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ABSTRACT 

 

 

Constraining Decadal-scale Erosion and Delivery  

 

of Post-wildfire Debris Flow Deposits 

 

by 

 

Casey Langstroth, Master of Science 

 

Utah State University, 2024 

 

 

Major Professors: Dr. Patrick Belmont and Dr. Brendan Murphy 

Department: Watershed Sciences 

 

Debris flows generated after wildfire pose significant hazards, including increased 

sedimentation in river networks, degradation of water quality, and accumulated sediment 

in downstream reservoirs. Despite an abundance of prior research investigating post-fire 

debris flows focused on their probability of generation and initial conditions (e.g., 

depositional volumes and grain size), there remains a significant knowledge gap related 

to the evolution of these deposits after their initial emplacement. To investigate the 

temporal evolution of debris flow deposits (i.e., the erosion and delivery of sediment to 

river networks), two questions must be first be addressed: 1) How does sediment delivery 

to river networks from post-wildfire debris flow deposits change over time? and 2) Which 

local, reach-scale hydrogeomorphic features influence the relative magnitude of debris 

flow sediment delivery over time? Employing a combination of fieldwork and remote 

sensing analysis, we have compiled a dataset quantifying volume loss over time from 58 

identified post-fire debris flow deposits across the state of Utah. From our analysis, we 

identified three processes responsible for eroding debris flow deposits: lateral toe erosion 

resulting from fluvial processes of the axial river, tributary channel incision through the 



iv 

deposit, and surface deflation of the deposit resulting from runoff and sheetwash 

processes. We analyzed factors influencing the initial delivery of deposits to the axial 

river, the relative volume loss due to each of the dominant erosional processes, and the 

variability in temporal trends due to each process. Additionally, we evaluated existing 

models of initial delivery and developed a modified approach, the Debris Flow Delivery 

Potential model, which produced more accurate estimates of initial sediment delivery to 

the river network. We verified our initial hypothesis that volume loss of debris flow 

deposits that are primarily eroding by toe erosion can be reasonably modeled with an 

exponential decay function. Ultimately, this work represents an in-depth investigation 

into the morphologic influence of debris flow deposits, valley bottom, and channel on 

decadal-scale sediment delivery of post-wildfire debris flows to rivers. The datasets 

produced through this work will help improve understanding of how large sediment 

pulses may influence downstream ecological habitat and impact reservoirs or other 

infrastructure. 

(151 pages) 
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PUBLIC ABSTRACT 

 

 

Constraining Decadal-scale Erosion and Delivery  

 

of Post-wildfire Debris Flow Deposits  

 

Casey Langstroth 

 

 

Debris flows generated from wildfire pose significant risk to increased 

sedimentation to instream river networks, degradation of water quality, and accumulated 

sediment behind downstream reservoirs. Despite an abundance of research investigating 

the probability of debris flow generation, the constraints on deposit initial volume, and 

most recently the initial grain size distribution, there remains a significant knowledge gap 

in understanding the temporal scale at which debris flows supply sediment to river 

networks after deposition. To provide reliable estimates of sediment delivery from debris 

flow deposits over time, two important metrics must be constrained: 1) how does 

sediment delivery to river networks from post-wildfire debris flow deposits change over 

time, and 2) which local, reach-scale hydrogeomorphic features influence the relative 

magnitude of debris flow sediment delivery over time? With a combination of remote 

analysis and fieldwork of 58 identified debris flows in the state of Utah, we have 

compiled a dataset representing volume loss from debris flow deposits through time. 

Three erosional processes are responsible for removing debris flow sediment over 

time. The axial river removes the largest magnitude of sediment from post-wildfire debris 

flow deposits due to fluvial processes at the toe of the deposit. We additionally observed 

channel incision on the deposit surface via tributary channels emerging from the 

generating tributary catchment. Lastly, we inferred a third process, surface deflation, that 
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results in volume loss from the debris flow deposit without any change to the deposit 

area. We found that initial volume loss is heavily driven by channel confinement and 

long-term erosion by the axial river can be modeled as an exponential decay function. 

Additionally, we proposed a new metric, the Debris Flow Delivery Potential, as a method 

to estimate the probability that a debris flow deposit would be initially delivered into the 

axial river. The framework presented here is aimed to improve long-term hazard 

assessment models regarding post-wildfire debris flow mitigation and planning. 
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INTRODUCTION 

 

 

Water security, or the availability of clean water for humans and ecosystems, is 

increasingly threatened by climate change and other natural and anthropogenic 

disturbances throughout the world (Stringer et al., 2021; Daneshi et al., 2020; Brown et 

al., 2019). In the western United States, communities are heavily dependent on reservoirs 

for drinking water, agricultural use, and energy via hydropower (Graf et al., 2010; 

Dettinger et al., 2015). As populations in the western states continue to grow, increased 

demand for water resources inevitably imposes stress on water infrastructure (Dettinger 

et al., 2015). Climate change has increased global temperatures, enhanced drought and 

aridity, and the increased the intensity and frequency of heavy rainfall and extreme 

weather events (USGCRP, 2018; Overpack and Udall, 2020; Dettinger et al., 2015). The 

combination of climate change and historical water, fire, and forest management practices 

make wildfire a considerable threat to water security for humans and ecosystems in many 

parts of the world, including western North America (Murphy et al., 2018; Martin, 2016; 

Hallema et al., 2018). 

Climate change has contributed to increased aridity and decreased snowpack, 

while in addition, historical wildfire suppression has unnaturally increased fuel loads in 

forested watersheds (Westerling et al., 2006; Boisramé et al., 2022). Altogether, these 

factors are responsible for projected increase in wildfire frequency, size, and severity in 

the western US in the coming decades (Abatzoglou and Williams, 2016). This is a 

pressing concern because forested watersheds are large contributors of freshwater in the 

United States (Brown et al., 2008; Daneshi et al., 2020). Wildfire can rapidly reshape the 

landscape by increasing the potential for erosion and lowering the rainfall thresholds for 
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intense flooding in the months and years following the fire (Moody and Martin, 2009). A 

lasting impact that can result from the ecosystem damage caused by wildfire is an 

increase in sedimentation rates to instream networks and downstream infrastructure 

(Moody and Martin, 2004; Hohner et al., 2016). Sediment accumulation in downstream 

reservoirs is of major concern in the western US due to the threat of reduced storage 

capacity and degraded water quality for dependent communities (Murphy et al., 2018). To 

predict and respond proactively to post-wildfire risks, many federal agencies rely on 

empirical models to better understand the potential fire-induced responses in watersheds. 

A potentially catastrophic, and yet common, fire-induced response in forested 

watersheds is the generation of debris flows. Existing post-wildfire hazard assessment 

models typically focus on predicting the probability of occurrence (Staley et al., 2017), 

initial sediment volume (Gartner et al., 2008; Gartner et al., 2014; Wall et al., 2023) and 

grain size distribution of debris flows (Wall et al., 2023) emerging from burned tributary 

catchments. In addition, recent research has investigated the initial delivery and spatial 

distribution of post-wildfire sediment in river networks (e.g., Murphy et al., 2019; Brogan 

et al., 2019; Nyman et al., 2020). However, many models used in post-wildfire planning 

and mitigation end at predicting debris flow generation, volume, and initial delivery into 

a river; no existing model has constrained the temporal scale over which debris flow 

deposits contribute sediment to river networks in the years or decades following a 

wildfire. 

To predict and plan for the cascade of hydrologic, geomorphic, and ecologic 

dynamics that occur within a watershed after a wildfire, Murphy et al. 2019 developed a 

framework that links models of post-fire debris flow probability, volumetric yield, initial 
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sediment delivery into an axial river, and network routing at the watershed scale. This 

model relies on empirical relationships from Rickenmann (1999) to estimate the runout 

length of a debris flow deposit based on the deposit’s initial volume. Runout length, that 

is the length of the deposit from its apex to its toe (Figure 1), ultimately depends upon 

debris flow’s sediment volume, flow velocity, and peak discharge (Figure 1; Murphy et 

al., 2019; Benda and Dunne, 1997; Giles et al., 2016). A notable limitation of the delivery 

model presented by Murphy et al. (2019) is that it only estimates the initial delivery of 

debris flow sediment to a river network and does not provide a means to estimate long-

term delivery. Although not all post-wildfire debris flows are delivered an axial river, 

many are, and sediment fluxes in burned watersheds have been observed to remain 

elevated compared to background rates (Kirchner et al., 2001; Riley, 2012). There has not 

previously been a basis to predict the amount of sediment eroded from a debris flow 

deposit over time, and this information is lacking in network scale models. 

Initial effects from an increased sediment load following wildfire may include 

negative impacts to aquatic species such as submerged aquatic vegetation, 

macroinvertebrates, and fish communities. For example, fine sediment increases turbidity 

in river systems, which in turn can increase water temperature for many dependent fish 

and aquatic vegetation (Reale et al., 2015; Beakes et al., 2014). Elevated turbidity 

additionally reduces dissolved oxygen, as many submerged aquatic plants cannot survive 

with decreased sunlight (Sanders et al., 2022; Reale et al., 2015). Increased turbidity can 

persist for 5 to 10 years following wildfire, and debris flows deposited in the valley 

bottom can persist for millennia, supplying coarse- and fine-grained sediment many years 

after wildfire (Benda and Dunne, 1997; Verkaik et al, 2013; Rhoades et al., 2011; Nyman 
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Figure 1. A conceptual plan view illustration of a debris flow fan deposit in an axial 

valley bottom. Similar to the identified study sites, the debris flow deposit (brown) is 

initiated from a tributary catchment and deposited in the valley bottom (gray) of the axial 

river (light blue). In this example, the debris flow runout extends beyond the initial axial 

river position in the valley bottom, and both the axial river and tributary stream are 

shown incising through the body of the debris flow deposit. 

 

et al., 2020; Meyer and Pierce, 2003). Rivers more readily transport fine-grained hillslope 

sediments that are transported as washload or suspended sediment load (Nyman et al., 

2020; Reneau et al., 2007). However, post-wildfire debris flows often supply much larger 

magnitudes, and typically larger grain sizes, of sediment compared with hillslope rilling 

or sheetwash (Moody and Martin, 2009; Murphy et al., 2019). Conventional sediment 

routing models (e.g. SWAT, HEC-HMS, HEC-RAS, GeoWEPP) do not consider long-

term sediment delivery from post-wildfire debris flows deposited within the valley 

bottom. Critically, GeoWEPP, a commonly used model to estimate post-fire erosion, only 

routes sediment from planar hillslopes based off long-term runoff data at small scale 

watersheds, effectively discounting any sediment sourced via debris flows (Miller et al., 

2011; Renschler, 2003). 
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To date, long-term post-wildfire sediment storage and delivery has yet to be well-

documented and thus is not captured by available post-fire geomorphic models. This is 

compounded by the “messy” nature of post-wildfire sediment; it is often poorly sorted, 

has the potential to include and deliver large woody debris into channels, and can 

drastically alter river morphology and connectivity (Nyman et al., 2020; Benda et al., 

2003; Rust et al., 2019). Many have attempted to quantify the rate of sedimentation to 

reservoirs following wildfire, and recently, advanced sediment routing models, such as 

the Network Sediment Transporter (NST; Pfeiffer et al., 2020; Czuba et al., 2018), have 

been applied to predict downstream sedimentation impacts after wildfire (Murphy et al., 

2019). However, critical limitations still exist for post-wildfire sediment routing, 

including the lack of constraints on temporal trends of debris flows sediment delivery to 

river networks, how they influence the river’s ability to transport sediment, and the 

effects large sediment fluxes may have on network connectivity. Thus, it is crucial to 

quantify the rates of debris flow deposit erosion over time. 

Previous studies of alluvial fans deposited in valley bottoms have identified 

commonalities in erosional patterns, such as fluvial toe-cutting and the development of 

“feeder streams” on the fan surface (Giles et al., 2016; Leeder and Mack 2001). 

Observations suggest lateral erosion of alluvial fans by the axial river is driven by both 

external mechanisms, such as climatic forcing and tectonic tilting, and local geomorphic 

mechanisms, such as the river’s ability to transport sediment (or stream power), which is 

a function of shear stress, discharge, and channel slope (Giles et al., 2016; Leeder and 

Mack, 2001; Bagnold, 1966). For example, preferential erosion along the upstream edge 

of the alluvial deposit may be driven by the angle the axial river intersects the deposit, 
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while toe cutting may be heavily dependent on sediment supply and transport capacity 

(Giles et al., 2016; Leeder and Mack, 2001). While many studies have focused on the 

geomorphic response to large inputs of sediment to fluvial systems, very little research 

has focused on quantifying erosion rates of sediment deposits in the valley bottom due to 

the observed erosional processes. Furthermore, improved understanding of fluvial erosion 

of post wildfire debris flow deposits has implications for the broader geomorphic 

community; alluvial fans, landslides, fluvial terraces, and glacial deposits are similar 

examples of potential large sediment sources that may be eroded by rivers in processes 

and rates similar to those explored here. 

 

Research Objectives and Hypotheses 

To understand the temporal scale of sediment contribution from post-wildfire 

debris flow deposits, two research questions must be addressed: 

1) How does the erosion of post-wildfire debris flow deposits and delivery of 

sediment to higher order rivers change over time? 

2) Which local, reach-scale hydrogeomorphic features influence the relative 

magnitude of debris flow sediment delivery over time? 

To address these knowledge gaps, we developed a comprehensive dataset 

quantifying changes in the volume of post-wildfire debris flow deposits after deposition. 

The data in this study was obtained with a combination of fieldwork to obtain high 

resolution data of identified debris flow deposits at present day and remote sensing 

techniques, such as analysis in ArcGIS and aerial imagery, to measure changes over time. 

We first identified locations in historical imagery where debris flows had been generated 

in burned tributary catchments, were deposited within a valley bottom, and had the 
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potential to interact with axial rivers (Figure 1). For post-wildfire debris flow deposits 

that were initially delivered to the axial river, we evaluated the effects of channel 

confinement, local stream power, and other relevant morphometrics that may inform 

relative magnitude of debris flow sediment delivery over time. We hypothesized: 

1) Annual rates of post-wildfire debris flow deposit erosion will decay 

exponentially over time. 

2) The rate of sediment delivery is controlled by valley bottom morphology, 

debris flow deposit volume, and sedimentological characteristics. 

