopes, with no consistent effect from planform shape or gradient. 

2.5.4 Rill dimensions and spacing 

Transect-averaged rill width and depth increased with distance downslope on both 

rock types. The distributions of rill widths and depths were right-skewed and unimodal at the 

tops of hillslopes and tended to become more skewed and bimodal downslope as the larger 

primary rills were joined by secondary rills that originated farther downslope. Rill spacing 

(transect length / # of rills) on both rock types increased downslope from approximately 1m 

to 1.5m due to merging of secondary rills. Rill widths and depths at a given distance 

downslope were larger on concave planforms and sequentially smaller for straight and 

convex planforms. The effect of distance downslope suggests that runoff magnitude, and thus 

drainage area, was the main driver of rill growth. To generalize the effect of hillslope 

planform on drainage area and thus on rill dimensions, I correlated the dimensions and 

spacing with the drainage area per unit width of hillslope contour (A/w), which is a 

quantitative expression of the effect of planform geometry on drainage area. The use of A/w 

collapses the data from the various planforms into a single relationship (Figure 24a,b). 

Spacing of rills also increased with drainage area (Figures 24c,f). I tested the hypothesis that 

local gradient also influenced rill dimensions, but no such effect was apparent over the 

gradient range (0.3 < s <1.0) for the transects. 

Figure 25 shows relationships between A/w and the total cross-sectional area of rills 

per meter of transect length. This expression combines the effects of rill width, depth, and 
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spacing and is equivalent to the average amount of lowering per meter across a hillslope. 

Shale hillslopes released 20-30% more slurry by rill erosion than sandstone hillslopes with 

the same drainage area. Figure 25 shows similar relationships between drainage area and the 

total cross-sectional area of levees per meter of transect length, which combines the 

dimensions of levees and their frequency (the fraction of rills that are leveed at each 

distance). The volumes of sediment stored as levees were an order of magnitude smaller than 

the rill volumes and were 60-100% larger on shales than on sandstones for A/w values < 100 

m. Extrapolation of the regression relationships for shale appears to over-estimate both 

eroded and re-deposited volumes where A/w exceeds 100 m, possibly because of limited soil 

depth at the concave sites that were sampled. However, shale hillslopes with A/w values 

between 100 and 200 m comprised only 3% of the burned area. 

2.5.5 Catchment-wide volumes of soil evacuated 

The total amount of colluvium delivered to stream channel networks across the six 

catchments was estimated to be 241,000 m3 (Table 8). Net rill erosion constituted 88% of 

this total. Re-deposition as levees constituted 8% of the rill volume on shales and 4% on 

sandstones. Raindrop-impacted sheetwash contributed an estimated 29,000 m3 from 2.5 mm 

of lowering of the 1-meter long interrill surfaces, hilltops, and unrilled surfaces. The field 

observations of the survival of topsoil and ash layers confirm the small amount of interrill 

lowering. The volume of sheetwash erosion from rocky unrilled hillslope areas was 

calculated to be 18,000 m3. Application of the 2.5 mm surface lowering estimate to these 

areas would be expected to under-estimate sheetwash erosion from areas of colluvium and 

over-estimate it for armored or bedrock areas. The net evacuation rates of sediment per unit 

area of burned hillslopes were equivalent to average surface lowering of 15.3 mm on shale 

and 6.5 mm on sandstone units. The sandstone areas contributed only 18% of the slurry 
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entering channels across the six catchments because they comprised 34% of the burned area 

and had less extensive rill networks and smaller rill cross-sections. Volumes of eroded 

sediment for individual rock units and catchments can be found in the Excel workbook 

provided in the data repository.  

Since the volumes of rill erosion and levee deposition used to calibrate the 

predictions of rill and levee dimensions and spacing were measured in the western part of the 

burned area, it is possible that extension of the predictions eastward across the five burned 

catchments underestimated the dimensions of rills and levees because of the increase in 

rainfall intensity and volume between the KTYD and Doulton Tunnel rain gauges (Figure 

12). However, the rill network mapping in Figure 23 revealed a general reduction in the 

extent of rill networks towards the east because of bedrock exposure and armoring, so the 

exaggeration is likely to be small. The implication of this broad generalization is that the 

catchment-wide average solids concentration of the slurry supplied from hillslopes likely 

declined eastward. 
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Figure 24. Rill width, depth, and spacing for shale and sandstone units vs. A/w. Each data point represents 
the average of both primary and secondary rills along each transect. Black bars represent the standard error. 
 

Figure 25. Rill width, depth, and spacing for shale and sandstone units vs. A/w. Each data point 
represents the average of both primary and secondary rills along each transect. Black bars represent the 
standard error. 
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Table 9. Rill, sheetwash, and levee volumes by lithology  

  Rill vol. Levee vol. Rill - Levee vol. Erosion from 
Sheetwash                 

Total eroded 
from hillslopes 

Total 
Burn Area 

Total 
Lowering per 
unit burn 
area 

   - m3 - km2 mm 
Shale  196,800 14,800 182,000 16,000 198,000 12.9 15.3 
Sandstone 31,300 1,400 29,900 13,000 43,000 6.6 6.5 
Total 228,100 16,200 211,900 29,242 241,142 19.5   

        

Table 8.  Areas of rill networks and stream channels. 

Map unit  
Rilled                            
(100 - 
75%)  

Partially 
rilled         
(75 -
50%) 

Partially 
rilled          
(50 - 
25%) 

Bedrock 
and 
armor           
(25 - 
0%) 

Gully and 
stream 
bed area                       
(A/w 
>200)             

Interrill 
and 
hilltop 
area (A/w 
< 5 m2) 

Veget-
ation         

Total 
area 

Burn 
area 

Hillslope 
area with 
rill 
networks 

Burn 
area with 
rill 
networks 

Fractional 
cover 0.875 0.625 0.375 0.125 0 0 0 - - - - 

   - km2 - % 

Total Shale  9.6 1.3 1.3 0.7 0.34 3.3 3.6 16.5 12.9 9.2 72 
Total 
Sandstone 1.0 0.1 3.0 2.5 0.64 1.0 2.9 9.5 6.6 1.1 17 
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2.6 Analysis of slurry generation by rill erosion 

The empirical part of the study indicated that 241,000 m3 of soil were removed from 

the hillslopes of the study area by a rainstorm of 20-28 mm and that 88% of the total was 

derived from rill erosion (92% on the shales; 70% on the sandstones). The levees of matrix-

supported sediment indicated that the water-sediment had mixed rapidly and that the solids 

concentration was sufficient to create dense, viscous flows that extended from near hilltops 

to stream channels at some time during the rainstorm. In order to understand this process of 

rapid rill evacuation and compare the results with other locations that have received detailed 

study after wildfires, I addressed the following questions: Why did the topsoil remain stable 

until it was rilled, rather than being eroded in shallow mass failures, as observed in some 

other post-wildfire rainstorms (e.g., Nyman et al., 2011; Schmidt et al., 2011; Rengers et al. 

2020)? How did the rills form with their sharply defined margins, small catchments areas, 

and dense spacing? At what rates was the slurry formed and supplied to the stream network? 

Each of these questions are addressed in the following sections. 

2.6.1 Topsoil stability 

Immediately after the wildfire, the source area soils were dry at the end of a long 

drought. The 3-5 cm deep burned topsoil contained no fine roots and had a bulk density of 

1400 kg m-3, whereas the unburned subsoil retained fine roots, was cohesive to manipulate, 

and had a bulk density of ~1700 kg m-3. The slope stability analysis defined in equation (6) 

indicates that the factor of safety of the saturated topsoil would decrease as the wetting front 

penetrated to greater depth (z). Application of equation (6) with the minimum estimate of 

105 Pa for cohesion (from equation (7)) predicts that a saturated surface layer would be 

stable until the wetting front penetrated to a depth of at least 3 cm. The wetting front 

penetrated only 0.1-0.6 cm by the end of the rainstorm at all sites with Kfs <10 mm h-1 
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(equation 4). At more permeable locations, where infiltration rates were measured to range 

from 25 - 100 mm h-1, mainly on sandstone sites that did not experience rilling, the wetting 

front could penetrate 2 - 6 cm during the rainstorm. At the most permeable sites with little or 

no hydrophobicity, where the wetting front is predicted to penetrate to greater depths, the 

topsoil could fail during infiltration if it became saturated, but since the infiltration capacity 

at these sites was only exceeded for a few minutes late in the rainstorm, infiltration would 

have proceeded mainly at unsaturated moisture contents (Rubin, 1966; Rubin et al., 1964). 

The stability analysis therefore indicates that both the burned and unburned soil layers 

remained in place until they were eroded by rill formation. This interpretation of the limited 

occurrence of shallow mass failure is supported by observations from the high-resolution 

color air photos of the burned area. Soil stripping by mass failure was observed only on the 

steepest hillslopes (38°- 50°), where the soil was thin and discontinuous and had been 

stabilized before the fire by sparse vegetation rooted in the bedrock. This was indicated by 

the absence of dark-colored soil on patches within the Matilija and Coldwater Sandstone 

outcrops (Figure 21d), the steeper sandy units within the Juncal Shale, and on the steepest 

footslopes of convex hillslope profiles on Juncal Shale (Figure 21c). 

2.6.2 Establishment of rills 

The dense networks of rills on essentially all continuous, unarmored colluvial 

surfaces across the burned area suggested the occurrence of widespread and abundant surface 

runoff generated by the brief, high rainfall rates, which exceeded the infiltration capacities of 

even most permeable sites by the peak of the rainstorm (Figure 15). The total runoff depth 

predicted by KINEROS2 for the selected representative conditions with the KTYD rainfall of 

20 mm was 16.5 mm (Figure 26). Runoff depths calculated with the infiltration curves in 

Figure 14 were 11-18 mm for the solid curves, and 0-8 mm for the dashed curves. The 
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pervasive distribution of rills across all six catchments suggested that the higher set of 

infiltration rates were not representative of conditions that had been recognized as 

hydrophobic in post-wildfire surveys (Young, 2018). 