 

STUDY AREA 

 

 

All study sites identified for this study were within the state of Utah. Like many 

western U.S. states, Utah’s historical fire management practices consisted mainly of fire 

suppression (Westerling et al., 2006). Many of the large historical fires were from a time 

before western settlers arrived in Utah (Choate, 1965; Wagtendonk, 2007). Historical fire 

suppression in the state of Utah promoted the growth of less fire-resistant tree stands and 

artificially high fuel loads (Choate, 1965; Halofsky et al., 2018). Unnaturally high fuel 

loads promote higher severity wildfire and in turn, potentially large sediment fluxes into 

Utah’s watersheds. Increased sedimentation of Utah’s river systems has resulted in 

concern over the state’s infrastructure, especially freshwater reservoirs, bridges, roads, 

culverts, and urbanized areas (UDWR, 2010). Furthermore, as the population in the state 

of Utah continues to grow, many communities are expanding into the Wildland Urban 

Interface (WUI) and more infrastructure is moving into fire-prone land (Halofsky et al., 

2018; Radeloff et al., 2018). 
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Most of the freshwater supply in Utah is sourced from precipitation in the form of 

snowpack in forested watersheds, which account for over 25% of the state’s landcover 

(UDWR, 2021; Choate, 1965). Additionally, Utah consistently ranks as the second driest 

state in the United States, receiving an average of 13 inches of precipitation a year 

(UDWR, 2021). Under all projected climate scenarios, Utah snow accumulation is 

projected to decrease, and snowmelt is expected earlier in the year, imposing further 

stress on Utah’s water security (Khatri & Strong, 2020; EPA 2016). Despite the projected 

population growth (UDWR, 2021), projected water deficit (Khatri & Strong, 2020; EPA, 

2016), and projected increase in wildfire frequency and severity (Abatzoglou et al., 2021; 

Westerling et al., 2006), the state of Utah has yet to address its reservoir vulnerability to 

excessive sedimentation resulting from wildfire beyond background sedimentation rates 

(UDWR, 2021). The conditions from historical wildfire management coupled with risky 

development patterns and projected water scarcity in Utah underscores the growing need 

to understand the hydrologic and geomorphic risks wildfire poses to the state’s 

infrastructure. 

 

Study Sites 

Potential study sites (i.e., post-fire debris flow deposits) were all initially 

identified from aerial imagery. Criteria for site identification via aerial imagery included: 

the debris flow deposit was located within a mapped wildfire perimeter, the debris flow 

deposit extent was clear and unambiguous with minimal vegetation or shade, satellite 

imagery was available at ≤ 1-meter spatial resolution, the debris flow had been deposited 

within a valley bottom as opposed to within a tributary catchment, and the debris flow 

deposit was deposited adjacent to an axial river (Figure 1). Additionally, because one of 
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the primary goals of this research was to identify changes to debris flow sediment 

delivered over time, study sites were required to have at least three dates of imagery, 

including the initial imagery showing deposition. 

The identified debris flow deposits for this study were within seven wildfire 

perimeters across the state of Utah. Using data sourced from the Monitoring Trends in 

Burn Severity (MTBS) website (Eidenshink et al., 2007), seven burn perimeters within 

the state of Utah were identified for this study (Figure 2a). The oldest fire included in this 

study was the 2010 Twitchell Canyon Fire, and the youngest fires were the Dollar Ridge, 

Pole Creek, and Trail Mountain Fires, which all ignited in 2018. The lowest elevation site 

was 1874 meters above sea level (masl), and the highest elevation was 2982 masl. Most 

of the debris flow deposits intersected a perennial stream, except in the Clay Springs Fire, 

where debris flows occurred within an intermittent watershed (Table 1). Within the seven  

 

 

 

 

 

 

 

 

Figure 2. A) Perimeters of wildfires within the state of Utah that were attributed to the 

debris flow deposits included in this study. The polygon color indicates the year of 

ignition, denoted in the legend. B) Total count of all the identified sites for this study by 

each fire. Gold represents sites surveyed in the field and navy blue represents sites 

documented by remote analysis only. 
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Table 1. Fire and watershed statistics in this study. NHD = National Hydrography Dataset 

(USGS, 2019), I = Intermittent, P = Perennial, MAP = 30-yr mean annual precipitation, 

Ro = Annual Runoff, MAT = 30-yr mean annual temperature, sourced from StreamCat 

(Hill et al., 2015). Bmh = percentage of area burned at moderate or high severity, sourced 

via MTBS.gov (Eidenshink et al., 2007). 

Fire Watershed 

Fire, 

Year 

Burn 

Area 

(km2) 

Bmh 

(%) 

 

 

Name 

Area 

(km2) 

Relief 

(m) 

MAT 

(°C) 

MAP 

(mm) 

Ro 

(mm) 

Mean 

Elev. 

(m) 

NHD 

Stream 

Class. 

Clay 

Springs, 

2012 437.6 68 

 

Fool 

Creek 39.2 1343.6 9.8 495.7 29.0 2231.4 I 

   

Wild 

Horse 

Cyn. 9.0 642.8 8.6 422.8 29.0 2058.0 I 

   

Little 

Oak 

Cyn. 5.4 1091.0 8.6 491.5 29.0 2160.2 I 

   

Hands

crabbl

e Cyn. 2.0 956.1 9.8 491.5 29.0 2326.5 I 

Dollar 

Ridge, 

2018 234.3 31 

Avinta

quin 

Cyn. * 66.6 1038.0 6.3 528.6 57.8 2458.3 P 

   

Timbe

r Cyn. 

* 120.4 1091.8 4.5 574.9 58.0 2617.2 P 

Pole 

Creek, 

2018 419.0 24 

Lake 

Fork 

121 1303.2 6.5 631.8 245.8 2341.8 P 

   

Blind 

Cyn. 553.1 1715.1 7.0 478.3 248.0 1992.8 P 

   

Spanis

h Fork 60.0 960.2 7.0 554.8 245.0 2260.0 P 

Seeley, 

2012 194.5 16 

Hunti

ngton 

Creek 

* 16.4 823.3 3.0 740.2 24.5 2830.7 P 

   

Left 

Fork 

Hunti

ngton 

* 105.0 850.6 3.0 689.6 24.6 2797.5 P 

Shingle, 

2012 32.6 40 

Dairy 

Cyn 10.8 502.1 6.7 507.7 38.0 2317.7 P 

Trail 

Mountai

n, 2018 71.6 78 

 

Mill 

Fork 16.3 1099.2 4.0 684.8 24.0 2717.6 P 
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Table 1. (cont.) 
Twitchell 

Canyon, 

2010 181.6 67 

 

Fish 

Creek 174.5 1818.8 6.5 790.4 67.4 2734.2 P 

   

North 

Fork 

North 

Creek 14.7 1408.4 4.9 722.5 30.3 2695.2 P 

*Indicates presence of an upstream reservoir 

 

 

identified burn perimeters, 58 debris flow deposits were identified and analyzed for this 

study (Fig. 2). Of the 58 total study sites, 30 were surveyed in the field during summer 

2023, and the remaining 28 sites could only be analyzed using remote sensing via aerial 

imagery (Fig. 2b). 

The 58 identified sites exhibited a wide range of catchment characteristics, such 

as slope, wetness index, and soil depth, which have all been identified as controls on the 

initial grain size distribution of post-fire debris flow deposits (Wall et al., 2023). 

Additionally, each tributary catchment experienced a range of burn severities, which 

likely influenced their initial volume (Gartner et al., 2014; Wall et al., 2023). The range in 

initial debris flow deposit areas for the 58 identified sites was between approximately 400 

m2 to 20,000 m2. Sites selected for more detailed field surveys were selected primarily 

based on their accessibility, and in some cases, also the availability of previous field data 

(Wall et al., 2023; Murphy et al., 2019). 

 

METHODS 

 

 

To identify factors influencing the temporal scale of post-wildfire debris flow 

deposit erosion and sediment delivery into river networks, we used a combination of 

remote sensing, fieldwork, and statistical modelling outlined below. Primary observations 
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of changes to debris flow deposit area were made via aerial imagery. We measured 

various metrics remotely in ArcGIS, such as tributary catchment characteristics, valley 

bottom morphology, and plan view channel change of the axial river. Fieldwork surveys 

were conducted in the summer of 2023. Surveys made in the field were primarily focused 

on documenting the debris flow deposit present-day extent, the depth of the deposit, and 

lastly the grain size distribution of the deposit. Additionally, we surveyed the axial river 

in the form of cross-section surveys and grain size analysis of the channel bed. Data 

obtained by 2023 field surveys were additionally used to verify any assumptions in debris 

flow extent (e.g., areas obscured by shade or vegetation) made via imagery. 

 

Historical Imagery Analysis 

Changes in area of debris flow deposits were delineated via imagery sourced by a 

combination of Google Earth Pro, National Agriculture Imagery Program (NAIP; naip-

usdaonline.hub.arcgis.com), and Hexagon imagery obtained from the Utah Remote 

Reference Center (UGRC; gis.utah.gov). The Hexagon imagery was available in 15-

centimeter and 30-centimeter resolution in the years 2018 and 2021, respectively. The 

availability of repeat imagery varied by site, with the minimum number of images being 

set at three and the maximum number of images at any site being six (Table 2). The 

highest resolution images were in 2018 at 15-centimeter resolution in the form of 

Hexagon tiles. The lowest resolution images were 1-meter from NAIP used only for two 

sites that initiated in 2016 from the Twitchell Canyon Fire in 2010. Imagery of pre-fire 

conditions was sourced from Google Earth Pro. Available pre-fire imagery for each site 

varied in spatial resolution and in some cases was limited by dense vegetation. Analysis 

regarding pre-fire axial river morphology was limited to sites with clear (e.g. spatial 
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resolution, shade, vegetation) imagery before the wildfire. The availability of aerial 

imagery ensured there was always one image before debris flow deposition at each site. 

 

Debris Flow Deposit Delineation 

 

For the first year of imagery after wildfire where a debris flow deposit was 

observed, the initial deposit was delineated by hand in ArcGIS. The observations made 

via the first year of imagery set two boundary conditions: the projected initial debris flow 

extent, which informed the initial volume estimate (Vint), and the volume of the debris 

flow deposit remaining after accounting for the conditionally delivered sediment within 

the first year of deposition (V0). Any potential volume difference between Vint and V0 is 

limited to erosion that occurred in the time between deposition and the first image 

revealing the deposit. In these cases, we typically observed via imagery that the deposit 

appeared to have runout into and/or across the axial river; however, the axial river was 

unimpeded and clear of sediment fill (e.g., Figure 1). Thus, it was assumed the axial river 

had eroded this channel spanning sediment fill is eroded sometime within the first year. 

Table 2. Each fire identified for this study with their imagery sources by year. The cell 

with the fire abbreviation represents the year of ignition. Red lines between years 

represent gaps in times omitted for space. In these gaps, there was no available or clear 

imagery for any sites. 
2002 2005 2010 2011 2012 2013 2014 2015 2016 2018 2019 2020 2021 2022 

  Tw            

    CS          

    S          

    Sh          

Google Earth      TM     

Hexagon       PC      

NAIP       DR     

Tw = Twichell, CS = Clay Springs, S = Seeley, Sh = Shingle, TM = Trail Mountain, PC = Pole 

Creek, DR = Dollar Ridge 
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To maintain consistency in delineating the initial debris flow extents, the deposit 

apex was always terminated at the valley bottom margin closest to the tributary 

catchment. If there was visual evidence that a debris flow deposit had runout across the 

axial river channel, the initial area was estimated by extending a polygon across the 

channel to include this extent. Initial changes to area were then delineated for the same 

initial image but represented the visible debris flow sediment, informing estimates for V0. 

To ensure consistency in the debris flow deposit polygons between years of imagery, each 

polygon was copied between years and only reshaped if and where change was evident. If 

there was clear evidence of a secondary depositional event, resulting in an increase in the 

polygon area, the time since deposition was restarted at zero. This scenario was evident in 

only four sites across the total 58 sites.  All final delineated debris flow deposit polygons 

were projected from the imagery coordinate system of WGS 1984 into the UTM 

projected coordinate system with their area and distances preserved, and then their areas 

were calculated in ArcGIS. 

 

Field Surveys 

Field surveys were conducted at 30 of the 58 sites. Field data collection included 

the debris flow deposit areal extent and depth in summer 2023 and the deposit surface 

grain size distribution (GSD). Additionally, we surveyed axial channel cross sections and 

documented the channel bed GSD. Field data were useful to understand how flow and 

sedimentological characteristics might influence the relative magnitude of debris flow 

sediment delivery to axial rivers over time as well as verify the debris flow extents 

mapped via imagery. There were a total of 12 sites, with at least one site in each wildfire 
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perimeter, in which we had previous GSD collected from a deposit in either summer 2020 

by Wall et al., (2023) or 2017 by Murphy et al., (2019). 

 

Debris Flow Deposit Surveys 

 

Field surveys of the debris flow deposits were conducted using a Real Time 

Kinematic- (RTK) GPS survey device with centimeter-grade accuracy. At each 

observation point along the deposit perimeter, on the deposit surface, and on the 

identified pre-debris flow surface (explained in more detail below), we recorded a GPS 

coordinate along with a corresponding descriptive ID. After field surveys were complete, 

the RTK-GPS data was uploaded to the Online Positioning User Service (OPUS) to 

ensure maximum accuracy of the survey data. In cases where it was unfeasible to hike 

RTK-GPS survey equipment to field sites, the areal extent of the debris flow deposit was 

documented using a handheld GPS and mapped in ArcMap. 

The polygons of debris flow deposit areas initially delineated via aerial imagery 

were used to help inform field mapping. In the field, the perimeters of the debris flow 

deposits were identified based on lateral transitions observed in material and grain size 

characteristics of the deposit versus underlying soil or sediment, as well transitions in 

vegetation between the debris flow surface (where vegetation was either absent, less 

dense, or more recently established) and the more established vegetation on hillslopes or 

soil surfaces (Figure 3). In cases where post-fire debris flow sediment was interpreted to 

be deposited on top of a historical, pre-fire alluvial fan surface, the most recent post-

wildfire deposit was distinguished from older deposits based on the relative degree of 

visible surficial weathering (e.g., desert varnish) and/or the presence/absence of lichen 
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(Figure 3). If any recent debris flow sediment was observed on the distal side of the axial 

river, it was also surveyed. In cases where the debris flow deposit appeared to have  

 

 

 

Figure 3. Field images showing the interpreted boundary of debris flow deposit extents. 

The left most image shows the perimeter of a debris flow deposit (in red) at a boundary 

with vegetation and hillslope sediment. The image to the right shows fresh debris flow 

sediment and the inset image shows characteristics of physical weathering in deposits 

interpreted to be from historic debris flow events. 

 

reached and delivered sediment to the axial river at time of occurrence, the active channel 

was not included in the surveyed deposit extent. 

After surveying the areal extent of each debris flow deposit, we identified and 

additionally surveyed both the pre- and post-debris flow surfaces to provide estimates of 

the approximate depth of each deposit. The post-debris flow surface was defined as the 

surface of the present-day debris flow deposit, and the pre-debris flow surface was any 

surface interpreted as present before deposition. The pre-debris flow surfaces within the 

deposit extent were identified where tributary channels had incised into the deposit or 

where the axial river had cut into the deposit and exposed the boundary with the present-
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day debris flow deposit. In locations where the debris flow deposit was not exposed via 

eroded surfaces, we dug pits into the body of the debris flow deposit to locate and survey 

the elevations of the pre-debris flow surface. A minimum number of depth measurements 

was collected at each site based on the deposit area, with at least one depth measurement 

for every 1,000 square meters (e.g. a 5000 m2 deposit had ≥ 5 depth measurements), 

resulting in depth measurements ranging from n = 5 to 40 per deposit across our sites. 

Locations of depth measurements varied between sites, but in general, the intention was 

to survey near the apex of the deposit, near the upstream and downstream extents (with 

respect to the axial river), at the toe, and at locations within the deposit body to ensure the 

deposit thickness was accurately represented. In cases where we were without the RTK-

GPS unit, we manually measured the depth of the debris flow based on a relativized 

datum (z = 0) based on the pre-deposit surface at each measurement location. 

At each location, the boundary between pre-debris flow surface and post-debris 

flow surface was primarily identified based on changes in sediment size and texture (e.g., 

a transition from coarse gravel underlaid by fine floodplain sediment or soil, as well as 

degree of sorting and grading). Previous research has suggested that debris flow deposits 

can be inversely graded (i.e., coarsen upwards), due to the process of kinetic sieving 

(Wall et al., 2023; Naylor, M., 1980). This insight proved critical in our identification of 

the boundaries between the post-debris flow surface from the pre-debris flow surface, 

especially in cases where there was evidence of multiple stratified debris flow deposits. 

Specifically, we distinguished the boundary between the most recent deposit from 

previous deposits by the transition from relatively fine, unsorted sediment to a distinct 
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layer of coarser sediment, which we interpreted as the upper surface of a previous debris 

flow deposit. 

Lastly, at each field site, we conducted a Wolman pebble count (Wolman, 1954) to 

estimate the grain size distribution of the debris flow deposit surface. The grain size 

distribution measured on each debris flow surface consisted of a minimum of 200 

observations made during a random walk and measured via gravelometer. The largest 

grain size class represented was > 250-mm and the smallest class was < 2-mm. Where 

applicable, we compared surface grain size distributions from field surveys with those 

previously conducted on the same deposits (Murphy et al., 2019; Wall et al., 2023). 

In total, we evaluated 12 sites for changes in their surface grain size distribution 

(specifically changes to the median grain size, D50) due to the availability of previous 

documented grain size analysis. These include 10 sites which overlapped with 2020 field 

surveys conducted by Wall et al., (2023) (Trail Mountain 1, Dollar Ridge 1, 4 and 5, Clay 

Springs 1 and 2, Seeley 1, Shingle 1, Pole Creek 1, and Lake Fork 1). The two remaining 

sites in which we could compare previous surface grain size distributions were Fish 

Creek 5 and 7, within the Twitchell Canyon Fire, that were surveyed in 2017 by Murphy 

et al., (2019). 

 

Axial Channel Surveys 

 

To understand the influence of the axial river on the erosion of debris flow 

sediment over time, we additionally collected data on the axial channel over a reach 

extending 500-meters upstream and 500-meters downstream of the approximate center of 

the deposit at each of the 30 surveyed deposits. We documented at least one cross-section 

at the toe of the deposit, one upstream of the deposit, and one downstream of the deposit, 
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where accessible. At each site, we used the RTK-GPS to measure channel cross-sections 

and longitudinal bed slope. Between each cross-section, we surveyed the channel thalweg 

approximately every meter to characterize the bed slope through the deposit reach. In 

selecting specific cross-section locations, we identified areas that were accessible, safe to 

wade, and appeared representative of the local reach conditions. For example, we 

generally avoided surveying cross-sections at knickzones, wood jams, or any other large 

obstructions that might affect reach geometry. Survey data were uploaded to R, and we 

used the splancs package to calculate the cross-sectional area of the maximum channel 

depth observed in field surveys (Rowlingson and Diggle, 1993). 

At each debris flow in which we surveyed the axial channel, we conducted a 

Wolman pebble count with a gravelometer consisting of at least 100 measurements in the 

axial channel bed through the reach intersecting the deposit (no more than 100 meters 

upstream or downstream of the center of the deposit). The grain size classes were the 

same as those for the deposit surface grain size data collection. Any sediment measured 

in the active channel was categorized as channel bed sediment, even if it was interpreted 

to be sourced from the adjacent debris flow deposit. 

 

Debris Flow Deposit Volume Modeling 

Field-based 3D Volume Reconstruction 

 

From the measured elevations of pre- and post- debris flow surfaces, we 

calculated the field-surveyed volumes and estimated the initial volume of the deposit. To 

calculate the volumes surveyed in summer 2023, field data points were imported into 

ArcGIS as XYZ points and used to create Triangular Irregulated Network (TIN) surfaces 

of the pre- and post-debris flow topography at each site (Figure 4). In cases where 
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relative depths were measured by hand (at recorded XY coordinates), the pre-debris flow 

surface was assumed to be a planar surface with a uniform elevation. 

 

 

 

 

 

 

 

 

Figure 4. A conceptual figure of a pre- (red) and post-debris flow (green) TIN surface for 

a deposit. The diagram on the right depicts the cross-sectional transect A to A’ shown in 

the plan view figure of the deposit on the left. The points shown in the plan view TIN 

surface represent the spatially explicit locations of depth measurements collected from 

across the deposit. 

 

The pre- and post-debris flow TIN surfaces were both converted to gridded 

Digital Elevation Models (DEMs) with a 1-meter cell resolution (i.e., smaller than the 

spacing between depth measurements), and the pre-deposition DEM was subtracted from 

the post-debris flow DEM to create a spatially explicit map of the deposit thickness. The 

deposit volumes could then be calculated as the summation of the deposit thickness raster 

multiplied by the area of each grid cell (here = 1 m2). 

In cases where the debris flow deposit was interpreted to have crossed and filled 

the axial river at the time of initial deposition, estimates of initial deposit volume were 

made by interpolating deposit surfaces across the entire mapped extent of the deposit as 

delineated from historical aerial imagery (Figure 5). The volume of sediment that 
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potentially filled the axial river (referred to here as “channel fill”) was then approximated 

based on estimates of pre-deposit channel geometry. Although we field surveyed the 

channel cross-sections in summer 2023, given the likelihood of post-fire changes in flow 

and sediment dynamics through the reach following the debris flow input, we did not 

assume this depth to be representative of its pre-fire condition. Thus, as many of our 

study sites were ungauged and all lacked pre-deposit channel surveys, we relied on 

regional curves to estimate the bankfull depth of the pre-fire channel based on the 

upstream drainage area of the axial river at the depositional reach (Bieger et al., 2015). 

 

 

 

 

 

 

 

 

 

Figure 5. Conceptual diagram illustrating how the initial extent of the debris flow deposit 

(brown) and channel fill volumes were estimated. Green areas represent the pre-debris 

flow surface. The bottom panel on the left depicts the interpolated debris flow extent over 

the axial river where the red lines represent examples of depth measurements throughout 

the deposit. Bd = estimated channel bankfull depth (based on Bieger et al., 2015), Bw = 

channel bankfull width, L = channel length measured in plan view from imagery either in 

pre-fire imagery or in the first image the deposit was observed. 

 

Next, we estimated the length and average pre-fire axial channel width through 

the depositional reach based on measurements from the pre-fire aerial imagery and/or the 

first available image where the deposit was visible after wildfire (Figure 5). The product 
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of the estimated pre-fire channel depth, length, and width through the depositional reach 

was then used as an estimate of the volume of sediment that had filled the channel at time 

of deposition and subsequently been eroded. At sites where there was no evidence of 

initial delivery to the axial river, this channel fill volume was assumed to be zero. 

There were numerous points of uncertainty and potential error in estimates of 

channel fill and erosion. First, our estimates of bankfull channel depth from regional 

curves may not have accurately captured local variability that existed in the channels. 

Second, our calculations assumed the axial river geometry (and thus channel fill) could 

be reasonably estimated as a rectangular channel. Third, we assumed deposits filled the 

axial channel completely, such that the bankfull depth of the channel is equal to the 

deposit thickness. And finally, with respect to the timing of delivery and erosion, we 

assumed in all cases that the estimated channel fill sediment was completely eroded 

within the first year following deposition (from Vint to V0). Although there was no way to 

confirm the magnitude or timing of our eroded channel fill estimates, we were limited by 

the available data and suggest that the approach taken can at least provide an estimate of 

an eroded volume of sediment that would otherwise go unaccounted for and, at least in 

some cases, may represent a substantial percentage of the total delivered sediment. 

 

Partitioning Eroded Volumes by Observed Processes 

 

Repeat aerial imagery provided us with the ability to observe two distinct 

processes responsible for eroding debris flow deposits: incision across the body of 

deposit by tributary channels and erosion of the deposit toe by the axial river. To estimate 

the volumes removed each year from the visible changes to debris flow area, we 

delineated polygons representing the area lost at the toe of the deposit and separately for 
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the area lost from incision into the deposit surface between all available years of imagery. 

The raster of the debris flow deposit thickness was then clipped by the respective 

polygons (Figure 6) and multiplied by the cell area to estimate the volume loss at the toe 

of each debris flow deposit and into the body of the deposit, as applicable. 

 

 

 

 

 

 

 

 

 

 

Figure 6. Example of volumetric partitioning by erosional process. The orange raster at 

left shows the deposit thickness mapped across the entire initial deposit extent, with 

thickness increasing from yellow to orange to red. The delineated areas in the insets to 

the right are examples of areas delineated and clipped to calculate the volume of eroded 

volume from a given image. 

 

This technique was repeated for each year of available imagery for our field sites, 

editing the area of loss due to each erosional process in each image. We ensured polygons 

for the two erosional processes did not overlap to avoid double-counting erosion. For 

years in which there was no visible evidence of erosion, the volume loss was calculated 

as zero for the two processes. In years in which there was no available imagery, estimates 

of volume loss were not calculated – effectively time-averaging the volumetric erosion 
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rates between available image dates. Ultimately, using this approach we developed an 

empirical dataset of debris flow deposit loss due to toe erosion or tributary channel 

incision for every deposit in our study. 

 

Surface Deflation 

 

Field observations provided evidence of a likely third erosional process occurring 

over the debris flow deposits, referred to herein as “surface deflation”. Surface deflation 

refers to the loss of material due to sheetwash or rilling across the debris flow deposit 

surface, which could preferentially remove fines and erode the deposit surface without 

any apparent loss of area in plan view. After delineating and calculating the volumes lost 

to toe erosion or tributary channel incision over time, the remaining uneroded deposit 

area in each image was used to estimate a potential volume loss to surface deflation. We 

assumed that surface deflation would occur every year, and without any constraints to 

suggest otherwise, applied a constant rate to estimate its potential contribution to erosion 

independent of changes in area or the other two mapped processes. Additionally, in 

calculating volumetric loss due to surface deflation, we assumed the area of the debris 

flow deposit remained unchanged between years of available imagery. 

Without constraints on potential surface deflation rates, we applied reasonable 

estimates for a lower and upper bound based on erosion rates from published literature. 

The selected upper bound was 5 mm per square meter per year, and the selected lower 

bound was 0.1 mm per square meter per year. Hillslope soil erosion rates following 

wildfire have been documented with rates ranging from 0.1 to 0.6 mm m-2 yr -1 for 

prescribed fires and up to 2 to 12 mm m-2 yr -1 in high severity fires (Robichaud, 2000; 

Robichaud and Waldrop, 1994). It is important to note these rates apply specifically to 
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erosion of fine-grained soil material from hillslopes, while post-wildfire debris flow 

sediment is coarse, poorly sorted, and unlikely to exhibit hydrophobicity as is typical in 

post-fire soils (DiBase and Lamb, 2019; Nyman et al., 2020). Therefore, we decided to 

limit our upper bound to 5 mm m-2 yr -1 and expect this would still likely represent an 

extreme case for a debris flow deposit. 

Given the field evidence for surface deflation, our estimates of initial deposit 

volume (Vint) needed to include any volume potentially lost due to this process. 

Therefore, we added the estimated total volume eroded by surface deflation (for both the 

lower and upper bound) to our estimates of the initial deposit volume at all 58 sites. In 

cases without any evidence of other erosional processes (i.e., no changes in area), these 

estimated surface deflation volumes represented the only erosion. Further, not including 

any estimate for this process could result in underestimated initial volumes for all of our 

study sites. As a result of using a bounded range of estimated rates for surface deflation, 

all initial volume estimates are presented with a range; however, the minimum estimated 

represents the case in which there is no surface deflation (Table 4). 

 

Imagery-based Area-Volume Regression Analysis 

 

To evaluate volumetric change at the 28 sites that were not surveyed in the field, 

we first used the data from the 30 field sites to determine the relationship between the 

deposit areas and 3D-reconstructed volumes as measured in the 2023 field surveys. Prior 

research has indicated there is a power-law relationship between deposit area and volume 

(e.g., Iverson, 1997; Murphy et al., 2019; Wall et al., 2023) described by Equation 1: 

 

𝑉 =  𝐴𝑏 Eq. 1 
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Where V represents the deposit volume (m3), A represents the deposit area (m2), 

and b is the best-fit exponent. To fit a value for b, we first log-transformed Equation 1 to 

allow for linear regression: 

𝑙𝑜𝑔10𝑉 =  𝑏(𝑙𝑜𝑔10𝐴) Eq. 2 

 

 

No additional fitting coefficients were included in the regression (i.e., an intercept 

of a linear fit) to force the relationship through the origin, such that volumes equal zero 

when there is no measurable area. However, it is important to note that forcing the 

intercept through zero results in an artificially inflated R2, because the R2 is calculated by 

comparing the input model to an intercept-only model. The intercept-only model, also 

known as the null model, tests the null hypothesis that the dependent variable, y, is a 

function only of the intercept (i.e., it fits better without any predictor variables). When the 

intercept is removed from the regression, the null model inherently performs worse 

relative to the input model, and the result is an inflated R2 that is not representative of the 

true goodness of fit (McFadden, D. 1974; Grob, J., 2003; Weisberg, S., 2005). Thus, for 

our regression, we rely on the cross-validated R2 and the cross-validated the root mean 

standard error (RSME) to evaluate the performance of the log-transformed area-volume 

model. 

In addition to evaluating this relationship based on the deposit volumes measured 

during 2023 surveys, we evaluated the relationship between the projected areas of initial 

deposits (e.g., interpolated across axial channels) and the respective estimates of initial 

deposit volumes (e.g., including estimates of eroded channel fill and surface deflation). 

Accordingly, we conducted these regressions using the initial volumes estimated under 

both surface deflation rates. 
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Lastly, because our identified sites were cases where a debris flow enters a 

relatively low slope valley bottom (and thus deposits laterally, much like an alluvial fan; 

Figure 1), the toe and body of a debris flow deposit can exhibit differences in thickness 

(Bull, 1977; Blair and McPherson, 2009; Murphy et al., 2019). This observation indicates 

in order to most accurately estimate volume loss at the toe to the axial river, the best-fit 

value for b should reflect variable thickness throughout the deposit. Therefore, to best 

estimate volume loss by the identified erosional processes at the 28 remote sites, 

partitioned volumes were regressed against the partitioned areas at the toe and throughout 

the body of the deposit (Figure 6). Consequently, regressing the partitioned 3D-

reconstructed volumes against the partitioned areas each time step (Figure 6) was crucial 

to accurately constrain the magnitude of toe erosion by the axial river or tributary channel 

incision via aerial imagery for the 28 remotely mapped sites. 