  

 

 

The KINEROS2 calculations for the representative planar hillslope suggest that 

runoff was generated within three minutes after the onset of rain, and surface water for rill 

erosion and slurry production was available at various distances along the hillslope for only 

~15 minutes (Figure 26). All computed hydrographs were roughly triangular at any distance 

downslope for both planar and rilled surfaces because of the triangular hyetograph of the 

rainstorm (Figure 12d) and the limited storage of surface water on a bare 35° hillslope. 

Sheetflow developed at approximately the same local discharge rate and depth everywhere 

on the hillslope within the first five minutes of the rainstorm (Figure 26a) and then increased 

rapidly through time and with increasing distance downslope. The discharge rate of 0.000035 

m3 m-1 s-1 in the first minute of runoff at a distance of 5m (drainage area of 5m2) would 

develop sufficient depth and shear stress (2.0-2.3 Pa) on 25-35° hillslopes to exceed the 

critical shear stress for particulate erosion of burned soil (0.5-2 Pa) measured by Moody et al. 

(2005) (equation 13). Raindrop-impacted sheetwash dominates transport where flow depths 

Figure 26. a) Overland flow hydrographs at 10 m intervals for a 2m x 100m hillslope (without rills). b) 
Hydrographs at 10 m intervals along a representative primary rill channel bounded by 1 m wide planes. 
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are less than approximately 1-3 times the raindrop diameter (Moss et al., 1982; Kinnell, 

1990, 2005) while smoothing the surface and counteracting the tendency for flow transport to 

incise the surface (Dunne and Aubry, 1986; McGuire et al., 2013). Thus, surface erosion 

should be expected throughout the rainstorm, even on drainage areas of only several square 

meters, but without rill incision, unless the flow transport becomes sufficiently high where 

flow concentrates locally. 

Field experiments elsewhere indicate that incision of rills by flow transport requires a 

higher shear stress than is the case for particulate erosion by sheetwash (e.g., Laflen et al., 

1991). Adopting a value of 3 Pa for this critical shear stress for the burned topsoil (median 

value from the Laflen et al. (1991) dataset) indicates that a discharge of 0.000053-0.000067 

m3 m-1 s-1 would be required for rill incision on 25- 35° hillslopes (equation 12). The runoff 

modeling indicates that such flow rates would develop within 5 m of the divide within the 

second minute of runoff.  

The small drainage area (~5 m2) needed to support rill initiation at a distance of ~5 m 

from the divide was reflected in the dense spacing of rills (~1 m) along contour at the upper 

end of the hillslope (Figure 23a). The initial concentration of erosion into channels with this 

spacing organized subsequent runoff and maintained the spacing. McGuire et al. (2013) 

developed a model of the competition between flow-driven incision and diffusive rainsplash 

transport to explain the spacing of rills on steep hillslopes, and the interaction has been 

demonstrated in field experiments (Dunne and Aubry, 1986). However, the observed and 

predicted rills in these two investigations were smaller (millimeters to centimeters deep) and 

closely spaced (decimeters apart). They evolved over longer time periods (hours) than in the 

present case, allowing rainsplash or raindrop-impacted sheetwash to adjust the transport and 

form of the interrill surfaces to maintain the finite rill spacing. The spacings predicted by 
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McGuire et al. (2013) on a 20° slope with reasonable choice of parameter values were only 

decimeters and would have been less for the steeper natural hillslopes and rainfall intensities 

in this study. Izumi and Parker (1995) modeled the finite spacing of channel initiation as 

resulting from the hydrodynamic stabilization of sheetflow in the absence of any diffusive 

lateral sediment transport, but their method also predicts spacings of decimeters or less on 

the steep gradients and high rainfall intensities of the erosional event analyzed here. 

Nevertheless, both approaches suggest that rill spacing is inversely related to soil erodibility, 

hillslope gradient, and excess rainfall intensity (rainfall – infiltration), which is qualitatively 

in accord with the presence of such densely spaced rills in the present case, where loose, 

burned, fine-grained topsoil was densely incised by the high runoff rates on slopes of 25°-

35°.  

Incision of a rill with distinct channel margins requires that the lowering rate of the 

soil surface in flow concentrations be much faster than the lowering rate of the interrill 

surfaces. Rates of initial sediment detachment by clear water at the onset of rill incision were 

estimated from values measured by Lei et al. (2002a) at the entrance of laboratory channels 

with compacted silty soil beds on slopes of 5°-25°. (Figure 17). The predicted rate of 

sediment detachment at a shear stress of 3 Pa was 0.33 kg m-2 s-1, which is equivalent to a 

bed lowering rate of 1.4 cm min-1. This calculated initial lowering rate exceeded the rate of 

interrill lowering by raindrop-impacted sheetwash, which was only 0.007-0.01 cm min-1 at 5 

minutes and totaled 0.18-0.32 cm for the entire event using the regression equations derived 

from laboratory experiments. 

Although these flow conditions for channel initiation occurred across the entire 

hillslope early in the rainstorm (which would predict ~40 rill-head incisions with drainage 

areas of 5m2 over a planar hillslope of 200 m2), rills originating near the top of the hillslope 
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and draining downslope would focus and accumulate flow over longer distances and had 

larger contributing drainage areas than those which formed farther downslope. These primary 

rills, which spanned the entire hillslope, also captured the drainage area from the smaller 

secondary tributaries, which joined the primary rills as a result of their flow paths being 

diverted by microtopography, soil heterogeneity, and channel widening. This field 

interpretation implies that rill incision propagated downslope and was different from the slow 

headward erosion initiated at a downslope step or incision under low runoff rates and solids 

concentrations. Rills grew by headward erosion at only a declining rate of centimeters per 

minute during the experiments by Shen et al. (2015) on a 20° plot with rainfall intensities of 

50-100 mm h-1, similar to the Montecito rainstorm. In the following analysis, I concentrate 

on the characteristics of a representative primary rill bounded by 1-meter long interrill 

surfaces (Figure 16). The catchment of this channel was constructed for the purpose of runoff 

modeling from averaged dimensions and spacings of primary rills on planar hillslopes, as 

described in the Methods section. Average primary rill width and depth increased downslope, 

as shown in Figure 27, and the cross sectional area of secondary rills increased downslope, as 

shown in Figure 28. 

 
Figure 27. Downslope increase in average primary rill width and depth on planar hillslopes. These 
dimensions differ from those in Figure 23, which represents the average of all rills on a hillslope for 
purposes of estimating total sediment production from the entire source terrain. Rills on shale were slightly 
larger than those on sandstone, but the difference was not significant for the present illustration. 
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The volumes of topsoil and subsoil evacuated from the rill increased downslope at 

rates that could be estimated by integrating the functions in Figures 27 and 28 over distance. 

The total volume of the 4 cm deep burned topsoil evacuated from the primary rill is 

     = 2.89 m3.  (eq. 24) 

The volume of topsoil (bulk density of 1400 kg m-3) as sediment particles (bulk density of 

2600 kg m-3) evacuated is 

    (eq. 25) 

The total cross-sectional area of a single primary rill at any distance is Ap =  0.0047x0.67. 

Therefore, the total volume of the rill is  

                  = 6.16 m3                       (eq. 26) 

The volume of subsoil sediment evacuated = (6.16 – 2.89) = 3.27m3 and volume of subsoil 

(bulk density of 1700 kg m-3) soil particles (bulk density of 2600 kg m-3) evacuated 

Figure 28. Downslope variation of the total cross-sectional area of the secondary rills per 20 m of contour 
(As). The data are averaged over all planar hillslopes on both lithologies. This relationship is weak but 
statistically significant at p<0.01. However, its use yields essentially the same result as using the mean 
erosion rate of 0.15 m2 per 20 m, indicating that this sediment input is essentially constant at all distances 
downslope. 
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                   (eq. 27) 

The total volume of soil particles evacuated from a primary rill is, Vts + Vss = 1.56 + 2.14 = 

3.70 m3. The primary rills are also supplied by sediment from the secondary rills, distributed 

across the inter-rill surfaces of the primary rills. The first distributed lateral sediment supply 

along the primary rill was obtained from the total cross-sectional area of secondary rills per 

unit length of contour, obtained by subtracting the total cross-sectional areas of primary rills 

from the total. This value increases slowly with distance downslope (Figure 28) as the 

contribution changes from ~33% of the total rill erosion 10 m from the divide to ~15% of the 

total rill erosion by 100 m. This relationship to distance is weak but statistically significant at 

p<0.01, and its use in estimation of the sediment budget of the representative primary rill 

yields essentially the same result as using a mean erosion rate of 0.15 m2 per 20 m. I retain 

the regression-based estimate for purposes of consistency and illustration. Average sediment 

supply from these shallow rills on two 1-meter long inter-rill surfaces = 2*0.0034x0.205 m3 

per meter of primary rill length (Figure 28), or 1.45 m3 of topsoil from a 100 m long hillslope 

(0.77 m3 of solid particles). 

The primary rills were also supplied with sediment from raindrop-impacted 

sheetwash. The predicted solids volume from the sandy loessial soil was 0.32 m3 and that 

from the silt loam was 0.19 m3, so the results were averaged to 0.25 m3. The total volume of 

sedimentary particles recruited by a primary rill on a 100 m long planar hillslope is thus,  

Vtot = 3.63 + 0.77 + 0.25 = 4.65 m3.  Mixing of that volume into the total volume of surface 

water from the rill and inter-rill surfaces available during the first 17 minutes of the 

rainstorm (4.35 m3 from the KINEROS2 calculations) yields a time and space averaged 
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solids concentration of, sediment volume/(sediment volume + runoff volume) = 

4.65/(4.65+4.35) = 0.52. 