 

Error Estimation for Deposit Volumes 

 

The 2023 field survey data of deposit areal extents and corresponding volumes 

derived from measured deposit thickness represent our highest certainty data available for 

evaluating the area-volume relationship of deposits. Potential uncertainty in the field data 

would primarily result from errors in accurately identifying either the deposit perimeter 

or the contact between the pre-debris flow surface and the deposit. Our field method of 

documenting the perimeter and thickness in the field has previously been estimated to 

result in errors of approximately -25% to +30% in deposit volumes (Santi, 2014). The 

largest sources of error arise from inaccurate estimates of the deposit thickness, especially 

in cases where present-day debris flows are deposited on historical alluvial fans. While 

we cannot ensure deposit thicknesses were accurately measured without error, evaluation 
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of previous imagery for evidence of multiple depositional events and the use of digital 

maps for reference in the field that showed the extents of deposits as delineated from 

imagery prior to our field visits helped improve our confidence in the mapping of 

deposits. Lastly, while RTK-GPS devices are extremely accurate when used correctly, in 

cases where there was poor satellite visibility or communication between the rover and 

the base station, we recorded deposit depths by hand to avoid any errors in elevation 

estimates arising from poor GPS signal. This was a crucial step, as inaccurate estimates 

of depth propagate into larger errors in volume estimates than inaccuracies in perimeter 

boundaries (Santi, 2014). This secondary method of recording depths in locations with 

poor GPS signal proved useful in comparing the average hand-measured thickness  

against the reconstructed thickness via TINs in ArcGIS in cases of low confidence in the 

RTK-GPS measured elevations. 

To evaluate the degree of error potentially introduced by estimating deposit 

volumes based on areal extent, specifically with the 28 remotely mapped sites, we 

compared the volumes predicted by our area-volume regression model against the TIN-

modeled volumes (derived from field measured depths) for our 30 field sites. Error 

estimates were made by comparing the normalized residuals between the 2023 surveyed 

deposit volume against the estimate from the linear regression model (Eq. 2). 

Additionally, initial deposit volume estimates for all 30 field sites were evaluated against 

estimates from published post-fire debris flow volume models (Gartner et al., 2014; Wall 

et al., 2023). This approach provided one additional reference to assess our initial volume 

estimates against what might be expected based on these existing empirical models. 
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Local Morphometrics 

Local morphometrics measured for this study focused on the axial river valley 

bottom and plan view channel and included, but was not limited to, channel confinement, 

lateral migration distances of the axial river, and the confluence angle (defined as the 

internal, upstream angle between the debris flow generating tributary and the axial river 

at their confluence). We also evaluated the influence of the relative lateral position of the 

pre-deposition axial river in the valley bottom on initial delivery into the river network. 

Additionally, we evaluated the morphology of the initial deposit, including the deposit 

splay angle and the projected runout length. Elevation data used to delineate valley 

bottom margins was sourced from 10-meter Digital Elevation Models (DEMs) retrieved 

from The National Map (USGS, 2019) for each burn perimeter. 

 

Valley Bottom and Planview Channel Morphology 

 

Using 10-meter DEMs, the valley bottoms were hand-delineated at each site by 

observing breaks in slope using the Exploratory Analysis tool in ArcGIS. At each site, the 

valley bottom was delineated 500 meters upstream and downstream from the center of 

the debris flow deposit. Additionally, channel polygons were delineated by hand over 

same the 1-km reach using: pre-fire imagery if available, imagery at the time of 

deposition, and with 2021 imagery which was available at every site in high resolution 

(30-cm) Hexagon Imagery. To identify and map channel widths, bankfull indicators were 

identified via imagery, and in many cases, these were observations of point bars and 

cutbanks outside of the visible water surface at the time of imagery (Harrelson et al., 

1994; Figure 7). 

 



30 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Screenshot of a bankfull indicators (point bars and vegetation) in a post-debris 

flow channel segment. The dashed line and light blue fill represent the visible water 

surface, and the solid line represents the approximate bankfull width. 

 

A primary variable assessed for this study was channel confinement, which 

quantifies the available space within the adjacent floodplain for the channel to laterally 

meander in response to large fluxes of sediment (Benda et al., 2007). After delineating 

both the valley bottom and channels for each site, their widths were approximated using 

the Fluvial Link Average Width tool – part of the USUAL Watershed Tools (David et al., 

2023). We estimated channel confinement as the ratio of the reach-averaged channel 

width to the reach-averaged valley bottom width (Benda et al., 2007). In addition to 

channel confinement, other variables were extracted to describe changes in channel 

planform geometry from pre-fire to post-fire, including channel width change, the 

confluence angle, change in channel sinuosity, and any lateral channel migration 
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following debris flow deposition. The confluence angle was measured manually in 

ArcGIS, and the channel sinuosity was calculated as the ratio of along-channel length to 

the straight-line valley length as measured in ArcGIS (Leopold et al., 2000). 

 

 

 

 

 

 

 

Figure 8. A schematic of the channel distance from the contributing margin, xb. A) 

represents the channel location pre-fire, while B) represents the channel location after 

debris flow deposition, in this case, moving in a negative direction closer to the 

contributing margin (i.e., a decrease in xb length). 

 

Lateral migration of the channel was calculated as the difference between the pre-

fire versus post-fire orthogonal distance from the intersection of the tributary and valley 

bottom margin to the closest bank of the axial river, a length defined here as xb (Figure 

8). In addition to evaluating xb for its importance in predicting debris flow delivery to the 

axial river at the time of initial deposition, the lateral migration (Δxb = xb,pre - xb,post) was 

also categorized based on the magnitude and direction of movement. First, with respect to 

interpreting directionality, any sites where the axial river laterally migrated closer to the 

valley margin and into the deposit body, Δxb produces a negative value, and sites where 

the axial river shifted toward the distal valley margin (e.g., impinged against the far 

valley wall), Δxb is produces a positive value. Recognizing that background variations in 

channel migration (i.e., unrelated to post-fire sediment dynamics) may occur, we 



32 

 

categorized any sites that moved less than or equal to 10% of the local valley bottom 

width as exhibiting minimal migration. 

 

Debris Flow Deposit Runout Length 

 

To evaluate if the location of the debris flow deposition within the valley bottom 

and relative to the axial river had an influence on volume loss over time, we estimated the 

runout length of each debris flow deposit. The runout length of debris flows can be 

defined as the distance from the apex of the deposit (where sediment has entered a valley 

bottom) to the toe of the deposit where deposition no longer occurs or is significantly 

reduced (Figure 9). Lab experiments and empirical data describe the runout length as a 

complex relationship between deposit volume, peak discharge, flow velocity, and deposit 

rheology (Rickenmann, 1999; Iverson, 1997). Recent flume studies have confirmed many 

of these relationships and their influence on debris flow runout length; for example, 

larger deposit volumes, increased flow velocities, and increased water fractions correlate 

with increased runout length in natural debris flows (de Haas et al., 2015). 

Ultimately, the runout length of a debris flow will influence the area of a deposit 

and its potential for interaction with the axial river (Murphy et al., 2019). The runout 

lengths were measured using the initial imagery available for each deposit, ideally before 

it was eroded by the axial river. However, when measuring runout lengths, the deposit 

had often already been eroded. Additionally, in the case of valley spanning debris flows, 

sediment deposits would often reach the distal valley margin and be redistributed down-

valley. Therefore, measuring the runout length, as defined above, for a debris flow with 

an unobstructed runout path was often unclear. Consequently, if a deposit had crossed the 

axial river and been eroded, we would estimate a “projected” runout length based on its 
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presumed potential extent if uneroded. Additionally, in cases of valley spanning deposits 

with down-valley redistribution of sediment, we would visually assess the area of 

sediment redistributed down-valley and estimate a projected potential runout length for 

the debris flow, assuming it had been allowed to runout unobstructed (Murphy et al., 

2019; Rickenmann, 1999; Figure 9). 

 

 

Figure 9. A) Example of the initial delineated debris flow deposit polygon within the 

valley bottom. B) Example of the assumed geometry (outlined in purple) for an 

unobstructed fan deposit and its projected runout length, R. 

 

Although this approach involved some subjective user judgment, it allowed us to 

more representatively relate our measured runout lengths, R, to previously established 

empirical relationships based on field and flume data. 

 

Watershed Metrics 

To evaluate the possible influence of watershed metrics on the relative magnitude 

of erosion of debris flow deposits, we extracted a suite of variables from within each burn 

perimeter (Table 1). First, we delineated the watershed, tributary sub-catchments, and 

river network using a 10-meter DEM and the USUAL Watershed Toolkit in ArcGIS 
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(David et al., 2023). Tributary sub-catchment characteristics and burn severity metrics 

were sourced from publicly available data in the StreamCat and MTBS databases (Hill et 

al., 2015; Eidenshink et al., 2007). Tributary catchment characteristics documented for 

this study include soil lithology, slope, relief, mean annual temperature, and catchment 

area. In addition to tributary catchment characteristics, we also extracted local 

precipitation data, including both the 30-year average annual precipitation from PRISM 

and the 15-minute rainfall intensities from NOAA PFDS (hdsc.nws.noaa.gov; 

PRISM.oregonstate.edu). 

 

Regression Analysis 

Non-Linear Regression 

 

Non-linear regression models were created using a self-starting algorithm 

available in the nls package in R (Baty et al., 2015). The self-starting algorithm is useful 

if the initial parameters are not exactly known. To test our hypothesis for question 1 (i.e., 

that volume loss of a debris flow deposit would fit an exponential decay function), we 

described the generic relationship as: 

 

 𝑉𝑡 = 100 −
𝑐

𝑟
(1 − 𝑒−𝑟𝑡)    Eq. 3 

 

 Where Vt represents the percentage of initial volume remaining at time t, c 

represents the percentage of deposit volume loss within the first year of deposition (Vint - 

V0), r represents a decay coefficient, and t represents time in years. For each site, we 

supplied the self-starting algorithm with the measured value of the initial volume loss, c, 

and let the algorithm fit a value for the decay coefficient, r. If the model was unable to 
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converge, this suggested that rate of the volume loss for that site did not fit this generic 

exponential decay function. 

 

Simple Linear Regression 

 

Most of the relationships established in this research were modeled with simple 

linear regression. In some cases, we forced the intercept to zero where we had reasonable 

evidence to make this assumption. In all evaluated relationships, the raw data was plotted 

to verify a linear trend existed between the predictor and response variables. In some 

cases, the relationship was evaluated after log transformation of both the predictor and 

response variables to ensure the assumptions of linear trends were met. When selecting 

the best-fit model, we evaluated the R2 for the linear relationship between models. The R2 

is a measure of how well the variance of the data is described by the model, where a 

higher value of R2 indicates a better fitting linear model. 

 

Statistical Analysis 

All statistical analyses for the study were performed in R. Many of the datasets 

were not normally distributed, in which cases they were log-transformed for normality or 

analyzed with non-parametric statistical tests. Normality was determined by observing 

the shape of the histogram for the data, evaluating the mean, median, mode and skew of 

the data, or using the Shapiro-Wilks Normality Test, which tests if the p-value under the 

null hypothesis is greater than 0.05, in which case there would be evidence to suggest the 

data are normally distributed (Shapiro and Wilk, 1965). 

Statistical tests for significance between binary groups involved a two-sided t-test 

for normally distributed data and the Wilcoxon Signed Rank Test (Wilcoxon, 1945) for 
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non-normal data. In cases where groups were non-binary, ANOVA tests were made to 

establish statistical significance within groups. Covariance between variables was 

evaluated using correlation plots to avoid multicollinearity when evaluating potential 

predictor variables. We report summary statistics for various metrics throughout this 

research. For rate-based metrics, such as percent volume initially lost or decay 

coefficients, we report the geometric mean over the arithmetic mean. The geometric 

mean provides a better estimate of the central tendency of smaller datasets when 

components are not zero and positive. 

For evaluations of the exponential decay function and any other non-linear 

regression analysis, we considered the values of the Akaike Information Criterion (AIC) 

between various inputs. The AIC is a function of the number of input variables and the 

maximum likelihood estimate of the model based on the input variables, where a lower 

value for the AIC suggests a better fitting model. The AIC gives a penalty for added input 

variables, which helps to avoid overfitting the model (Akaike, 1974). When determining 

which model fit best, we evaluated the difference in AIC between each model with 

different input values. The model with the lowest AIC and least number of predictor 

variables was used to construct the predictive models for this study. To compare the 

accuracy of a non-linear model against a linear model we used a pseudo R2 on our 

predicted results (McFadden, 1974). 

 

Model Validation 

Model validation is an important step when constructing predictive models 

because it helps prevent overfitting. Overfitting occurs when the model can only predict 

the training dataset and fails to maintain its accuracy when given data outside of the 
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training data. To avoid overfitting and to validate the accuracy of the models we 

constructed, we conducted a 5-fold cross validation with 3 repeats on the simple linear 

regression models in R using the caret package (Kuhn, 2008). Because the dataset was 

relatively small, we did not partition the data into training and test datasets, and instead 

performed the cross-validation on random subsets of the entire dataset. Cross-validation 

reports the R2 of the randomized data, the Root Mean Standard Error (RSME) and 

provides useful information in validating and understanding how well the constructed 

models performed at predicting the response variables. 

 

RESULTS 

 

We examined 58 debris flow deposits within seven wildfire perimeters in the state 

of Utah (Figure 2). Of the 58 study sites, field surveys were conducted at 30 sites in 

summer 2023 to measure the volume of the deposits, grain size distributions of the 

deposit surface and axial river channel bed, and the cross-sectional geometry and 

longitudinal slope of the axial river (Table 3). For each of the 30 field-based volume 

estimates, we partitioned the volume loss due to different erosional processes. To evaluate 

changes in volume for the remaining 28 sites we did not survey in the field, we developed 

a power-law relationship between debris flow deposit volumes and their plan view area. 

With this dataset, we were able to identify the dominant erosional processes occurring on 

debris flow deposits, evaluate temporal trends in volume loss of post-wildfire debris flow 

deposits, determine if erosion of debris flow deposits could be described as an 

exponential decay function, and investigate the variability in the relative magnitude of 

volume loss among the 58 study sites. 
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Table 3. Field metrics collected at each study site within the specified burn perimeter. 

 

Fire, Year (total visited sites) 

Volume 

Estimates 

Debris 

Flow GSD 

Channel 

Bed GSD 

Channel 

Survey* 

Clay Springs, 2012 (6) 6 6 4 4 

Dollar Ridge, 2018 (4) 4 4 4 4 

Pole Creek, 2018 (8) 8 5 4 7 

Shingle, 2012 (2) 2 2 2 2 

Seeley, 2012 (3) 3 3 4 2 

Trail Mountain, 2018 (5) 5 5 4 4 

Twitchell Canyon, 2010 (2) 2 2 2 2 

Total 30 27 24 25  

*Counts of channel survey include the number of sites with at least one cross-

sectional survey and a longitudinal profile. Refer to Figures D.2 and D.3 in 

appendices. 

 

 

The predictive models produced in this study assisted in the development of a 

conceptual model to describe initial delivery of the debris flow sediment into the axial 

river, document the dominant erosional processes, and predict the rate of debris flow 

deposit erosion over time at the decadal scale. We identified a predictive relationship 

between deposit runout length and axial river position in the valley bottom, xb (Figure 8), 

and the resulting initial deposit delivery into the river network. We found that many of 

the deposits initially delivered to the axial river were dominated by toe erosion, while 

those deposits that did not reach the axial river were dominated by tributary channel 

incision or surface deflation. We developed functions that best describe the rate of erosion 

for sites eroding primarily by toe erosion or surface deflation based on volumetric time-

series analysis for all 58 sites. 
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Debris Flow Deposit Volume Modeling 

Field-based 3D Volume Models 

 

Field surveys of debris flow deposit extent and surface elevations were used to 

estimate the volume of the deposit at the time of 2023 field surveys. Field surveyed 

volumes ranged from 80 m3 to 10,000 m3 with a median of 500 m3 (n = 30). We used 

these field data to estimate the volume of debris flow sediment deposited within, or on 

the other side of, the axial river, as well as any other eroded portions of the deposit that 

may have been eroded in the time between deposition and the field survey (Figure 10). 