Once a rill is established by localized incision within the first few minutes of runoff, 

the increase in water supply along its length (Figure 26b) increases the rates of bed 

detachment (deepening) and of widening through sidewall collapse, both at a single location 

as the flow rate increases, and along the rill over the course of the runoff event. Laboratory 

measurements of rill enlargement under artificial rainfall on plots with slopes of up to 40° 

indicate that the enlargement rates correlate with both gradient and rainfall intensity and that 

deepening tends to occur faster than widening in the early part of a rainstorm and widening 

becomes faster later (Jiang et al., 2018a). The measurements of final primary rill dimensions 

indicate that depth increased with drainage area, but the final depth did not scale linearly 

with drainage area (Figures 24, 27) modeled runoff volume, or peak rate of runoff. At least 

three factors contributed to this trend. First, even though runoff volume and peak discharge 

scaled almost linearly with drainage area (Figure 26b), the rill discharge per unit width, and 

therefore the bed shear stress and stream power per unit area, were reduced by channel 

widening downslope and during the runoff event. Second, the soil density, cohesion, and root 

reinforcement increased with depth, and the deepening of some rills may have been impeded 

by bedrock. Third, experimental studies of sediment transport in steep (5°-40°) laboratory rill 

channels with fixed sidewalls and beds of compacted silty loessial and sandy loam soils have 

demonstrated that at constant water discharge sediment is rapidly detached from the bed. 

However, the detachment rate declines to zero within several meters of channel length as the 

solids concentration of the flow increases (Lei et al. 2002a,b; Chen et al., 2014; Jiang et al., 

2018). For a constant water discharge, the limiting solids concentration depends on the 

gradient and is predicted to be in the range 40-65% on 35° slopes (Figure 17), which is 
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consistent with the field observation of matrix-supported levees lining the rills. Combination 

of results from the laboratory experiments into a regression equation showed that the bed 

detachment rate varies directly with water flow rate and gradient but is suppressed by rising 

solids concentrations (equation 14). However, application of the equation from the laboratory 

experiments using the modeled rill flow from KINEROS2 and the event-averaged solids 

concentrations over-predicts the deepening of the natural rill channels, likely because of the 

difference in material properties between the laboratory soils and the dense, cohesive, root-

reinforced subsoil in the natural rills.        

Final rill widths increased downslope from ~0.4 m at a distance of 10 m to ~ 1m at 

100 m, but also did not scale linearly with drainage area (Figures 24,27) or peak discharge. 

Rill widening requires that the flow shear stress exceed the resistance of the base of the 

channel bank, which was composed of unburned, root-reinforced subsoil. Bank stresses 

calculated at peak flow for either water or slurry were generally greater than 100 Pa, which 

exceeds any likely value of bank resistance. So, it is not clear what limited the final width of 

the rills. The narrow levees, and the fact that they were undermined by the widening 

channels by the end of the runoff event, indicated that the flow capacity of the evolving 

channel was briefly lower than the supply rate of slurry from upslope early in the runoff and 

that widening of the rill continued after the conveyance capacity increased sufficiently to 

accommodate the supply. 

2.6.3. Rates of slurry generation and discharge to stream channels  

The brevity of the predicted runoff indicated that water was on the surface and 

available for evacuating sediment for about 12 minutes, between 5 and 17 minutes after the 

onset of rainfall (Figure 26). The only storage of sediment after its entrainment was 

represented by the overbank levees, which amounted to ~7.5% of the volume eroded from 
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rills, and was not accounted for in the following calculations of slurry discharge rates for the 

sake of simplicity. The volume of sediment evacuated past any distance downslope was the 

sum of primary rill erosion, the distributed sediment inputs from the secondary rills, and 

sheetwash on interrill surfaces upslope of that distance.  

Following the runoff hydrograph of rill water discharge in Figure 26b, the slurry 

hydrograph can be approximated as a symmetrical triangle between 5 and 17 minutes after 

the onset of rainfall. Since the slurry volume leaving each primary rill catchment of 270 m2 is 

9.44 m3, the peak discharge would be 0.026 m3 s-1, equivalent to an area-normalized fluid 

runoff rate of 347 mm h-1 (Figure 29). 

Repetition of the integrations downslope indicated that the volume of slurry discharge 

increased with distance and that the event-averaged solids concentrations increased from 

25% at 10 m to 51% at 100 m (Figure 29a). However, the presence of matrix-supported 

levees along almost the whole rill suggests that solids concentrations were at least 40-50% 

near the top of the slope and that the sediment supply at each distance exceeded the 

conveyance capacity of the developing channel. As the channel grew, its conveyance 

capacity would quickly exceed the sediment supply rate, so the overbank depositional zone 

was narrow, and the levees were undermined by bank erosion. A reasonable scenario for the 

evolution of rill cross-section is suggested in Figure 29b where the rate of rill deepening is 

inversely proportional to the depth, reflecting the increasing density, cohesion, and root 

reinforcement with depth. The widening rate is assumed to be proportional to the slurry 

discharge with a maximum at the hydrograph peak, since most of the slurry is generated by 

sidewall collapse. The equations defining these rates for any distance along the rill were 

calibrated with the final measured dimensions and the 12-minute duration of significant 

erosion. This hypothetical scenario of rill cross-section growth combined with the triangular 
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slurry hydrograph at each distance can be used to compare the transient slurry supply rate 

with the transient channel conveyance capacity. For example, if viscous flow with a constant 

viscosity of 5 Pa.s is chosen to characterize the slurry, flow would exceed the conveyance 

capacity throughout the rill length in the first 2-3 minutes of the hydrograph. Eventually, the 

channel would grow, and the flow depth would decrease rapidly as the discharge decreased 

rapidly after the peak, and the channel continued to widen at a diminishing rate. Although 

there is only approximate experimental support for such a rill expansion scenario (Jiang et al. 

2018), it suggests a mechanism for the widespread existence of narrow, matrix-supported 

levees in some locations and rainstorms, but not in others. 

 

 

 

2.7 Discussion 

Two questions arise about the significance of this study. First, can insights be gained 

from comparing the results with studies of debris-flow slurry generation by accelerated 

runoff and erosion in other physiographic regions? Second, how do the results from the 2018 

event compare with what might be expected under different hydrometeorological conditions 

in the catchments that were studied?  

Figure 29. Model results for the evolution of a primary rill channel. a) Event-averaged sediment 
concentrations and slurry volumes. b) Variation of slurry discharge and channel width and depth at three 
distances downslope during the rainstorm. 
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2.7.1. Physiographic Context 

A number of quantitative field studies have recently been conducted in the western 

United States to define the interactions of rainfall, runoff, and erosion in releasing slurries of 

runoff water and sediment from hillslopes to sites of debris-flow generation (e.g., McCoy et 

al., 2010; Kean et al., 2011; Schmidt et al., 2011; Staley et al., 2014; DiBiase and Lamb, 

2020). They have included direct measurement of surface erosion by repeated lidar surveys, 

field observations to differentiate erosion processes, and the recording of rainfall intensities, 

overland flow, debris-flow magnitude, and timing, as well as geotechnical site 

characteristics. These field studies have also been interpreted with numerical simulations of 

mass wasting, runoff, and erosion on hillslopes and in channels (e.g., DiBiase et al., 2017; 

McGuire et al., 2017; Tang et al., 2019). The studies were located in a small set of 

physiographic regions with landscape characteristics that affect the availability of colluvium 

for accelerated erosion.  

At one end of the scale of colluvium availability, overland flow can be generated on 

bedrock or armored hillslopes without significant erosion of colluvium, and runoff can be 

concentrated rapidly to gullies and stream channels where sediment has previously 

accumulated by mass wasting (McCoy et al., 2012). The effects of wildfire on slurry 

production in these environments are limited because of the sparse availability of hillslope 

colluvium and the fact that sediment is mainly recruited from the channels (Larsen et al., 

2006). 

Hillslopes steeper than the angle of repose for cohesionless regolith can retain thin 

patches of colluvium behind bedrock roughness elements, large clasts, and plants. In these 

locations, burning of the vegetation allows the stored colluvium to ravel downslope into 

headwater channels from which they can be scoured by runoff from the rocky slopes (Lamb 
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et al., 2011). In the San Gabriel Range of southern California, DiBiase and Lamb (2020) 

employed repeated airborne lidar surveys to measure the filling of headwater channels by 

raveled sediment after a wildfire and their excavation by debris flows in subsequent 

rainstorms. The role of hillslopes under these physiographic conditions involved supplying 

loose sediment to channels under dry conditions and then storm runoff for mobilization and 

mixing. Where raveled sediment was absent from channels, neither debris flows nor channel 

scour occurred after rainstorms, suggesting that the slurry eroded directly from the hillslopes 

had relatively low solids concentrations.  

Other hillslopes in the San Gabriel Range, though steeper than the angle of repose, 

retain a mixed surface cover of weathered crystalline rock, saprolite, dense, cohesive sandy 

soil, and patchy loose topsoil. Small catchments of this type have been characterized 

geotechnically and monitored in post-wildfire rainstorms that mobilized debris flows. 

Sediment delivery to headwater channels occurred by viscous sediment flows from failure of 

saturated loose topsoil in the first post-wildfire rainfall pulse monitored by Schmidt et al. 

(2011). In all later pulses and rainstorms at the same site, hillslope erosion occurred only by 

raindrop-impacted sheet wash and rill erosion of the remaining dense, sandy soil (Staley et 

al., 2014). Tang et al. (2019) measured and modeled raindrop-impacted sheet wash and rill 

erosion on similar hillslopes over the course of two storms after a wildfire. However, the 

development of high solids concentrations for all of these debris flows required either the 

entrainment of previously accumulated dry ravel deposits or deposition of sheetwash-eroded 

sediment in low-gradient sediment capacitor sites during the rainstorms. This sediment could 

then be re-mobilized as debris flows by in-channel water flows (Kean et al., 2013) or mass 

failure (McGuire et al., 2017).   
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By contrast, the marine and terrestrial sedimentary rocks of the catchments studied 

here weather to silt loam on the shale formations and sandy loam on the sandstone units. This 

fine-grained colluvial cover is more extensive and continuous on shale formations than on 

sandstones. After the fire, the burned topsoil on both formations had collapsed to a 3-5 cm 

deep, loose, structureless layer without any of its original root reinforcement. The bulk 

density of the loams (1400 kg m-3) was substantially lower than that the density of the sandy 

soil (1940 kg m-3) studied by Staley et al. (2014). Soils on the San Gabriel sites were also 

more cohesive than those of the topsoils studied here (Kean et al., 2011; Tang et al., 2019). 

Rainstorm characteristics in the San Gabriel studies were also substantially different 

from the event that I analyzed. At the San Gabriel sites, rainfall occurred over hours in 

multiple pulses with peak 15-minute intensities of 20-40 mm h-1 and 5-minute intensities of 

43-103 mm h-1. In the Montecito event, the rainstorm was a single pulse with a duration of 

15-20 minutes, peak 15-minute intensities of 80-100 mm h-1, 5-minute intensities of 137-180 

mm h-1, and one-minute peak intensities of 198-258 mm h-1. Thus, runoff rates were 

estimated to be significantly higher than in the San Gabriel studies. 

In Montecito, the combination of high erodibility, gradient, and excess rainfall 

intensity, suggested by Izumi and Parker (1995) to produce densely spaced channel incision 

at small drainage areas, resulted in an initial rill spacing of ~1m early in the rainstorm. These 

channels then focused runoff throughout the event. The rill spacing limited the length of the 

interrill surfaces to one meter or less and flow depths on them to <1 mm, making them 

susceptible to the smoothing action of diffusive raindrop erosion. At the same time, local 

flow concentrations created either by microtopography (McGuire et al., 2016) or 

hydrodynamic instabilities (Izumi and Parker, 1995), on steep gradients generated shear 

stresses and stream power sufficient to drive high rates of sediment detachment from silty 
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channel beds and intensive mixing of concentrated slurry. The difference between the 

computed lowering rate of rill channel beds and interrill surfaces explains the rapid 

formation of rills with steep banks maintained by channel widening and a small amount of 

soil cohesion. The rapid growth rate of the rill channels mobilized large volumes of 

sediment, which mixed with the runoff volumes creating dense suspensions within the 12-15-

minute duration of intense runoff from the hillslopes. Division of the measured volumes of 

sediment evacuated by the available volume of runoff indicates that the solids concentrations 

of slurry delivered to stream channels must have been at least 50% if the mixing was uniform 

throughout the event. If the bed detachment and sediment suspension were more intense in 

the first half of the rainstorm, when the rate of rill enlargement was higher than during the 

flow recession, the solids concentration would have been even higher.  

By contrast, the lower rainfall and runoff rates and the denser, cohesive soil at the 

San Gabriel sites caused slower erosion rates, even in flow concentrations, allowing 

raindrop-impacted sheetwash a longer time to erode broad depressions in the soil surface 

(Tang et al., 2019, Figure 1d; Staley et al. 2014, Figure 7). The numerical modeling analyses 

of these events suggest that the slower rill and interrill erosion allow the separation of water 

and sandy sediment into relatively dilute, turbulent flows driving bedload and suspended 

load transport (McGuire et al., 2017; Tang et al., 2019).  

2.7.2 Local hydrometeorological context 

The hydrometeorological context of the Montecito event was established by the 

stochastic interaction of the Thomas Fire burn intensity and the characteristics of the 

mobilizing rainstorm. Therefore, it is appropriate to consider how other combinations of fire 

and rain might affect the volume and rate of slurry production. I selected a representative 

infiltration capacity that reflected the water repellency suggested by the carbon coatings on 
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topsoil particles and the soil surveys after the Thomas Fire. Even with this low infiltration 

capacity, selected for illustration from the Kean et al. (2019) dataset, the volume of surface 

runoff available for erosion was small, and it generated high calculated solids concentrations 

in the slurry derived from the rilled hillslopes. Calculations of runoff using the more 

permeable set of infiltration curves available from Kean et al. (2019) yielded zero to one-half 

of the available surface water calculated with the selected infiltration value. Thus, if a fire of 

lower burn intensity generated less water repellency, runoff rates in the 2018 rainstorm 

would be significantly reduced; the drainage area required for rill initiation would be larger, 

and rills would be sparser, smaller, or absent. In the absence of flow concentration into rills, 

the volume and solids concentration of the slurry would be limited by the transport capacity 

of sheetwash.  

The related, uncommon characteristic of the erosion event was the high rainfall 

intensity. The brevity of local rainfall intensity records limits estimation of the frequency of 

such a rainstorm. Nevertheless, the calculations of runoff and erosion indicated that lower-

intensity and longer-duration rainstorms would have produced lower rates of surface runoff, 

rill growth, and slurry discharge to channels, even with the water-repellent soils. Extended 

periods of low-intensity rain coupled with water repellency would favor ponded infiltration, 

soil saturation, and shallow mass failures on the burned topsoil. However, the surviving root 

structure and cohesion of the subsoil would resist failure. Use of the slope stability equation 

(6) and incorporating effective root cohesion values of 400-3,000 Pa for chaparral vegetation 

(Terwilliger and Waldron, 1991) predicts that 0.2-1.0 m of subsoil could be stabilized at 

saturation. Low water repellency would favor unsaturated infiltration into the topsoil and 

unburned subsoil, indicating that saturation of the subsoil, and therefore failure, is unlikely. 

Thus, shallow mass failures of the burned topsoil in a low-intensity rainstorm would likely 
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induce some concentrated slurry supply to stream channels, but with smaller volumes over a 

more extended period than the January 2018 rainstorm. The interval over which the topsoil is 

susceptible to such failures before root-zone re-establishment is likely to be several years 

(Rengers et al., 2020). 

2.8 Conclusions  

The Thomas Fire in the Santa Ynez Range burned essentially all chaparral and scrub 

vegetation from mountain hillslopes and left the upper 3-5 cm of silty and sandy loam topsoil 

bare and without a reinforcing root mat. The January 9, 2018 rainstorm of 15-20 min 

duration with peak 1-minute intensities of 198-258 mm h-1 generated extensive overland flow 

throughout the burned area. Mapping of the spatial extent of the rill networks showed that 

nearly all of the bare, burned hillslopes on shale units with a continuous colluvial cover 

developed dense rill networks but slopes on sandstone units with bedrock outcrops, thin and 

discontinuous soils, or sufficient surface armor were only partially rilled.  

The observations and calculations indicate that the generation of runoff on the steep 

hillslopes (mostly ≥35°) proceeded so rapidly that flow shear stresses sufficient for focused 

rill incision developed at contributing drainage areas of 5-10 m2 and average lateral spacing 

of ~1 m within the first several minutes of the rainstorm. These channels then focused flow 

throughout the rainstorm. Laboratory investigations of bed detachment on loosely packed 

silty soils for slopes typical of the field area indicated that the calculated flow concentrations 

should rapidly deepen the rills despite developing high solids concentrations. The measured 

final rill dimensions indicated event-averaged deepening rates of 3-8 mm min-1, and this rate 

was likely higher early in the event. The rills also widened by sidewall collapse at average 

rates of 3-8 cm min-1, likely with a similar temporal pattern. Final widths and depths scaled 

with hillslope drainage area, and rills on shales were slightly deeper, wider, and more closely 
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spaced than rills on sandstones for the same drainage area. These differences likely reflect 

lower infiltration capacities and higher runoff rates on the shales, although direct, measured 

evidence of higher infiltration on the sandstones is lacking.  

The spatial density of rill incision divided the hillslope surface into convergent 

interrill planes with lengths of ≤ 1 m, which severely limited the rate of surface lowering. I 

estimated the average lowering of interrill surfaces during the rainstorm to be only 2-3 mm, 

which was consistent with the field observation that these surfaces retained a consistent 

depth of burned topsoil with a washed surface and patchy ash cover.  

Calculation of runoff hydrographs for the catchment of a single primary, hillslope-

spanning rill indicates that the rill and interrill erosion must have occurred during the 12-15 

minutes when surface water was available on the hillslope. This constraint allows the 

approximation of the hillslope erosion in the form of a triangular hydrograph, reflecting the 

mobilization, mixing, and evacuation of the water-soil mixture. An event-averaged 

volumetric solids concentration (~50%) and discharge pattern (0.029 m3 s-1 or 347 mm h-1) 

was estimated for a primary rill catchment on a 100 m-long planar hillslope. Slurry volumes 

and hydrograph characteristics can be calculated for shorter hillslopes and other planforms 

with the same approximate method. 

The extent and rate of rill erosion in the Santa Ynez catchments were affected by 

lithological influences on the degree of armoring and bedrock outcrop, and probably on the 

infiltration capacities of the two soil types. These lithological properties produced 

considerable differences in the average total yield of slurry per unit area of burned hillslope. 

The average yield from shale hillslopes was estimated to be 15,300 m3 km-2, and that from 

sandstone hillslopes was 6,500 m3 km-2, equivalent to surface lowering rates of 15.3 mm and 

6.5 mm, respectively. In total, I estimated that ~241,000 m3 of slurry was supplied to the 
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channel network from the 19.5 km2 burned area, underlining that rill formation and growth 

on hillslopes that are extensively mantled with fine-grained colluvium can rapidly supply a 

substantial amount of debris-flow slurry to boulder-rich channels. 