After accounting for estimates of any potential channel fill volume that had eroded and 

volume loss by surface deflation, the adjusted initial volume estimates ranged from 110 

m3 to 11,000 m3 with a median of 520 m3. Lower reported estimates of the initial debris 

flow volume assume no surface deflation on the deposit, where the initial volume 

represents the interpolated deposit volume including channel fill (Figures 10 and 5). Of 

the 30 field sites, there were a total of six debris flow deposits that did not reach or 

initially deliver sediment to the axial river (Table 4). For the remaining 24 sites that did 

initially deliver sediment to the axial river, the volumes that were estimated to have filled 

the axial river channel (and then be subsequently eroded) contributed to, on average, 9.4 

± 0.5% of the total estimated initial debris flow deposit volume and 51.6 ± 3.3% of the 

estimated initially eroded volumes (Vint – V0) (Table 4). 

To assess our initial volume estimates for the post-fire debris flow deposits, we 

evaluated the initial volume estimates by comparing the field-based initial volume 

estimates against those predicted by existing post-fire debris flow volume models 

(Gartner et al., 2014; Wall et al., 2023). Modeled volumes from the Wall et al., (2023)  
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Figure 10. Examples of changes to a debris flow deposit from the initial deposition in 

2016 to the field measured extent in 2023. The bottom two panels are the 3D surfaces, in 

this case representing the relative depth. 

 

model produced a residual standard error of 367.4 and an R2 of 0.22 for our field-based 

estimates. The low R2 with the Wall et al., (2023) model likely resulted from the tendency 

of the model to underpredict initial volumes greater than ~1000 m3 (Figure 11). The 

estimated initial volumes of the 30 field sites compared against the volumes predicted by 

the Gartner et al., (2014) volume model produced a much larger residual standard error of 

9,214 m3 and a very low R2 (= 0.002). However, we note that in contrast to the Wall et al., 

(2023) model, the volumes for the four largest deposits in our study, ranging from 2,000 

to 11,000 m3, were better predicted by the Gartner et al., (2014) model (Figure 11). 

While detailed evaluation of these published models was not our intention and 

beyond the scope of this study, the large residual standard error in the Gartner et al., 

(2014) model suggests that many of the estimated initial volumes resulting from our 3D- 
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Figure 11. Initial volume estimates from two volume models. The thick black line 

represents 1:1 agreement where the grey/ red lines are one residual standard error 

envelope for the corresponding model. Data are plotted in log-log space. 

 

reconstructions are better described by the Wall et al., (2023) model. Additionally, nearly 

half of the volumes from our field sites (13 of 30) were overpredicted by an order of 

magnitude with the Gartner et al., (2014) model. Conversely, the Wall et al., (2023) 

model did not overpredict any volumes by more than an order of magnitude but did 

underpredict the volumes at three sites by more than an order of magnitude. Additionally, 

the Gartner et al., (2014) model predicted volumes of zero for two sites due to the natural 

log expression in the published model, in which case the tributary catchment burned at 

low severity (Figure 11; Gartner et al., 2014; Gorr et al., 2023). 
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Table 4. Summary of volumes for the 30 field sites, including the interpolated 

initial volume, the estimated channel fill volume, estimated volume loss to surface 

deflation, the total estimated initial volume as the sum of the channel fill volume 

and volume loss to surface deflation, and the volume measured during field surveys 

in 2023. All volumes are in m3. 

Site 

Interpolated 

Initial 

Deposit 

Volume 

Estimated 

Channel 

Fill 

Volume 

Estimated 

Volume loss 

to Surface 

Deflation 

Estimated Initial 

Deposit Volume 

 

2023 

Measured 

Volume  

CS1 704.8 0.0 5.7 – 284.8 704.8 – 989.6 704.8 

CS2 532.6 3.4 2.9 – 143.5 536.0 – 679.5 506.4 

CS3 150.3 0.0 1.8 – 89.3 150.3 – 239.6 150.3 

CS4 517.9 6.9 1.1 – 54.9 518.6– 579.7 494.7 

CS5 602.7 13.4 2.0 – 102.0 616.1 – 718.1 583.5 

CS6 109.0 0.0 0.9 – 46.1 109.0 – 155.1 103.0 

DR1 519.4 0.0 2.6 – 130.4 519.4 – 649.8 519.4 

DR2 166.9 36.7 0.7 – 35.2 203.6 – 238.8 105.7 

DR4 1003.5 205.2 1.3 – 65.1 1208.7 – 1273.8 570.6 

DR5 1433.0 192.5 5.6 – 279.7 1625.5 – 1905.2 959.8 

FC5 1749.2 249.0 5.9 – 295.3 1998.2 – 2293.5 1323.4 

FC7 727.8 166.2 3.2 – 160.5 894.0 – 1054.5 597.8 

LF1 11542.3 555.8 8.2 – 410.3 12098.1 – 12508.4 10002.7 

LF2 5814.4 148.3 6.8 – 341.6 5962.7 – 6304.3 5273.2 

PBC1 373.2 60.7 0.5 – 22.8 433.9 – 456.7 126.4 

PC2 736.1 142.3 1.3 – 63.1 878.4 – 941.6 400.3 

PC3 225.0 44.7 0.8 – 41.9 269.7 – 311.6 217.7 

PC4 461.5 64.5 1.2 – 61.5 526.0 – 587.4 278.9 

PC5 175.4 28.7 0.2 – 9.0 204.1 – 213.1 112.3 

PC6 560.9 103.1 1.2 – 62.4 664.0 – 726.4 360.2 

S1 573.6 0.0 3.0 – 148.4 573.6 – 722.0 573.5 

S2 210.6 29.9 0.8 – 41.6 240.5 – 282.1 210.8 

S3 1121.1 95.4 3.1 – 154.6 1216.5 – 1371.1 748.1 

Sh1 1306.5 0.0 3.0 – 149.0 1306.5 – 1455.5 1306.5 

Sh2 2146.9 20.1 9.2 – 458.3 2167.0 – 2625.4 1684.0 

TM1 2095.6 55.0 1.5 – 73.5 2150.6 – 2224.1 1746.3 

TM2 116.0 4.6 0.4 – 18.1 120.6 – 138.6 83.3 

TM3 357.2 11.8 0.7 – 33.1 369.0 – 402.1 280.3 

TM4 266.1 4.6 0.2 – 10.3 270.7 – 281.0 146.4 

TM5 526.2 0.0 0.7 – 34.6 527.5 – 561.6 526.2 

 

 

 

 



43 

 

Area-Volume Regression 

 

Because there were 28 sites that we could not visit in the field, it was crucial to 

establish the relationship between deposit volume and area to ensure accurate estimates 

of volume from remote imagery. We first evaluated the performance of the area-volume 

linear regression model, described by Eq. 2, with the 2023 field measured data, 

specifically the total deposit volume against the total deposit area. The log-transformed 

linear regression of the 2023 field estimated areas versus their volumes performed well 

with an R2 of 0.99, a cross-validated R2 of 0.75, and RSME of 0.28. The best-fit exponent 

b for the power-law function (Eq. 1) regarding the relationship between deposit area and 

volume in 2023 was 0.81 (Table 5). The mean of the normalized residuals, that is the 

difference between the measured 2023 volume and modeled 2023 volume, was negligible 

(-0.03), suggesting the area-volume model performed well on the dataset (n = 30). 

To accurately estimate the volume loss after partitioning the deposits into areas 

lost at the toe and by tributary channel incision through the body (Figure 6), we evaluated 

the same volume to area relationship on the partitioned polygons. There was a relatively 

low dataset of field sites with volume loss to tributary channel incision (n = 16), 

therefore, we assumed the best fit exponent describing volume loss throughout the 

deposit body in Eq. 1 was b = 0.81. This assumption was made on the basis that the 

deposit body represents a large portion of the deposit total area, and therefore, the 

exponent that best fit the entire deposit body should similarly apply to these features that 

tend to cut across the entire deposit (Table 5). The mean of residuals between the 

measured 2023 tributary channel incised volumes and the modeled tributary channel 

incision volumes was 0.001, indicating a well-fit model. Residuals at each time step were 
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very low (< ± 10%), indicating negligible error associated with regressed volumes 

representing areas lost to tributary channel incision. 

We found that the depth of the toe deposit cannot be assumed to be the same as 

the average depth of the deposit (Figure 1). Specifically, for the 30 field sites, the deposit 

thickness at the toe was significantly thinner than that of the deposit body (Table 5). The 

modeled volumes for partitioned polygons at the toe of the deposit were substantially 

overestimated if we applied the same exponent determined for the entire deposit body (b 

= 0.81) to their areas (R2 = 0.51, mean of residuals = -65.9). Therefore, consistent with 

previous suggestions, the volumes predicted for the toe of the deposit must be evaluated 

as a separate geometric unit (Murphy et al., 2019) and required a different exponent 

describing the relationship between volume and area. After regressing the modeled 

volumes of the partitioned toe polygons against their areas (Figure 6), the best fit value 

for b to describe the relationship between toe volume and toe area was 0.69 (R2 = 0.96, 

cross-validated R2 = 0.65, RSME = 0.46, and a mean of residuals of -0.06) (Table 5). The 

area lost at the toe comprised an average of 15% of the total deposit area among the 30 

field sites. The average difference between the regressed and 3D reconstructed volumes 

at the toe of the deposit resulted in an error of ± 10%. The toe volume on average 

contributed to 12% of the total deposit volume across all 30 field sites, therefore, the ± 

10% error in the estimated toe volume with the exponent b = 0.69 represents a small 

proportion of the total deposit volume. 

Lastly, because the initial volume estimates include volume that is ultimately lost 

via channel fill and surface deflation (and therefore a hypothetically larger deposit 

thickness at the time of deposition), we evaluated the same relationship on the initial 
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volume estimates (high, low, and median) against the initial deposit area. We found the 

best-fit value for b, for the high, low, and median initial volume estimate against the 

initial area to be 0.85. The linear regression using the median initial volume estimates 

was best-fit with an R2 of 0.99, a cross-validated R2 of 0.80, and RSME of 0.21. The 

mean of normalized residuals for the initial volume estimates was -0.03, indicating a 

well-performing model. 

Measured changes in deposit depth from the time of deposition and partitioned 

across the deposit were predicted based on their delineated areas using the power-law 

relationship relating deposit area to volume (Eq. 1). However, applied to the 28 remotely 

mapped sites, we used variable exponents based on the results above. Specifically, we 

used an exponent of b = 0.85 to estimate the initial deposit volume, an exponent of b = 

0.81 to estimate volumes lost throughout the body after deposition (i.e., tributary channel 

incision), and an exponent of b = 0.69 to estimate volumes lost at the toe of the deposit 

(Table 5). 

 

Table 5. Deposit depths and the corresponding value of b in Eq. 1 resulting from 

linear regression of the 30 field sites. The values of b were used to estimate volumes 

for the 28 remotely mapped debris flow deposits and the corresponding locations. 

Equation 1:  𝑽 =  𝑨𝒃 

 

Deposit Location 

Average Depth 

(m) 

Median Depth 

(m) 

 

Value for b 

Initial Deposit (Vint) 0.33 0.24 0.85 

Deposit Body (Vt, t ≠ Int) 0.30 0.23 0.81 

Deposit Toe 0.23 0.12 0.69 

 

 

 

Estimates of Remotely Mapped Deposit Volumes 

 

 Evaluation of differences in relative deposit depth, both spatial and temporally, 

allowed us to identify the relationship between deposit area and deposit volume at the 
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time of deposition (Vint), lost throughout the body by tributary channel incision, and 

volume loss at the toe by the axial river. The resulting regression-based initial deposit 

volume estimates ranged from 155 to 3700 m3 with a median of 922 m3. There was a total 

of four sites (of the 28 remotely mapped sites) that did not initially deliver sediment to 

the axial river, as evident from imagery. For these four sites, we estimated the channel fill 

volume as zero m3. Additionally, we estimated the lowest initial volume assuming there 

was no surface deflation. The estimated channel fill volume for the remaining 24 sites 

initially delivered to the axial river represented approximately 9 ± 0.5% of the initial 

deposit volume and 55 ± 5% of the estimated initially delivered volume (Vint – V0), 

similar to the range from our 30 field sites (Table 6). 

 Estimates of volume loss to toe erosion or tributary channel incision were made 

on the 28 remotely mapped debris flow deposits with the appropriate value of b for the 

corresponding location of erosion (Table 5). We observed tributary channel incision on 

seven of the 28 remotely mapped sites, in which case we estimated the volume loss with 

an exponent b = 0.81 in Eq. 1 against the partitioned polygon area at each timestep 

(Figure 6). The estimated volume of tributary channel incision for the seven sites in 

which it was identified was between 20 m3 and 118 m3, with a median of 51 m3 and an 

average of 62 m3 (Table 8). Toe erosion by the axial river was observed at 24 of the 28 

remotely mapped sites and was quantified using the exponent b = 0.69 in Eq. 1 against 

the partitioned areas at each time step (Figure 6; Table 5). The estimated volume loss by 

toe erosion was between 20 and 295 m3, with a median of 128 m3 and an average of 126 

m3 (Table 8). 
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Table 6. Initial deposit area of the 28 remote debris flow deposits, the estimated 

initial volume via regression, the estimated channel fill volume, the volume loss to 

surface deflation, and the total estimated initial volume including the channel fill 

and surface deflation volume. 