Chapter 3 

3. A sediment budget for the 2018 Montecito Debris Flows  

3.1 Introduction 

Wildfire can dramatically alter the hydrologic response of mountain catchments by 

reducing the infiltration capacity and increasing the surface erodibility of the soil (Moody & 

Martin, 2001; Doerr et al., 2000). In turn, accelerated hillslope erosion and increases in 

runoff after wildfire have been associated with debris-flow generation in mountain 

environments around the world (Nyman et al., 2011; Parise and Cannon, 2012; Garcia-Ruiz 

et al., 2013). Debris flows are gravitational mass movements containing sand-to-boulder 

sized clasts in a fluid matrix of fine sediments suspended in water (slurry) with solids 

concentrations of 50-70% (Costa, 1984; Iverson, 1997). Post-wildfire debris flows most often 

initiate by the progressive bulking of material eroded from hillslopes and channels by surface 

runoff in steep mountain watersheds (Cannon et al. 2001; Kean et al., 2013; Tang et al., 

2019).  The capacity for debris flows to grow in size downstream by entraining channel 

sediments generally coarser than their source material greatly influences their damage 

potential, and therefore the analysis and mitigation efforts for these flows (Reid et al, 2016). 

Their initiation and growth require (i) the presence of slurry (a water-sediment mixture), 

which increases buoyancy, pore pressure, and inter-clast distances to reduce flow resistance, 

and (ii) the retention of water within the flowing mass, which in turn requires a significant 

fraction of fine-grained material to maintain low permeability (Iverson, 1997).  
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The delivery of fine-grained sediment to channels is ultimately governed by a suite of 

processes which include rilling and sheetwash (Wells, 1987; Cannon et al., 2001; Alessio et 

al., 2021), dry ravel (Florsheim et al., 1991; Lamb et al., 2011, DiBiase and Lamb, 2020), 

and shallow landsliding (Campbell, 1975; Stock and Dietrich, 2006; Rengers and McGuire, 

2020). Sediment yields and debris flow initiation resulting from these processes are 

notoriously difficult to predict, and can vary drastically between physiographic regions due 

to differences in landscape and material properties, sediment storage, lithology, and even 

within the same region due to varied patterns in lithology, soil, rainfall intensity and 

duration. Current debris flow prediction models do not usually account for these variations, 

which precludes a detailed assessment of risk on the fans below canyon mouths. The volume, 

discharge rate, and granulometry of debris flows control their damage potential (e.g. Kean et 

al. 2019), and the amount of slurry controls their mobilization (Iverson et al., 2009). 

Consequently, understanding the sediment sources and volumes that contribute to slurry 

production and subsequent debris flow initiation, mobilization, and growth are important for 

interpreting the processes that form landscapes over long time scales (e.g. Stock and Dietrich 

2006, Tucker & Hancock, 2010), and for constructing debris-flow runout models for hazard 

delineation (e.g. Rickenmann, 1999; Wieczorek et al. 2001; Guthrie et al., 2010; Berger et 

al., 2011; Frank et al., 2015).  

Hillslope processes such as rilling, sheetwash, and dry ravel are difficult to measure 

across a landscape because of limitations in site accessibility, measurement techniques, scale, 

and the ephemeral nature of field evidence. In turn, few studies have reported complete 

sediment budgets for post-wildfire debris flow events that include all of these processes. 

Researchers who have attempted to quantify some of these inputs have found that hillslope 

erosion can contribute as little as 0.1 percent to as much as 93 percent of the sediment yield 



 

 100 

for debris flows (Santi et al., 2008; Staley et al., 2014, Ellet et al., 2009). Therefore, 

questions remain about the relative contributions of hillslope and channel erosion to total 

sediment yields and how they may relate to variations in sediment storage, lithology, and 

rainfall-runoff patterns, especially for high-magnitude events that result in the scour of 

stream channels at the scale of entire mountain catchments. 

The 2018 debris flow event resulted in the range-wide scour of channel networks 

across six burned watersheds beginning at the ridgeline over an area of ~26 km2 (Morell et 

al., 2021). The flows transported fine-grained sediments from the hillslopes and boulders up 

to 6m in diameter stored in the channels that reached the fan ~4.2 – 5.5 km away from their 

source areas within 15-16 minutes after the onset of rain (Kean et al., 2019; Lancaster et al., 

2021). The event significantly impacted the community of Montecito, CA and resulted in the 

loss of life, injury, and substantial economic impacts (~$1 billion USD) (Lancaster et al., 

2021). The short time span of the event, the large volumes of sediment that were released, 

and the destructive nature of the flows to the community warrants an in-depth analysis of the 

sediment sources and volumes to guide future studies and assessments of debris flow 

processes and their associated hazards in this and similar regions. Here, I construct a 

sediment budget for these six catchments to understand how the sediment inputs from 

hillslope and channel processes contributed to the initiation, mobilization, and total volume 

of these flows during the 15-20-minute rainstorm. I build on previous work from Alessio et 

al. (2021) and Morell et al. (2021) by analyzing the volumes deposited on the fans using 

differential lidar measurements from 2015 and 2018, and estimating the contribution of dry 

ravel using field-based relationships from a previous wildfire in the Santa Ynez Mountains 

with the same lithologic units. I compare the fan volumes to the field-based estimates from 

Kean et al. (2019) and the predicted volumes calculated using the empirical model of Gartner 
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et al. (2014). Finally, I suggest that information on how these various sediment inputs 

contribute to post-wildfire debris flows within the context of lithology, sediment storage, and 

rainfall-runoff characteristics are needed for developing an integrated understanding of post-

wildfire erosion and debris flow hazard. 

3.2 Background  

3.2.1 Previous research 

On January 9th, 2018, an intense rainstorm lasting 15-20 minutes, with peak 1-minute 

rainfall intensities of 198 – 258 mm hr-1, and peak 15-minute intensities of 80-100 mm h-1, 

occurred three weeks after the Thomas Fire in the Santa Ynez Mountains (Oakley et el., 

2018). The rainstorm generated debris flows which scoured bouldery alluvium from six 

adjacent mountain catchments upstream of the town of Montecito, California, USA (Fig. 12) 

(Kean et al. 2019, Lancaster et al., 2021; Morell et al., 2021). Alessio et al. (2021) 

documented that nearly all of the bare, burned hillslopes of the source catchments were 

fretted by dense networks of rills lined with levees. Rill erosion, in conjunction with 

intervening sheetwash erosion on interrill areas, delivered an estimated 241,000 m3 of slurry 

with sediment concentrations of ~50% to stream channels. The colluvium on shale 

formations was more continuous, finer-grained, and probably less permeable than the 

colluvium on sandstones, and these differences affected the extent and dimensions of rills. As 

a result, shale hillslopes supplied over two times as much slurry per unit burn area as 

sandstones. The debris flows that formed during this time grew in volume throughout the 

channel network and mobilized 477,000 m3 of coarse colluvial and antecedent debris flow 

deposits from stream channels with clast diameters ranging from 0.5 to 6+ m and scour 

depths up to > 6m (Morell et al.., 2021). The lidar differencing also determined that 76,000 

m3 of this material was redeposited in the mountain canyons as bouldery levees.  
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Kean et al. (2019) estimated that the debris flows mobilized ~680,000 m3 of sediment 

from the six catchments by interpolating field-measured depositional depths across the 

mapped area of the fan deposits. The potential volume of sediment that could be released by 

debris flows was forecast prior to the event using the empirical emergency assessment model 

of Gartner et al. (2014) that was developed for the Transverse Ranges. The model is a 

multiple linear regression equation that predicts the volume of sediment due to debris flows 

within two years after a fire based on the following equation:  

             (eq. 28) 

where V is the volume of sediment (m3), i15 is the peak rainfall intensity measured over a 

15-minute period (mm/h), Bmh is the watershed area burned at moderate and high severity 

(km2), and R is the watershed relief (m). The model was calibrated through a multiple 

regression analysis of 92 events which include data for the estimated volume of sediment 

deposited during the event and variables describing watershed morphology, burn severity, 

rainfall conditions, and engineering soil properties. 

3.2.2 Study area and landscape characteristics 

The Santa Ynez Mountains are part of the Western Transverse Ranges and consist 

mainly of deformed marine and non-marine sedimentary rocks and deposits that range in age 

from Jurassic to the present (Minor et al., 2009). The alternating and southward-dipping 

sandstone and shale units are expressed as topographic ridges and valleys that extend from 

the ridgeline to the foothills. The rock formations include: the Juncal Shale; the thickly 

bedded Matilija Sandstone; the Cozy Dell Shale; and the massively bedded Coldwater 

Sandstone. Each unit contains interbeds of either shale or sandstone (Minor et al., 2009). 

Soils on the Matilija and Coldwater Sandstones are dominantly sandy loam with clay-silt-
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sand percentages of (14-51-35, n = 8), while those on the Juncal and Cozy Dell shales are 

mainly silt loams (16-70-14, n = 24) with sandy loams on some sandstone interbeds. 

Topographic relief from the northern ridgeline to the mountain front is ~1000 m, and 

hillslope gradients average 0.7 (35°) for shales and 0.9 (42°) for sandstones. Streams within 

the Santa Ynez mountains are typically well channelized and incised into the bedrock as a 

result of active fold growth and uplift of the Western Transverse Ranges (Melosh and Keller, 

2013).  

The community of Montecito is located on debris flow fans south of the foothills of 

the Santa Ynez Mountains (Fig. 12). The fans are bisected by the east-west trending Mission 

Ridge Fault system, which is topographically expressed at the surface (Minor et al., 2009) 

(Fig. 12). The active channels that emanate from the steep catchments traverse the fans and 

terminate at the Pacific Ocean. This area is highly urbanized and contains steeply sloping 

fans with average slopes of 3-7° north the Mission Ridge Faults, and more gently sloping 

fans with an average gradient of 1.5 - 2° south of the faults near the coast (Lancaster et al., 

2021).  On the alluvial fans, the channels of the analyzed debris-flow paths have an average 

gradient of 4°, derived from the 1 m LiDAR. 

3.3 Methods 

3.3.1 Field observations 

Direct field observations of the hillslopes, channels, and depositional area on the fans 

were made beginning three weeks after event. The extent and nature of the fan deposits were 

examined, as well as dry ravel deposits on the trails in the source catchments for the flows. 

Field investigations were then supplemented by remote sensing work and review of the 5cm 

resolution aerial imagery taken concurrently with the airborne LiDAR flights on January 17- 

22, 2018, described by Alessio et al. (2021). Observations were also made on satellite 
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imagery with 1m resolution taken on December 30, 2017 from DigitalGlobe, 13 days after 

the fire burned the watersheds.   

3.3.2 LiDAR differencing  

To measure topographic change due to the 2018 Montecito debris flows, a DEM of 

Difference (DoD) was created by subtracting elevations between bare-earth DEMs collected 

in 2015 (pre-debris flow) and 2018 (post-debris flow; CDGS, 2018). The DoD was produced 

following creation of bare-earth DEMs from point clouds, co-registration of the two DEMs, 

and clipping to the inundation area on the fan. The final DoD was produced after excluding 

outliers, artifacts, and DoD data below a minimum level of detection of 0.2 m (minLoD, 

Wheaton et al. 2010). Details of the co-registration and differencing processes are described 

in the supplementary materials of Morell et al. (2021). 

3.3.3 Estimation of dry ravel volumes 

 To estimate the volume of dry ravel supplied to stream channels within the three-

week period after the fire and before the January 9th rainstorm, I used empirical volumetric 

relationships for dry ravel deposition per meter of stream length measured by Florsheim et al. 

(1991). In this study, the authors measured the volume of dry ravel cones deposited in stream 

channels after the Wheeler Fire in Ventura County. The lithologies of the 176 m stream reach 

where dry ravel was measured consisted of the Coldwater Sandstone and Cozy Dell Shale. 

The dry ravel deposits consisted of “well-sorted fine-gravel (D50 = 4mm),” and rates of dry 

ravel deposition over the entire 7-month period were measured to be 0.2 m3 and 0.3 m3 per 

meter length of stream channel from the Coldwater Sandstone and Cozy Dell Shale units, 

respectively (Florsheim et al., 1991). The hillslope gradients which the dry ravel was sourced 

from or whether dry ravel rates were higher within the first month or were constant over the 

7-month study period was not reported. Sediment deposition from dry ravel can occur rapidly 
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after wildfire, and can be strongly influenced by hillslope gradient and the roughness of the 

topography. For example, at a study site in the Oregon Coast Range, 2/3 of the erosion by 

dry ravel in the first year occurred in the first 24 hours after wildfire (Bennet, 1982), and the 

transport distance of ravel has been shown to scale non-linearly with hillslope gradient, 

topographic roughness, and the size distribution of the particles entrained (Gabet, 2012; Roth 

et al., 2020). An estimation for the volume of dry ravel deposited at the base of hillslopes 

using these relationships, however, would require knowledge of the amount and size 

distribution of particles that were entrained at various upslope hillslope positions, which is 

unknown across the watersheds in the study area. Consequently, the 7-month totals for rates 

of ravel deposition per meter of stream length from Florsheim et al. (1991) are taken to 

represent an approximate estimate for the amount of dry ravel that was deposited in stream 

channels after the fire and before the debris flow event.  

Stream channel lengths for each lithology and the burned regions of the watersheds 

were extracted using the 1m airborne lidar-derived DEM collected in 2018. The channel 

network was delineated by extracting a flow accumulation grid and defining a catchment area 

of 0.001 km2 using Topotoolbox (Schwanghart and Kuhn, 2010). The stream lengths 

extracted from the DEM were multiplied by 0.2 m3 and 0.3 m3 for the shale and sandstone 

units, respectively. Observations of dry ravel deposits were also made during field work over 

the course of several months after the event and on the DigitalGlobe satellite imagery taken 

on December 30, 2017 with 1m resolution. 

3.3.4 Estimation of shallow landsliding 

High-resolution aerial imagery was collected for the study area 8-19 days after the 

debris flows using a Phase One iXU-RS1000 camera, 300 - 400 m above the ground surface, 

with >50% overlap, and a native resolution of 5 cm. The photos were used to generate 
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orthomosaics with Structures from Motion (SfM) by Alessio et al. (2021). The photo 

orthomosaics were used to visually detect the occurrence of shallow landslides within the 

study area by identifying features such as circular headscarps and regions where the grey, 

burned topsoil was stripped from the hillsides and exposed the light orange subsoil.  

3.4 Results 

3.4.1 Volumes eroded by rilling, dry ravel, shallow landsliding, and channel scour 

Rill and sheetwash erosion that occurred on the burned hillslopes across the six 

catchments were estimated by Alessio et al. (2021) to contribute 241,000 m3 of sediment to 

stream channels during the rainstorm. The lidar differencing from Morell et al. (2021) 

determined that the debris flows that formed during this time grew in volume throughout the 

channel network and mobilized 477,000 m3 of coarse colluvial and antecedent debris flow 

deposits from the mountain stream channels above the fan. 110,000 m3 of this sediment was 

mobilized from 1st order channels, and 76,000 m3 of this material was redeposited in the 

mountain canyons as bouldery levees. 

The lidar differencing on the fan revealed that the debris flows scoured 96,000 m3 of 

sediment from the active channels on the fan, and deposited a total of 440,000 m3 (Table 10). 

The DEM of difference shows that the debris flows predominately scoured the channels on 

the fan until reaching their terminus at the Pacific Ocean, and that deposition primarily 

occurred as overbanking and avulsions where the conveyance capacity of the channels was 

exceeded (Figure 30). Lancaster et al. (2021) also notes that deposition and avulsions 

occurred at locations where the channel was constricted by culverts, bridges, and associated 

bridge abutments. The overbank material inundated the adjacent fan surfaces where it flowed 

down roads and distributary channels (Figure 1). The topographic expression of the Mission 

Ridge fault also appears to have affected the distribution of deposited material, especially for 
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San Ysidro Creek, but detailed analysis of its effect and other patterns in scour and 

deposition on the fan is beyond the scope of this study.  

The dry ravel ravel estimates using the empirical relationships from Florsheim et al. 

(1991) indicated that this process supplied 97,000 m3 to the debris flows. The field 

observations of sparse ravel cones distributed along the hiking trails and in low-order streams 

and gullies in the source area over several months after the event suggested that this 

component may have been small. However, review of the satellite imagery taken after the 

fire and before the debris flow event shows the prevalence of dry ravel on steep slopes on 

both shale and sandstone units, suggesting that this process contributed to the loading of 

hillslope sediments in stream channels before the rainstorm on January 9th (Figure 31).   

Review of the aerial imagery taken after the event indicated that the occurrence of 

shallow landslides was rare except on some of the convex footslopes of the Juncal Shale. A 

stability analysis of the burned and unburned soil layers also suggested that the soils would 

not be expected to experience saturated mass failure during the brief rainstorm (Alessio et al., 

2021). Therefore, they were determined to be a negligible component of the sediment eroded 

from the hillslopes and the sediment budget.   

4.2 Sediment budget for the event 

The DEM of difference for the fan deposits, estimation of dry ravel volumes, and 

previously determined volumes for rill, sheetwash, and channel erosion allowed for the 

construction of a sediment budget for the debris flows in each catchment. In total, the debris 

flows mobilized an estimated amount of 910,000 m3 of sediment from hillslopes, mountain 

channels, and channels on the fan during the event (Table 10). 76,000 m3 of boulder 

sediment entrained by the flows was redeposited within the channel network, 440,000 m3 

was deposited on the fans, and approximately 391,000 m3 is interpreted to be deposited 
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offshore by subtracting the total eroded volume by the volumes deposited in the mountain 

stream network and on the fan. A majority of the volume dispersed to the Pacific Ocean was 

likely muddy discharge from the wet tail of the debris flow, after the coarse material had 

been deposited on the fan. Sparse boulders <1 m in size were observed on the beaches at the 

channel mouths after the event, and the discharge of water carrying fine-grained sediment 

was observed to continue at declining rates over the course of the day after the event.  

The scour of coarse sediments from the mountain channels was the dominant erosive 

process during the event, and constituted 52% of the total volume eroded from the mountain 

network, and an additional 10% was scoured from the channels on the fan. Rill erosion 

accounted for 23% of the total eroded volume, whereas dry ravel accounted for 11%, and 

sheetwash accounted for 3%. The volumes eroded from the mountain hillslopes and channels 

during the event scaled with the size of the basin and the burn area (Figure 32ab). The 

volume eroded from hillslope processes containing fine-grained sediment also scaled with 

the amount eroded from the mountain channels (Figure 32c). The field-based estimates of 

deposition on the fans from Kean et al. (2019) tended to overestimate the volumes when 

compared to those derived from the DEM of difference (Table 11). The emergency 

assessment equation from Gartner et al. (2014) generally over-estimated the amount of 

material eroded from each catchment, but were reasonably correlated with the total eroded 

volume from each catchment during the event (Figure 33). However, now that the channels 

contain less material for debris flow growth (~400,000 m3), where first-order channels were 

eroded to bedrock, and the supply of large boulders has been reduced, subsequent events 

would be expected to produce smaller debris flows until the storage in the channels is 

replenished by colluvial processes or redistribution of boulder to lower elevations within the 

network from smaller events. Therefore, the Gartner et al. (2014) equation would be 
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expected to produce an even larger over prediction of sediment volumes for subsequent 

events. 