Site 

Initial 

Deposit 

Area 

(m2) 

Regressed 

Initial 

Deposit 

Volume (m3) 

 

Estimated 

Channel 

Fill Volume 

(m3) 

Estimated 

Volume loss 

to Surface 

Deflation 

(m3) 

Estimated Initial 

Volume (m3) 

DR1A 17614.7 3685.8 373.7 8.1 – 406.6 4059.5 – 4466.2 

DR3A 15163.4 3249.9 0.0 7.6 – 379.1 3249.9 – 3629.0 

DR4A 9666.1 2226.4 405.3 4.1 – 292.6 2631.7 – 2834.3 

DR5A 7267.9 1752.2 87.3 3.2 – 161.4 1839.5 – 2000.9 

FC1 5688.5 1426.3 243.4 5.2 – 258.0 1669.3 – 1927.7 

FC2 5069.3 1294.7 116.5 4.3 – 214.8 1411.2 – 1626.0 

FC3 1613.6 494.9 60.8 1.4 – 71.6 555.8 – 627.3 

FC4_11* 2271.1 659.5 79.1 0.7 – 35.5 738.6 – 774.1 

FC4_18* 1634.1 500.2 78.3 0.5 – 24.8 578.5 – 603.3 

FC5_11* 8337.5 1966.4 464.1 0.6 – 28.7 2044.7 – 2459.2 

FC5_14* 7195.7 1737.6 288.4 1.2 – 59.6 2026.0 – 2085.5 

FC7_11* 4494.1 1170.1 275.6 1.4 – 70.9 1445.7 – 1516.6 

PC7 1424.8 445.8 133.0 0.4 – 18.3 578.7 – 597.1 

S4 2087.9 614.5 37.6 1.6 – 77.9 652.1 – 730.1 

S5 537.4 196.5 0.0 0.5 – 26.9 196.6 – 223.4 

S6 976.6 324.6 32.3 0.5 – 25.2 356.9 – 382.2 

SC1A 9919.2 2275.3 75.3 9.8 – 29.5 2350.7 – 2380.1 

SC2_11* 406.0 155.3 11.8 0.1 – 4.6 167.1 – 171.8 

SC2_14* 701.4 245.8 20.3 0.4 – 17.6 266.1 – 283.8 

Sh3 7265.2 1751.7 49.8 4.7 – 236.2 1801.4 – 2037.6 

T1 12024.2 2674.5 79.5 8.6 – 430.7 2754.1 – 3184.8 

T2 1285.4 408.9 11.9 0.8 – 39.4 420.8 – 460.2 

T3 2505.0 716.1 38.0 1.3 – 65.4 754.1 – 819.5 

T4 5686.5 1425.8 28.9 4.0 – 201.1 1454.7 – 1655.8 

T5 1641.5 502.1 0.0 1.3 – 65.7 502.1 – 567.8 

T6 1303.9 413.8 23.6 0.8 – 41.6 437.4 – 479.0 

T7 654.4 231.9 16.5 0.3 – 13.7 248.4 – 262.0 

T8 3651.2 982.8 0.0 2.9 – 145.6 982.8 – 1128.4 

*Site names with an underscore and two digits represent locations with repeat events 

from the same tributary. The two-digit number represents the year of estimated 

deposition (e.g. FC4_11 deposited in 2011, and FC4_18 deposited from the same 

tributary in 2018). 
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Debris Flow Deposit Erosional Processes 

We identified three erosional processes occurring across post-fire debris flow 

deposits. Observations made by historical imagery provided evidence of two erosional 

processes resulting in changes to debris flow deposit area, toe erosion and tributary 

channel incision. We identified 10 of the 58 total sites that were not initially delivered to 

the axial river, in which case toe erosion due to the axial river was absent over the entire 

time series. Of the 58 total sites, there was a total of 22 sites in which there was evidence 

of the development of tributary channels on the deposit surface, independent of whether 

the deposit was initially delivered to the axial river. Lastly, we identified a third inferred 

erosional process in the field - surface deflation - which resulted in losses of volume 

without changes in deposit area. 

 

Toe Erosion and Tributary Channel Incision 

 

Two erosional processes were measurable via changes to the deposit area in time, 

toe erosion by the axial river and tributary channel incision into the deposit body (Figure 

1). Many of the study sites (48 out of 58 total) were observed to erode at the toe of the 

deposit by the axial river. Estimates of the total volume loss due to toe erosion included 

estimates of channel fill volume at the time of deposition under the assumption that all 

channel fill sediment was completely evacuated by the time of field surveys in 2023. We 

validated this assumption via cross-sectional surveys of the axial channel at 25 of the 30 

field sites (Table 3). Of the 25 axial channel cross-sections, 20 were from deposits 

observed to have initially been delivered to the axial river. The maximum surveyed depth 

of the axial channels in 2023 were found to be deeper than the estimated pre-fire bankfull 

channel depths at all 20 sites. While this finding does not confirm our assumption that the 
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pre-fire channels were completely filled by sediment or completely evacuated within the 

first year, it does at least help to validate our assumption that if the axial channels were 

completely filled with sediment in cases where debris flows were observed to have 

runout into and beyond the channel, then this sediment is unlikely remaining in the post-

fire channel as of our 2023 field surveys. 

Based on this assumption of complete evacuation of channel fill sediment in the 

first year, we interpret that the volume loss due to toe erosion was highest in the first year 

of deposition for all sites with initial delivery to the axial river (n = 48). The range of 

estimated volume loss due to toe erosion (including the evacuated channel fill volume) at 

all 48 sites was 8 m3 to 691 m3, with a median of 196 m3 and mean of 129 m3 (Table 7). 

We additionally evaluated toe erosion within each of seven burn perimeters (Figure 2a; 

Table 7). This analysis included the absolute volume loss to toe erosion, where the 

reported uncertainty represents the estimated 10% error in regressed volumes at the toe of 

the 28 remotely mapped sites (Table 7). The largest average error in this volume was for 

the Twitchell Canyon Fire, likely because there was a large ratio of remotely mapped 

sites to field surveyed debris flow deposits (19:2 respectively). The average error in these 

sites, ± 11.4 m3, represents less than 5% of the average volume loss at sites within this 

burn perimeter (Table 7). Similarly, we evaluated the 10% error against the relative 

volume loss, as the percentage of the initial deposit volume, for all 28 remotely mapped 

sites within each burn perimeter. The error arising from regressed volume estimates was 

negligible, representing less than 1% of the initial deposit volumes within each burn 

perimeter. 
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Table 7. Summary statistics at sites where toe erosion was present separated by fire. 

Data represents the amount of volume loss due only to toe erosion by the axial river. 

 Absolute Volume (m3) Relative Volume (% of Vint) 

Fire Mean Median Range Mean Median Range n 

Clay 

Springs 49.7 ± 0.0 42.6 ± 0.0 

 

30.1 - 63.9 8.1 ± 0.7 8.3 ± 0.6 

 

4.0 – 11.2 3 

Dollar 

Ridge 371.7 ± 7.3 134.0 ± 6.7 

 

88.8 - 509.1 24.1 ± 1.2 20.0 ± 1.1 

 

2.9 - 25.6 6 

Pole 

Creek 271.0 ± 0.9 96.0 ± 0.0 

 

48.2 - 680.1 27.2 ± 0.9 28.9 ± 1.6 

 

1.0 – 40.5 9 

Seeley 223.0 ± 5.8 85.4 ± 0.0 109.6 – 473.7 29.8 ± 1.8 28.0 ± 1.5 11.8 – 31.0 4 

Shingle 120.1 ± 5.0 69.5 ± 0.0 89.6 – 150.6 5.8 ± 0.4 5.8 ± 0.4 2.6 - 5.6 2 

Trail 

Mtn. 123.2 ± 0.0 24.6 ± 0.0 

 

7.9 - 435.6 13.5 ± 0.6 11.7 ± 0.2 

 

0.4 – 25.9 4 

Twitch. 245.7 ± 11.4 116.8 ± 11.7 15.7 – 690.8 15.1 ± 0.6 23.3 ± 0.9 1.4 – 29.9 20 

Total 128.6 ± 12.9 195.8 ±19.6 7.9 – 690.8 13.8 ± 0.2 18.9 ± 4.2 0.4 – 40.5 48 

Absolute values are reported with uncertainty due to error in regressed volumes for the remote 

sites within each burn perimeter. Uncertainty between relative volumes is due to the range of 

estimated initial deposit volumes, where the median between the high and low estimate is 

reported. n is the number of sites where toe erosion was present. 

 

 

Analysis across wildfires indicates that toe erosion can be variable, both 

temporally and spatially. Two wildfires, the Shingle Fire (2012) and Clay Springs Fire 

(2012), on average lost less than 10% of the initial deposit volumes from toe erosion, 

despite their relatively older deposit age within our study. In comparison, sites within the 

Dollar Ridge Fire (2018), Pole Creek Fire (2018), and Seeley Fire (2012) lost on average 

> 20% of their initial deposit volumes from toe erosion. Sites within the Seeley Fire lost 

the greatest amount of volume to toe erosion, representing an average loss of 

approximately 30% of initial deposit volumes (Table 7). 

Unlike toe erosion, tributary channel incision was less common throughout the 

dataset, as it was observed in only 22 of the 58 total study sites. Tributary channel 

incision was also responsible for a lower magnitude of erosion with a range of 9 m3 to 

333 m3, a median of 54 m3 and a mean of 74 m3 across all 22 sites (Table 8). Many 

tributary channels first identified in imagery were generally single threaded, typically 
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occurred near the center of the debris flow deposit and exhibited very little lateral 

migration through the debris flow deposit over time. During the 2023 field surveys, we 

observed tributary channels that were well connected to the axial river at the toe of the 

deposit, had incised up to a meter deep, and in many cases, had incised below the depth 

of the debris flow deposit and into the pre-existing valley fill sediments. The only sites in 

which tributary channel incision was found to be the dominant erosional process were 

four sites within the Trail Mountain Fire (Figure 2a). These four sites lost a maximum of 

33% of their initial volume to tributary channel incision, with a median of 7.5% and 

mean of 12% (Table 8). Generally, volume loss to tributary channel incision represented 

on average 6.9 ± 0.5% of the initial deposit volume across all 22 sites in which it was 

observed to occur. The median of percentage volume loss relative to the initial deposit 

volume was 5.4 ± 0.3% (Table 8). 

 

Table 8. Summary statistics at sites where tributary channel incision was present 

separated by fire. Data represents the volume loss due only to tributary channel 

incision. 

 Absolute Volume (m3) Relative Volume (% of Vint) 

Fire  Mean Median Range Mean Median Range n 

Clay Springs N/A N/A N/A N/A N/A N/A 0 

Dollar Ridge 80.8  80.8 44.0 – 117,9 1.4 ± 0.2 8.9 ± 0.5 0.1 – 8.4 2 

Pole Creek 91.4  57.1 20.3 – 332.5 5.9 ± 0.1 7.0 ± 0.3 1.0 – 12.6 8 

Seeley 70.1 70.1 70.1 1.4 ± 0.1 5.4 ± 0.3 5.1 – 5.7 1 

Shingle 142.5 79.7 42.3 – 117.1 5.3 ± 1.2 3.8 ± 1.9 1.6 – 5.7 2 

Trail Mtn. 69.7 72.0 9.1 – 125.6 14.8 ± 0.4 10.8 ± 0.5 1.9 – 32.6 4 

Twitch. 38.1 1.1 47.9 – 54.0 1.0 ± 0.6 2.3 ± 0.8 0.2 – 12.1 12 

Total 74.1  54.4 9.1 – 332.5 6.9 ± 0.5 6.0 ± 0.3 0.1 – 32.6 22 

Uncertainty between relative volumes is due to the range of estimated initial deposit volumes, 

where the median between the high and low estimate is reported. n is the number of sites 

where tributary channel incision was present. 
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Surface Deflation 

 

Surface deflation was inferred to be eroding all debris flow deposits, despite not 

being detectable in our aerial imagery mapping. Of the 30 field sites, we identified six 

deposits with neither toe erosion by the axial river nor tributary channel incision. Three of 

these field sites were visited in 2020 during field surveys by Wall et al., (2023). For these 

sites, we evaluated potential changes in their surface grain size distribution. We found 

that all but one site (Clay Springs 1) coarsened over time, as evident by changes in the 

median grain size, D50 (Table 9). Furthermore, the D50 was also found to have increased 

at nine of the other nine sites that had previous surface grain size surveys (Wall et al., 

2023; Murphy et al., 2019) but did experience toe erosion or tributary incision. While this 

is a small dataset, this coarsening of the deposit surfaces provides additional evidence to 

support the inference of surface deflation occurring at these sites. (Table 9). 

 

Table 9. Deposit surface grain size distribution including pre-2023 field surveys 

and data collected during 2023 field surveys. Grain sizes are reported in the 16th, 

50th, and 84th percentile in mm. 

 Pre – 2023 Field Survey 2023 Field Survey 

Site Source D16 D50 D84 D16 D50 D84 

PC1 Wall et al., (2023) 9.6 18.2 30.3 11.3 28.5 54.9 

LF1 Wall et al., (2023) 2.2 21.3 52.4 5.6 32.0 104.8 

DR1 Wall et al., (2023) 19.2 32.2 55.8 15.3 41.5 123.5 

DR4 Wall et al., (2023) 10.1 19.3 36.2 6.6 16.6 50.9 

DR5 Wall et al., (2023) 10.3 29.1 61.6 12.5 47.0 121.4 

Sh1* Wall et al., (2023) 11.3 26.4 50.4 10.7 36.5 85.7 

S1* Wall et al., (2023) 26.4 62.0 119.3 12.4 67.9 147.7 

TM1 Wall et al., (2023) 1.3 4.2 48.2 1.6 18.6 62.7 

CS1* Wall et al., (2023) 23.1 50.7 83.7 9.2 31.2 82.7 

CS2 Wall et al., (2023) 17 26.4 42.9 6.4 41.6 81.3 

FC5 Murphy et al., (2019) 4.7 21.2 81.6 11.2 26.7 75.6 

FC7 Murphy et al., (2019) 3.2 13.1 57.4 13.2 35.8 109.0 
*Represent the sites in which we did not observe toe erosion by the axial river or 

tributary channel incision to occur. 
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The volume loss by surface deflation was found to be variable between sites, not 

only due to the variable surface deflation rates, but as a function of the deposit area not 

eroded by the axial river or tributary channel incision. Sites within the Clay Springs Fire 

represented the largest volume loss due to inferred surface deflation relative to the initial 

deposit volume across the entire dataset, at 37.3%. Generally, volume loss due to surface 

deflation represented a small portion of the initial deposit volumes for all 58 sites, with an 

average of 5.6% ± 5.3%, where the uncertainty largely results from the two applied 

surface deflation rates (Table 10). 

Volume loss due to surface deflation remains the least constrained process 

identified to be eroding post-fire debris flow deposits. Additionally, although we applied 

a constant surface deflation rate through time, it is likely that the rate of volume loss to 

surface deflation diminishes over time as the deposit surface becomes increasingly 

armored. Therefore, our estimated volume losses due to surface deflation are reported as 

the average of the lower and upper bounds (Table 10). 

 

Table 10. Summary statistics for absolute and relative volume loss by surface 

deflation separated by fire. The range of values results from the two surface deflation 

rates applied, where the lower value is from the use of 0.1 mm m-2 yr-1 and the upper 

value is from 5 mm m-2 yr-1. 

 Absolute Volume (m3) Relative Volume (% of Vint) 

Fire  Mean Median Range Mean Median Range n 

Clay 

Springs 57.3 ± 55.1 52.0 ± 50.0 

0.9 – 248.8 

9.5 ± 9.0 10.8 ± 10.3 

0.2 – 37.3 

6 

Dollar 

Ridge 104.1 ± 103.1 92.0 ± 90.0 

0.7 – 406.6 

5.8 ± 5.5 5.1 ± 4.8 

0.1 – 20.1 

8 

Pole 

Creek 57.4 ± 55.1 31.2 ±30.2 

0.4 – 410.3 

3.3 ± 3.1 4.2 ± 4.1 

0.1 – 13.4 

9 

Seeley 59.8 ± 58.7 40.5 ± 37.5 0.5 – 154.6 9.4 ± 9 6.0 ± 5.7 0.1 – 20.6 6 

Shingle 104.0 ± 98.4 154.2 ± 149.5 3.0 – 458.3 5.5 ± 3.7 7.1 ± 6.7 0.2 – 17.5 3 

Trail 

Mtn. 17.3 ± 16.6 16.9 ± 16.2 

0.4 – 73.5 

3.6 ± 3.4 3.2 ± 3.1 

0.1 – 13.0 

5 

Twitch. 73.4 ± 72.2 35.2 ± 33.2 0.1 – 491.5 4.5 ± 4.3 4.3 ± 4.1 0.1 – 17.3 21 

Total 65.6 ± 59.7 33.0 ± 31.4 0.1 - 491.5 5.6 ± 5.3 5.2 ± 5.1 0.1 – 37.3 58 
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Total Volume Loss 

 

Our estimation of erosional volumes from the three processes allowed us to 

evaluate the total volumetric loss in sediment for each site (Table 11). With this data, we 

identified the dominant erosional process at each site, defined as the process resulting in 

the largest total volume of erosion since deposition. The largest volumes eroded were 

found to be independent of the initial estimated volumes, meaning the largest deposits did 

not necessarily experience the most erosion. Additionally, we did not see evidence that 

surface deflation was greatest for the oldest deposits, suggesting that volume loss to 

surface deflation was more heavily influenced by the deposit area (accounting for 

changes due to toe erosion or tributary incision), rather than the time of exposure (Table 

11). In general, toe erosion dominated throughout the dataset, with 36 of the 48 deposits 

that reached the river eroding predominantly by the axial river. As would be expected, we 

found surface deflation was the dominant erosional process for sites not reaching the 

axial river (n = 10), except in the case of two sites within the Trail Mountain Fire, where 

tributary channel incision dominated. 

To understand which erosional processes were responsible for the largest 

magnitude of volume loss, we evaluated the relative percentage each erosional process 

contributed to the total volume loss at each site. Six sites did not exhibit toe erosion or 

tributary incision and thus surface deflation accounted for 100% of estimated erosion. For 

the remaining 52 sites in which there was a combination of toe erosion, tributary channel 

incision, and surface deflation, toe erosion was responsible for the largest relative volume 

loss compared to the total volume eroded. We found toe erosion on average, represented 

73.2 ± 12.1% of the total volume loss across all sites in which it occurred (n = 48). The 
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portion of volume loss to surface deflation is reported as the average value between the 

upper and lower deflation rate bounds, and the reported uncertainty results from our 

applied upper and lower bounds. The range of percent volume loss due to surface 

deflation was large, accounting for 21.5 ± 13.1% when assessed for sites where it was not 

the only process (n = 52). Lastly, tributary channel incision represented 17.9 ± 3.4% of 

the total volumetric loss at sites in which it occurred (n =22). Because there is a relatively 

low sample size for sites in our study where tributary channel incision was observed, 

these estimates of relative contribution from this process may not accurately represent the 

true variability that could be expected. 

 

Table 11. Volume loss due to each identified erosional process for all 58 study sites. Other 

metrics include the type of site (remotely mapped vs field-surveyed) and if the deposit was 

initially delivered to the axial river (Y = delivered, N = no delivery). 

 Volume Loss (m3) 

Site Site Type 

 

Initially 

Delivered 

Initial Volume 

Estimate (m3) 

Toe 

Erosion 

Trib. 

Channel 

Incision 

Surface 

Deflation 

DR1A Remote Y 4267.0 ± 199.2 432.8 110.9 8.1 – 406.6 

DR2 Field Y 221.5 ± 17.2 88.8 0.0 0.7 – 35.2 

DR3A Remote N 3443.2 ± 185.8 0.0 0.0 7.6 – 379.1 

DR4A Remote Y 2735.1 ± 99.3 483.0 0.0 4.1 – 202.6 

DR5A Remote Y 1921.8 ± 79.1 172.2 0.0 3.2 – 161.4 

DR1 Field N 585.9 ± 63.9 0.0 44.0 10.4 – 130.4 

DR4 Field Y 1241.9 ± 31.9 509.1 0.0 9.1 – 65.1 

DR5 Field Y 1768.1 ± 137.0 326.4 0.0 156.6 – 279.7 

FC1 Remote Y 1801.3 ± 126.4  376.0 0.0 5.2 – 258.0 

FC2 Remote Y 1520.7 ± 105.2 177.0 48.4 4.3 – 214.8 

FC3 Remote Y 592.3 ±35.1 102.3 0.0 1.4 – 71.6 

FC4_11 Remote Y 756.7 ± 17.4 127.8 40.3 0.7 – 35.5 

FC5_11 Remote Y 2445.2 ± 14.1 817.9 0.0 0.6 – 28.7 

FC7_11 Remote Y 1481.9 ± 34.7 338.9 0.0 1.4 – 70.9 

FC5_14 Remote Y 2056.4 ± 29.2  350.5 0.0 1.2 – 59.6 

FC5 Field Y 2148.8 ± 144.7 472.1 47.9 5.9 – 295.3 

FC4_18 Remote Y 591.2 ± 12.1 124.1 51.4 0.5 – 24.8 

FC7 Field Y 975.9 ± 78.7 240.3 0.0 3.2 – 160.5 

SC1A Remote Y 2601.3 ± 240.8 161.3 0.0 9.8 – 491.6 
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Table 11. (cont.) 

SC2_11 Remote Y 169.5 ± 2.3 24.0 0.0 0.1 – 4.6 

SC2_14 Remote Y 275.1 ± 8.6 46.9 33.1 0.4 – 17.6 

T1 Remote Y 2973.7 ± 211.1  167.3 0.0 8.6 – 430.7 

T2 Remote Y 440.9 ± 19.3 55.4 0.0 0.8 – 39.4 

T3 Remote Y 787.5 ± 32.0 108.4 0.0 1.3 – 65.4 

T4 Remote Y 1557.3 ± 98.6  92.5 0.0 4.0 – 201.1 

T5 Remote Y 535.0 ± 32.2 0.0 0.0 1.3 – 65.7 

T6 Remote Y 458.7 ± 20.4 60.4 0.0 0.8 – 41.6 

T7 Remote Y 225.4 ± 6.7 53.4 0.0 0.3 – 13.7 

T8 Remote N 1057.0 ± 71.4 10.1 0.0 2.9 – 145.6 

LF1 Field Y 12307.3 ± 201.1 680.1 122.2 8.2 – 410.3 

LF2 Field Y 6136.9 ± 167.4 521.3 332.5 6.8 – 341.6 

PBC1 Field Y 445.5 ± 11.2 236.7 0.0 0.5 – 22.8 

PC2 Field Y 910.6 ± 30.9 353.2 110.9 1.3 – 63.1 

PC3 Field Y 291.1 ± 20.5 136.4 7.7 0.8 – 25.1 

PC4 Field Y 557.3 ± 30.1 160.5 54.8 1.2 – 61.5 

PC5 Field Y 208.7 ± 4.4 72.7 23.8 0.2 – 9.0 

PC6 Field Y 695.8 ± 30.6 154.7 59.4 25 – 62.4 

PC7 Remote Y 1002.0 ± 422.8 172.1 19.7 0.4 – 18.3 

S1 Field N 649.3 ± 72.7 0.0 0.0 3.0 – 148.4 

S2 Field Y 261.7 ± 20.4 129.9 0.0 0.8 – 41.6 

S3 Field Y 1295.4 ± 75.7 641.8 70.1 3.1 – 154.6 

S4 Remote Y 691.9 ± 38.2 107.2 0.0 1.6 – 77.9 

S5 Remote N 210.2 ± 13.2 0.0 0.0 0.5 – 26.9 

S6 Remote Y 369.8 ± 12.4 70.9 0.0 0.5 – 25.2 

Sh1 Field N 1382.5 ± 73.0 0.0 0.0 3.0 – 149.0 

Sh2 Field Y 2400.8 ± 224.6 89.6 42.3 9.2 – 458.3 

Sh3 Remote Y 1921.9 ± 115.8 98.1 110.4 4.7 – 236.2 

TM1 Field Y 2188.1 ± 36.0 758.4 125.6 1.5 – 58.8 

TM2 Field Y 129.8 ± 8.9 35.9 9.1 0.4 – 4.3 

TM3 Field Y 385.9 ± 16,2 1.6 55.8 0.7 – 33.1 

TM4 Field Y 275.9 ± 5.1 3.3 88.2 0.2 – 10.3 

TM5 Field N 543.8 ± 16.9 0.0 0.0 0.7 – 34.6 

CS1 Field N 850.0 ± 139.6 0.0 0.0 5.7 – 170.9 

CS2 Field Y 609.2 ± 70.3 63.9 0.0 2.9 – 43.0 

CS3 Field N 195.8 ± 43.7 0.0 0.0 1.8 – 26.8 

CS4 Field Y 552.8 ± 26.9 30.1 0.0 1.1 – 47.2 

CS5 Field Y 668.1 ± 50.0 55.1 0.0 2.0 – 61.2 

CS6 Field N 132.5 ± 22.6 0.0 0.0 0.9 – 37.8 
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Volumetric Time-Series Analysis 

Total volumetric changes (toe erosion + tributary channel incision + surface 

deflation) were plotted over time for all sites from the time of deposition to the year 

2023. We identified similarities in trends across most sites, with the most notable being a 

steep decrease in volume during the first year after deposition and stabilization in the 

volume thereafter (Figure 12). The percentage of the initial deposit volume remaining in 

2023 was variable between sites, across wildfires, and between different dominant 

erosional processes (Table 12). For example, deposits with the lowest percent volume 

remaining in 2023 (i.e., experienced the largest magnitude of erosion) were within the 

Pole Creek Fire, which was the youngest wildfire in our study (2018). Conversely, sites 

within the Clay Springs and Shingle Fires exhibited the largest percentage volume 

remaining in 2023, at 90.5 and 80.5% respectively. This is notable because these 

represented the oldest deposits in our study, originating from fires both ignited in 2012. 

This result highlights that the magnitude of erosion across post-fire debris flows is not 

dependent on the age of exposure. Rather, the total volumetric loss appeared to depend 

most on the magnitude of erosion occurring in the first year after deposition. 

While deposit age may not be a dominant factor influencing the total volumetric 

loss over time, we found the dominant erosional process drives the relative magnitude of 

volume loss through time (Table 12). As previously mentioned, sites within the Clay 

Springs Fire (2012) had the highest percentage volume remaining in 2023, 90.5% of the 

initial volume (Table 12). Two sites within the Clay Springs Fire were dominated by toe 

erosion when the lower surface deflation rate was applied, but conversely, surface 

deflation was found to be dominant when the upper rate was applied (Table 11; Clay 
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Springs 4 and 5). The same pattern was true for all sites within the Shingle Fire (2012), 

where all three sites were eroding primarily by surface deflation when the upper rate was 

applied and the median of volume remaining in 2023 was additionally relatively high, at 

86.7% despite the relative age of exposure (Tables 11 and 12). In general, sites inferred to 

be eroding primarily by surface deflation (n = 20) had the highest percent volume 

remaining as of 2023, with an average of 86 ± 6.8%. Sites dominated by toe erosion had 

the lowest percent of volume remaining as of 2023, with an average of 66.7 ± 2.5%. 

There were only two sites where tributary channel incision dominated, with an average 

percent volume remaining in 2023 of 66.8%. 

 

Table 12. Total initial volume from all debris flows, the total estimated eroded, (where 

uncertainty arises from surface deflation rates), median percent remaining in 2023, and 

the number of sites with each dominating erosional process for each wildfire. 
 Dominant Erosional Process 

(number of sites) 

 

 

 

 

Fire, Year 

 

 

Total Initial 

Deposit Volume 

(m3) 

 

 

 

Total Eroded 

Volume (m3) 

Median 

2023 

Volume 

Remaining 

(%) 

 

 

 

Toe 

Erosion 

 

 

Trib. 

Channel 

Incision 

 

 

 

Surface 

Defltn. 

Clay Springs, 

2012 

3008.5 ± 353.1 227.8 ± 72.7 90.5 ± 0  1 0 5 

Dollar Ridge, 

2018 

15621.2 ± 1376.7 3094.0 ± 727.0 71.9 ± 6.0 6 0 2 

Pole Creek, 

2018 

22132.3 ± 1341.8 3656.2 ± 484.9 55.0 ± 0 9 0 0 

Seeley, 2012 3414.6 ± 296.3 639.9 ± 159.9 71.7 ± 6.2 3 0 3 

Shingle, 2012 5589.4 ± 529.1 694.6 ± 340.3 80.5 ± 4.5 0 0 3 

Trail Mtn., 

2018 

3523.5 ± 83.1 810.5 ± 51.1 73.8 ± 0 2 2 1 

Twitchell, 

2010 

24364.5 ± 2458.5 5532.5 ± 1341.0 71.5 ± 5.3 15 0 6 

Total 36 2 20 
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Exponential Decay Function Best-fit Values 

 

Despite the observed variations in volume loss, the general trend in the erosion 

time-series followed a common pattern. Specifically, the percentage of volume remaining 

through time declined rapidly and then tended to diminish and stabilize over time (Figure 

12). We therefore tested the hypothesis that rate of volume loss of post-wildfire debris 

flow deposits could be explained with an exponential decay function. While volume loss 

due to surface deflation was applied as a constant rate through time, we nonetheless 

included the sites dominated by surface deflation in the exponential decay analysis. The 

goal of this analysis was to determine if the overall pattern of erosion across all debris 

flow deposits could be described as an exponential decay function (Eq. 3). It was 

additionally hypothesized that variations in the decay rate, r, should reflect the variations 

in dominant erosional processes between sites. 

In total, all but one of the 58 sites could be fit by the exponential decay model. 

The single exception - Fish Creek 5, 2011 from the Twitchell Canyon Fire – represented a 

location that experienced multiple repeat debris flows over the study period (Table 2), 

limiting the data available for adequately assessing or attempting to fit any type of 

temporal trend for the site deposited in 2011. For the remaining 57 sites, the best-fit value 

for the decay rate, r, in Eq. 3 was evaluated against the percentage volume remaining 

through time. Because there was a low and high estimate of volume remaining due to the 

two surface deflation rates, we evaluated the median percentage remaining through time 

(Figure 13). The geometric mean of the best-fit r across all sites was 0.42, with a median 

value of 0.59 (Table 13). For sites dominated by surface deflation, the geometric mean of  
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Figure 12. Volumetric time-series of all 58 sites separated by color, where the color 

corresponds to the appropriate generating fire. The percentage of initial volume 

remaining is plotted on the y-axis, while the year since observed deposition is plotted on 

the x-axis. 

 

r was much lower, at 0.22, and with a median of 0.30 (n = 20). Finally, sites dominated 

by fluvial toe erosion (n = 35) had a much steeper decay rate, and the geometric mean of 

r was 0.60, with a median of 0.65 (Table 13). We do not report best-fit values for r for 

sites dominated by tributary channel incision due to the small sample size (n = 2). There 

was statistical significance in the value for r between dominant erosional groups evident 

by a p-value significantly less than 0.001 via a two-sided t-test. 

Lastly, we evaluated the intercept, c, in Eq. 3, which represented the volume 

initially lost after deposition (Vint – V0). The median percentage initially lost for all 58 

sites was 17.6% centered around a geometric mean of 9.8% (Table 14). The geometric 

mean was lower for sites dominated by surface deflation than sites dominated by toe 

erosion, 2.7% versus 19.4% respectively (Table 14). Additionally, there was a larger  
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Table 13. Summary statistics for volume loss rate r in Eq. 3 for all 55 sites 

separated by their dominant erosional process. 