 

 

 

 

Figure 30. DEM of Difference (DoD) for the fans affected by the Montecito debris flows on Jan 9, 2018. 
The DoD was created using lidar differencing from bare-earth lidar data sets pre-(2015) and post-debris 
flow (late January 2018). The light blue swaths of deposition at the mountain front are debris basins that 
were filled during the event. The Mission Ridge Fault Zone influenced the width and depth of the debris 
flow deposits, especially for San Ysidro Creek, but determining its role is beyond the scope of research 
here.   
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Figure 31. DigitalGlobe satellite image taken after the fire and before the debris flow event on December 
30, 2017 showing the occurrence of dry ravel on the hillslopes of the Juncal Shale in the Cold Spring 
watershed. 
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Table 10. Sediment budget for the 2018 Montecito debris flows 

Watershed aEroded 
from rills    

aEroded 
from 
sheetwash 

Eroded 
from dry 
ravel 

bEroded 
from 
mountain 
channels 

Eroded 
on fan 

bDeposited 
in 
mountain 
channels 

Deposited 
on fan 
(2015-2018 
lidar) 

Total 
eroded 
from 
catchments 
and fan 

Deposited 
offshore 

- m3 - 
Cold Spring 70,000 10,000 30,000 140,000 

41,000 
27,000 

145,000 350,100 173,700 
Hot Springs 18,000 2,700 8,400 30,000 4,400 
Oak Creek  4,000 900 1,800 4,800 1,600 500 3,000 13,100 9,600 
San Ysidro 79,000 9,000 33,000 160,000 30,000 21,000 173,000 311,000 117,000 
Buena Vista  10,000 1,600 7,000 32,000 8,700 7,700 26,000 59,300 25,600 
Romero 
Creek  31,000 4,800 17,000 110,000 14,000 15,000 97,000 176,800 64,800 

Total 212,000 29,000 97,200 476,800 95,300 75,600 444,000 910,300 390,700 
* Montecito Creek includes both Cold Spring and Hot Springs creeks. a volumes from Alessio et al. (2021). b volumes from Morell et 
al. (2021) 

 

Table 11. Comparison with field-based estimates and predicted volumes 
Watershed Fan volume 

(2015-2018 
lidar) 

Fan volume 
Kean et al. 
(2019) 

Volume eroded 
from each 
catchment  

Volume predicted 
Gartner et al. 
(2014) 

- m3 - 
Cold Spring 

145,000 231,000 277,000 468,000 
Hot Springs 
Oak Creek  3,000 23,000 11,000 23,000 
San Ysidro 173,000 297,000 260,000 297,000 
Buena Vista  26,000 110,000 43,000 110,000 
Romero Creek  97,000 187,000 147,000 187,000 
Total 444,000 848,000 738,000 1,085,000 
* Montecito Creek includes both Cold Spring and Hot Springs creeks 
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 Figure 32. Volumes of hillslope and channel erosion for the mountain watersheds that produced debris 
flows plotted against a) the total size of the basins, b) the area burned in each basin, and c) volume eroded 
by processes in each watershed. 
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3.5 Discussion   

3.5.1 Initiation, mobilization, and growth of the 2018 Montecito debris flows 

The combination of a fire with moderate-high burn intensities, high-rainfall 

intensities, and extensive hillslope erosion resulted in the generation of high-magnitude 

debris flows that caused the evacuation of channel sediments across the entire mountain 

channel network. The volumetric contribution and spatial distribution of sediment inputs 

from the individual erosion processes along with mapping and observations from previous 

work can yield insights into how the flows were generated and what led to the entrainment of 

such large quantities of sediment. 

The mobilization and entrainment of coarse material and meter-scale boulders 

requires a fluidized mixture of water and fine-grained sediment to increase buoyancy, pore 

pressure, and inter-clast distances to reduce flow resistance (Iverson, 1997; Iverson et al., 

2009). In total, the channels supplied 62% of the volume for the flows, but without a 

mobilizing fluid denser than floodwater, it is unlikely that the clast supported debris flow 

Figure 33. The volumes of sediment evacuated from the watersheds measured in this study vs. the volume 
predicted by the emergency assessment model of Gartner et al. (2014).   
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deposits and large colluvial boulders stored in the sandstone units could have been excavated 

and transported several kilometers to the fans. This inference is also supported by the field-

based evidence that the supply of boulders had resisted mass failure and fluvial transport 

during larger rainstorms and floods prior the 2018 event, and had accumulated to depths of 

up to 6m in the lower reaches of the channel network over centuries at least.  

After the 2018 Thomas fire, the hillslope and channel sediments were dry at the end 

of a long drought. The storm on January 9th produced a total of 18-20 mm of rain and 

extensive runoff on the hillslopes that formed dense networks of rills across a majority of the 

bare, burned hillslopes with a continuous colluvial cover (Alessio et al., 2021). Nearly all of 

the runoff was mixed with the eroded sediment in rill channels, and a dense, viscous slurry 

with sediment concentrations of 50% was delivered to stream channels at high discharge 

rates (with peak discharge estimated to be approximately 0.029 m3 m-1 s-1 or 347 mm h-1) 

within 12-15 minutes (Alessio et al., 2021). The debris flow fronts reached the fans of the 

Cold Spring and San Ysidro catchments, 4.2-5.5 km downstream, within 15-16 minutes after 

the onset of rainfall at the KTYD rain gauge (Kean et al., 2019; Lancaster et al., 2021). Field 

observations, review of the aerial imagery, and DEMs of difference revealed that the scour of 

colluvial sediments was continuous from the hillslopes to gullies and throughout 1st order 

channels where rills converged (Figure 34). The 1st order streams supplied 20% of the total 

channel volumes (110,000 m3), were typically eroded to bedrock, and scour was spatially 

pervasive and largely continuous in low-order shale units that tended to have colluvial cover 

and dense rill networks; whereas regions without significant colluvial cover and bedrock 

armoring that precluded rill development exhibited less scour, such as in low-order sandstone 

channels of the Cold Spring catchment (Figure 34). Prior to the event, the first order channels 

draining the hillslopes were generally filled with 0.3-1 m thick, fine-grained colluvial 
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deposits containing occasional gravel, cobbles, and small sandstone boulders eroded from 

sandstone lenses within the shale units. Observations and mapping of the residual channel 

deposits after the event by Morell et al. (2021) and grain size distributions from (Keller et al., 

2015) indicate that the higher order channels contained very little fine-grained sediment. All 

the available evidence therefore indicates that rill erosion, along with minor inputs from 

sheetwash on intervening interrill areas, produced a dense and viscous slurry that 

progressively eroded the colluvial sediments stored in 1st order channels containing sparse 

boulders and dry ravel deposits. The debris flows that were generated proceeded to grow 

volumetrically throughout the higher order channels in the network by recruiting large stores 

of colluvial boulders and antecedent debris flow deposits that were translocated to lower 

parts of the network during smaller antecedent events.  

The patterns of channel scour were affected by channel morphology, bedrock 

lithology, and channel order; and although scour depths and volumes generally increased 

downstream in each catchment, as drainage area and slurry discharge from the catchment 

hillslopes increased, field-observations and mapping from Morell et al. (2021) showed that 

the overwhelming influence on the pattern of recruitment was the volume of sediment stored 

in the valley floors prior to 2018. For example, scour depths decreased and deposition was 

more prevalent in wider and lower gradient channel reaches of the ridge-forming Juncal 

Shale, but scour depths and volumes increased drastically downstream of the Matilija 

Sandstone downstream where large supplies of colluvial boulders and antecedent debris 

flows had previously been deposited. Debris flows much smaller than the 2018 event 

transported relatively small volumes of >1m boulders to the upper fans of three of the 

catchments in 1964,1969, and 1971 after wildfire (Lancaster et al. (2020), but had not been 

powerful enough to excavate these portions of the channels like the 2018 flows. The rainfall 
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and erosional patterns of these events are unknown, but the patterns, processes, and timing of 

the 2018 event suggest that slurry generation for these previous events was not as rapid and 

extensive; exemplifying its critical role in producing high-magnitude events at the mountain 

range scale.  

  

 

 

 

3.5.2 The role of sediment storage and hillslope processes 

 The results of this study indicate a direct connection between rill erosion on colluvial 

slopes and the subsequent erosional patterns of sediment stored in 1st order channels (Figure 

5). The processes of sheetwash, dry ravel, and scour of the 1st order channels also contributed 

fine-grained sediment for the production of slurry with high-sediment concentrations 

required for debris flow mobilization. The sediment inputs from the processes of rilling, 

sheetwash, dry ravel, and 1st order streams that contained fine-grained sediment comprised 

49% of the total volume of the flows. The extensive erosion in these parts of the catchment 

likely led to the widespread scour and evacuation of antecedent debris flow deposits that 

Figure 34. DEM of difference from Morell et al. (2021) displaying scour depths for 1st order channels in 
the source catchments of Cold Spring watershed. The images show that the scour of 1st order channels was 
a) less extensive for sandstone hillslopes that experienced limited rill development due to surface 
armoring from larger clasts and limited colluvium availability, and b) more extensive on shale hillslopes 
that experienced widespread rilling due to the presence of a continuous cover of fine-grained colluvium. 
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were stored at lower elevations in the network and supplied boulders up to 6m in diameter to 

the fans.  

Researchers that have attempted to quantify the sediment inputs for debris flows over 

a wide-range of basin sizes and physiographic regions in the western United States have 

found that hillslope erosion can contribute as little as 0.1 percent to as much as 93 percent of 

the sediment yield (Santi et al., 2008; Staley et al., 2014, Ellet et al., 2009). Radionuclide 

tracers have also been used to determine the percentage of material that originated on 

hillslopes in the deposits of post-wildfire debris flows in Australia, where Smith et al. (2012) 

concluded that hillslopes contributed 32–74% and 22–69% of the analyzed deposition in 

their study basins. This large range in sediment supplied from hillslopes and channels is 

likely reflective of the magnitude of the triggering rainfall event, the lithologies, the nature 

and amount of sediment stored on hillslopes and in channels prior to the event, and the 

measurement techniques.  

For example, in the 46 events analyzed by Santi et al. (2008), rill erosion was 

identified for 30% of the debris flows, and contributed an estimated 0.1 - 10.5% to the total 

flow volumes. However, it is possible the traditional field-surveying methods used by Santi 

et al. (2008) may have underestimated the volumes and capacity of rill erosion to generate 

debris flows given the difficulty in making measurements at the landscape scale and their 

ephemeral nature. Recent work that has utilized high-resolution measurement techniques to 

assess topographic change has shown that rilling on hillslopes can lead to debris flow 

generation (Wall et al., 2020), where rills can supply 25% of the total volume for the flows 

(Ellet et al., 2019), and that lithology can exert a strong control on rill dimensions and their 

spatial distribution (Alessio et al., 2021). In the post-wildfire debris flow event studied by 

Staley et al., (2014), the hillslopes supplied 93% of the volume for the flows from sheetwash 
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and rill erosion, but extensive channel scour did not occur. Instead, the channels acted as a 

net sediment sink for the analyzed rainstorm where subsequent events could remobilize these 

sediments as in channel debris flows. DiBiase and Lamb (2020) used airborne lidar surveys 

to show that sediment loading in headwater channels by dry ravel is a primary contributor to 

post-wildfire debris flows in bedrock-dominated landscapes. They suggest that sediment 

yields in this environment are limited by sediment production and supply and are likely 

controlled by the lithology, which could limit debris-flow occurrence in bedrock landscapes 

with more-frequent fires. For the 2018 Montecito event, the channels contributed 62%, and 

hillslope erosion contributed 48% to the total volume eroded from the six catchments and 

fans. However, scour depths and volumes were predominately controlled by the nature and 

distribution of the deposits stored in the channels (Morell et al., 2021). Since rill channels 

become filled in by sidewall collapse soon after formation, the colluvial hillslopes could 

potentially supply the same slurry discharge in a similar rainstorm, but the resulting debris 

flows would not be able to grow to the volume or peak discharge of the 2018 event due to the 

reduced sediment storage and larger conveyance capacity of the scoured channels. It would 

likely generate a shallower debris flow with a smaller boulder content than the 2018 event 

until more boulders accumulate in locations that are vulnerable to large-scale scour. 

Therefore, the capacity for hillslope and channel sediments to contribute to debris flow 

volumes is not only a function of the lithology and patterns in rainfall, but is partially a 

function of sediment storage in the landscape at a given time, which can depend on the 

magnitude and frequency of fires and prior events that evacuate or translocate sediment 

within the system. These studies reveal that complexities in the evolution of sediment 

sources over time can lead to discrepancies in identifying whether hillslope or channel 

sediments are the primary contributor to debris flow volumes. They highlight the diverse set 
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of possible outcomes and the need for a predictive framework that can handle the range in 

slurry production processes and sediment storage with time, and between physiographic 

regions, lithologies, and rainstorms.  

The discrepancy between the field-estimated volumes of deposition on the fan from 

Kean et al. (2019) and the results of the lidar differencing in this study (Table 11) highlight 

that the collection of high-resolution topographic data for debris flow-prone areas is an 

integral component for accurately assessing change at the landscape scale. Accurate 

information on the distribution of eroded and deposited sediments from large events such as 

these can help provide insight into the geomorphic processes responsible for the evolution of 

landscapes, and inform runout models for hazard delineation. The relationship between the 

volumes of sediment eroded from each catchment and the prediction from the empirical 

equation from Gartner et al. (2014) suggest that its application can be useful for rapidly 

assessing the potential volumes released by post-wildfire debris flows in this region. 

Although, it generally over predicted the amount of sediment eroded from each catchment, 

and these types of empirical equations require calibration for use in other regions where a 

detailed history of post-wildfire debris flows and volumes may not be available, which may 

preclude its development and applicability in other mountain environments. Additionally, 

this type of predictive equations cannot assess the granulometry, peak discharge, or rheology 

of the flows, and therefore preclude hazard delineation on fans, as well as the dependence on 

the magnitude and frequency of fires and past debris flow events that effect sediment storage, 

which may cause discrepancies across different watersheds and through time. Since the 

storage of sediment in the channels has been significantly reduced, the equation from Gartner 

et al. (2014) would be expected to produce an even larger over prediction of sediment 

volumes for subsequent events until the channels accumulate and/or redistribute boulders to 
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lower elevations within the network.  Therefore, an integrated understanding of i) the 

conditions and erosional processes that deliver fine-grained sediment to stream channels, ii) 

the production and rate of slurry generation for debris flow mobilization, and iii) 

determination of the amount and nature of the sediments stored in stream channels are 

important for guiding assessment procedures and developing a process-based understanding 

of high-magnitude debris flow events that can be applied across diverse mountain 

environments.  

3.6 Conclusions 

The combination of a fire with moderate-high burn intensities, high-rainfall 

intensities, and extensive hillslope erosion resulted in the generation of high-magnitude 

debris flows that caused the evacuation of channel sediments across the entire mountain 

channel network. In total, it was estimated that ~910,000 m3 of sediment was eroded from the 

six mountain catchments and fans within the 20-minute event. The predominate erosional 

processes that contributed to this total included dry ravel, rilling, sheetwash, and channel 

scour. The volumetric contribution and spatial distribution of sediment inputs from the 

individual erosion processes, along with mapping and observations from previous work, 

yielded insights into how the flows were generated and what led to the entrainment of such 

large quantities of sediment. 

Within the three-week period after the fire and before the rainstorm, the processes of 

dry ravel delivered hillslope sediments to the stream channels. The dry ravel process was 

identified from satellite imagery and previous measurements of dry ravel deposition rates in 

similar lithologies were used to estimate its volumetric contribution of 97,000 m3 to the 

flows. During the rainstorm on January 9th 2018, extensive rill networks were formed across 

nearly all of the bare, burned hillslopes in the source catchments and delivered a viscous 
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slurry with high sediment concentrations of ~50% to stream channels. Rill erosion, in 

conjunction with sheetwash, delivered an estimated 241,000 m3 to the stream channels within 

12-15 minutes (Alessio et al., 2021). The colluvium on shale formations was more 

continuous, finer-grained, and probably less permeable than the colluvium on sandstones, 

and these differences affected the extent and dimensions of rills. As a result, shale hillslopes 

supplied over two times as much slurry per unit burn area as sandstones. The slurry 

generated by rill erosion, resulted in the scour of first-order channels that also contained fine-

grained sediment. Dry ravel loading may have also led to the excavation of sediment from 

low-order channels, especially from armored and/or bedrock hillslopes that did not 

experience extensive rilling, as documented in the San Gabriel Mountains (DiBiase and 

Lamb, 2020). Overall, these processes led to the rapid development of slurry with fine-

grained sediment, which has been shown to be a requisite for the mobilization of large 

boulders and debris flows by increasing buoyancy, pore pressure, and inter-clast distances to 

reduce flow resistance (Iverson, 1997; Iverson et al., 2009). 

The debris flows progressively grew in size throughout the channel networks by 

scouring channel sediments, where the debris flows incorporated large volumes of colluvial 

boulders and antecedent debris flow deposits stored in sandstone units and at lower 

elevations within the network (Morell et al., 2021). 477,000 m3 was eroded from the 

channels and 76,000 m3 was redeposited within the mountain stream network. Here, sediment 

storage and the redistribution of boulder sediment from antecedent debris flows played an 

integral role in supplying material for debris flow growth. 440,000 m3 of boulders and 

sediment were deposited on the fans below the mountains from overbanking, and the debris 

flows continued to scour an additional 95,000 m3 of channel sediments before reaching the 

Pacific Ocean. It was estimated that ~391,000 m3 of sediment was deposited offshore by 
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subtracting the total amount eroded from the amount of deposited material. A majority of the 

volume dispersed to the Pacific Ocean was likely muddy discharge from the wet tail of the 

debris flow, after the coarse material had been deposited on the fan. 

The channels supplied an estimated 62% and the hillslopes supplied 38% of the 

material for the debris flows. Researchers that have attempted to quantify the sediment inputs 

for debris flows have found that hillslope erosion can contribute as little as 0.1 percent to as 

much as 93 percent of the sediment yield (Santi et al., 2008; Staley et al., 2014, Ellet et al., 

2009). This large range in sediment supplied from hillslopes and channels is likely reflective 

of the magnitude of the triggering rainfall event, the lithologies, the nature and amount of 

sediment stored on hillslopes and in channels prior to the event, and the measurement 

techniques. Empirical techniques, such as the emergency assessment equation from Gartner 

et al., (2014) can help predict the potential volumes of sediment that are eroded from 

watersheds that experience debris flows after wildfire, however, they require calibration from 

past-events which likely precludes their applicability in other regions. These types of 

predictive equations do not account for changes in sediment storage over time, and cannot 

assess the granulometry, peak discharge, or rheology of the flows which precludes detailed 

hazard assessments on fans. Therefore, an integrated understanding of i) the conditions and 

erosional processes that deliver fine-grained sediment to stream channels, ii) the production 

and rate of slurry generation for debris flow mobilization, and iii) determination of the 

amount and nature of the sediments stored in stream channels are important for guiding 

assessment procedures and developing a process-based understanding of high-magnitude 

debris flow events that can be applied across diverse mountain environments. 
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