 

Dominant Erosional Process 

Geo. 

Mean 

r 

 

Range 

r 

 

Med. 

r 

Std 

Dev. 

r 

 

 

n 

Toe Erosion 0.60 0.26 – 0.87 0.65 0.15 35 

Surface Deflation 0.22 0.01 – 0.73 0.30 0.24 20 

Total 0.42 0.01 – 0.87 0.59 0.23 55 

 

 

standard deviation in the initial volume loss by sites dominated by toe erosion, while the 

surface deflation values for c were more evenly distributed around the geometric mean 

(9.4% and 5.1% respectively). The large range and variability in the intercept, c, across 

all sites is likely a function of initial deposit delivery into the axial river and the presence 

or absence of tributary channel incision on the deposit surface within the first year of 

deposition (Table 14). In cases where sites were only eroding by surface deflation, the 

initial percentage volume loss, c is a function only of the available deposit area and the 

applied surface deflation rate. 

 

Table 14. Summary statistics for the intercept c in Eq. 3 for all 58 sites 

separated by their dominant erosional process. % represents the percent of 

initial volume (the average between high and low surface deflation rates). 

 

Dominant Erosional Process 

Geo. 

Mean 

c (%) 

 

Range 

c (%) 

 

Med. 

c (%) 

Std 

Dev. 

c (%) 

 

 

n 

Toe Erosion 19.4 3.6 - 42.3 23.3 9.4 36 

Surface Deflation 2.7 0.5 – 21.2 2.2 5.1 20 

Total 9.7 0.5 – 42.3 17.6 11.8 58 

 

 

Evaluation of Exponential Decay Erosion Model 

 

To evaluate the efficacy of the exponential decay model, we evaluated the 

predicted volume at time t using Eq. 3 against the observed volume (in this case, 

regressed volumes for the 28 remote sites and 3D reconstructed volumes for the 30 field 
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sites) at time t. In each case, we supplied the model with the measured value of c at each 

site. Predictive models for the intercept c are discussed in further detail in the next 

section. Respective to each erosional process, modeled volumes for sites eroding 

primarily by toe erosion and a supplied r of 0.65 (Table 13) explained the variability well 

with an R2 of 0.85, cross-validated R2 of 0.60, and a mean of residuals of 0.0007. The R2 

was relatively lower for sites eroding primarily by surface deflation (where r = 0.30; 

Table 13) at 0.78, cross-validated R2 of 0.60, and a mean of residuals of 0.0003. Overall, 

the exponential decay model performed worse on sites dominated by surface deflation, 

with many of the modeled volumes overpredicting erosion. This was especially apparent 

in deposits with a lower percentage of the volume remaining; in some cases, the modeled 

remaining volumes were half of the observed (Figure 13). 

Therefore, the exponential decay function, described by Eq. 3, is most appropriate 

for sites eroding primarily by toe erosion via the axial river as opposed to those primarily 

eroding by surface deflation. Instead, estimating volume loss by surface deflation is best 

estimated by applying a constant rate over the deposit area. This result is to be expected, 

as the applied surface deflation rates were constant through time. Despite poor 

performance of the exponential decay function for sites dominated by surface deflation (r 

= 0.30), convergence on a solution for r in Eq. 3 indicates that total deposit erosion was 

still reasonably well described using an exponential decay function despite the 

differences in dominant erosional process. 
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Figure 13. Modeled volumes using Eq. 3 with the relevant best-fit value for r based on 

the dominant erosional process plotted against the observed volumes in the time series. 

The thick black line represents a 1:1 fit. 

 

Influence of Morphological Metrics 

The estimated volumes eroded and remaining through time indicate that the 

dominant erosional process influences the magnitude of sediment lost between sites. 

However, other factors likely influence erosion of debris flow deposits, including valley 

bottom morphology and axial channel lateral migration rate. We evaluated hydrologic, 

morphometric, and sedimentological characteristics at each site that may best explain or 

predict variability in the initial volume loss, c, and the best-fit decay rate, r, in Eq. 3. 

 

Initial Deposit Delivery into the Axial River 

 

Toe erosion results in the largest magnitude of sediment loss among the three 

identified erosional processes (Tables 8 and 11). Therefore, initial delivery of the deposit 
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into the axial river is a significant contributor to the relative magnitude in volume loss of 

post-wildfire debris flow deposits. We observed that the 10 sites that did not initially 

deliver to the axial river had a total loss of toe volume due to erosion by the axial river of 

zero. Conversely, for the 48 sites that were initially delivered to the axial river, we found 

the initial volume loss was highest at the time of deposition due to the eroded channel fill. 

We evaluated this assumption that initial delivery is a significant contributor to overall 

volume loss and found a p-value of 0.01 between groups (initially delivered or not 

initially delivered). 

Prior initial debris flow delivery models presented by Murphy et al., (2019) did 

not account for the river position within the valley bottom. Specifically, they assumed 

that if there was available space in the valley bottom for lateral river migration, then the 

axial river would always be pushed towards the distal valley wall by the deposit. 

However, we did not observe evidence to support this type of river lateral migration 

associated with the initial debris flow deposition. In fact, there was no statistical 

significance in lateral river migration from its pre-fire to post-fire location between 

groups of delivery. In total, less than 25% of the entire dataset had evidence of lateral 

migration greater than 10% of the valley bottom width after debris flow deposition in 

either direction (Figure 8). Nonetheless, we evaluated the ability of the Murphy et al., 

(2019) delivery model to explain our dataset and found it predicted false negatives (i.e., 

no initial delivery) on over half of our dataset. This error arises because the axial river 

position is not considered in their delivery model. Highlighting the need to include this 

factor, we found the river position before debris flow deposition was significant between 

delivery groups with a p-value of 0.03. 
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Not only is the position of the axial river in the valley bottom an important 

consideration for initial delivery models, but the runout length of a deposit within the 

valley bottom must also be considered. We evaluated the relationship between the initial 

deposit volume and the projected runout length (Figure 9). Based on a cube root scaling 

with initial volume presented by Rickenmann (1999), we found a fitting coefficient of 6.6 

for predicting the runout length (R2 = 0.88, cross-validated R2 = 0.73): 

 

𝑅 = 6.6𝑉
1

3⁄      Eq. 4 

 

Where R represents the projected runout length (Figure 9), or the radius of an 

unobstructed conical wedge (in meters), and V represents the initial deposit volume (m3). 

We evaluated the relationship between runout length and xb in initial deposit 

delivery by the ratio of lengths (R / xb), defined here as the Debris Flow Delivery 

Potential ratio (DDP). In cases where the runout length is longer than the distance that the 

axial river is from the contributing margin, the debris flow deposit is sufficiently long 

enough to deliver sediment into the river network. Therefore, initial delivery of the debris 

flow deposit into the axial river is driven by the combination of the measured runout 

length and the distance to the river (xb) before debris flow deposition (Figures 8 and 9). 

Our dataset validated this theory, in that all the sites that were initially delivered to the 

axial river had a DDP greater than or equal to 1, and the confusion matrix produced 100% 

accuracy (Figure 14). 

Lastly, it should be noted that the fitting coefficient, 6.6, in the proposed runout 

length model (Eq. 4), is a function of reconstructed initial volumes from empirically 

derived field data. Modeled initial volume estimates resulting from the Gartner et al., 
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Figure 14. Debris Flow Delivery Potential (DDP) from the measured runout length and 

xb. The horizontal dashed line represents a 1:1 ratio. The groups correspond to if the 

deposit was initially delivered to the axial river network. 

 

(2014) or Wall et al., (2023) volume prediction models likely require a different fitting 

coefficient. We found that the best fitting coefficient for the initial volumes predicted for 

each model in our dataset were 7.5 (R2 = 0.70, cross-validated R2 = 0.40) for the initial 

volumes estimated using the Gartner et al., (2014) model and 2.8 (R2 = 0.69, cross-

validated R2 = 0.51) for the Wall et al., (2023) estimated initial volumes. 

 

Relative Magnitude of Volume Loss 

 

The dominant erosional process was found to heavily influence the initial volume 

loss at each debris flow site. This was especially true for sites initially delivered to the 

axial river due to the estimated channel fill volume loss within the first year. The initial 

percentage volume loss (Vint – V0), c, was lowest for sites that were inferred to be 
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dominated by surface deflation and inversely highest for sites that were dominated by toe 

erosion. There was statistical significance in the dominant process explained by the 

measured DDP (p-value = 0.003), where sites not initially delivered to the axial river 

were dominated by surface deflation and had a lower initial volume loss, c. 

Because we identified the DDP as a significant predictor in initial deposit delivery 

into the axial river (and thus higher relative magnitude volume loss to toe erosion), we 

evaluated the relationship of the measured DDP and the initial percent volume loss, c, in 

Eq. 3. In our dataset, we found as the DDP increases, initial volume loss steeply increases 

and asymptotes at ~45% when the DDP is greater than 1 (Figure 15). Hypothetically, the 

upper bound of initial volume loss should exist at some percentage below 100%, in which 

case the deposit would be completely evacuated as channel fill in the first year. However, 

this scenario is unlikely, as it describes a case in which the river comprises the entire 

valley bottom width, which is rare in natural settings. Additionally, because the initial 

volume loss is heavily dependent on the estimated channel fill volume, which was 

estimated as a function of modeled bankfull depths from regional curves (Bieger et al., 

2015; Figure 5), we evaluated the effect of bankfull depth against the initial volume loss 

and measured DDP (Figure 15). 

We found the estimated channel fill volume represented 50 to 55% of the initial 

volume of sediment delivered (Tables 4 and 6), and therefore, estimates of initial volume 

loss may be most sensitive to uncertainties surrounding the bankfull depth estimated from 

regional curves (Bieger et al., 2015). This is most obvious at high values for the DDP, in 

which the initial debris flow deposit was delivered to the axial river, but the channel fill  
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Figure 15. The relationship of measured DDP to the measured initial volume loss at the 

time of deposition for all 58 sites. The black line represents the upper bound identified in 

the dataset. The dashed line and grey rectangle represent the hypothetical upper bound. 

The color of the dots represents the estimated bankfull depth included in the channel fill 

volume estimate (Bieger et al., 2015). 

 

volume was relatively small compared to the initial deposit volumes (Figures 15 and 5; 

Tables 4 and 6). 

In addition to examining the variability in initial volume loss, c in Eq.3, we 

evaluated factors that may influence the decay coefficient r. Our analysis of total 

volumetric loss indicated that sites eroding primarily by toe erosion can be accurately 

described using an exponential decay model, where the median value for r, 0.65, in Eq. 3 

predicted volume loss through time (Table 13; Figure 13). We found the measured initial 

volume loss, c, and the measured DDP were the most significant predictors in the decay 

rate r (correlation coefficient of 0.68 and 0.50 respectively). This further validates the 

suggestion that initial deposit delivery is one the most important predictors for 
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constraining the rate of erosion for post-wildfire debris flows; debris flows that reach and 

initially deposit sediment into the axial river will experience the largest magnitude of 

volume loss through time, and generally exhibit steeper decay rates. 

Despite values for r being most dependent on initial volume loss, c, the range of 

values for r was relatively large in the toe erosion dominated dataset, between 0.26 and 

0.87 (Table 13). Therefore, we evaluated differences in the r based on various hydrologic, 

morphometric, and sedimentological metrics for the toe erosion dominated sites to 

understand if the range of values was predictable. First, we evaluated data collected from 

cross-sectional surveys of the axial channel at 25 of the visited sites (Table 3). Data 

includes estimates of the cross-sectional geometry of the channel (i.e., cross-sectional 

area, and hydraulic radius) at its estimated maximum depth before overflowing into the 

floodplain or onto the adjacent debris flow deposit, as well as the channel slope at each 

cross-section. With this data, we evaluated metrics informing river competency, 

specifically the estimated shear stress, total, and unit stream power (Shields, 1936; 

Bagnold, 1966). 

In the field, we observed many channel beds that were well armored as well as 

axial channel cross-sections that were composed of unstable banks without a clear 

bankfull elevation. In addition, the slope observed from the longitudinal profile at each 

site in which we surveyed the axial channel averaged 0.04 (4%) and was centered around 

the same median of 4%. Steep slopes through the debris flow deposit reaches resulted in 

large values for stream power and boundary shear stress, suggesting competent reaches at 

high flows (Bagnold, 1966; Shields, 1936).  All but two axial channels were observed to 

be incised into previous valley fill, suggesting the axial river was disconnected from the 
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floodplain or debris flow deposit. This observation was validated by the axial channel 

width to depth ratios, where in all cases observed to be disconnected from the adjacent 

debris flow deposit exhibited width to depth ratios less than 20. Low width to depth ratios 

are indicative of a channel that is entrenched or incised, whereas high ratios are indicative 

of aggrading reaches (Millar and Benda, 2000). In cases in which the axial river was not 

observed to be incised or disconnected to the adjacent floodplain or deposit, width to 

depth ratios were much higher at the relevant cross-section, ranging from 24- 41 (Figure 

D.1). Despite these observations, we did not find any statistical significance between 

width to depth ratios in the axial river in predicting the value for r for sites initially 

delivered into the axial river. 

While the pattern of steep, incised, and disconnected channels was common 

across surveyed cross-sections, the grain size distribution between the channel bed and 

debris flow surface was variable and significant between the identified dominant 

erosional process. Specifically, we found that the channel bed was much coarser or 

similar in distribution to the debris flow deposit surface for sites identified to erode 

primarily by toe erosion. The opposite was true for sites eroding primarily by surface 

deflation, where grain size distributions were evident of a channel bed that was 

significantly finer than the debris flow deposit surface (Figure 16). Despite these 

observations, we did not find any statistically significant predictor variables between 

channel depth, slope, unit and total stream power, estimated total shear stress, or 

hydraulic radius in describing variance between values of r. 
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Figure 16. Grain size distribution data collected from 2023 field surveys of the channel 

bed and deposit surface. The plots are separated by the dominant erosional process, where 

the red line represents the distribution of the channel bed, and the black line represents 

the distribution of the debris flow deposit surface. Thick lines represent the aggregate 

dataset for each plot. 

 

We further evaluated geospatially measured morphological metrics including the 

confluence angle, the estimated river slope from 10-meter DEMS, the 1-km reach 

averaged channel confinement, 1-km reach averaged channel sinuosity, and the lateral 

channel migration. Across the 57 sites, we did not find any significant predictor variables 

related to morphological metrics that could explain the variability in r values. 

 

SUMMARY AND DISCUSSION 

 

The volumetric analysis of post-wildfire debris flow deposits presented here is 

aimed at understanding the rate at which sediment is eroded from deposits after wildfire. 

Field survey data detailing the elevation of the surfaces of post-wildfire debris flow 

deposits was used to reconstruct the initial deposit volume as well as model the 

relationship between deposit area and volume for sites that were not visited in the field. 
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We found deposit initial volume estimates for the 30 field sites were reasonable for 

volumes of post-wildfire debris flows in Utah, specifically with the Wall et al., (2023) 

volume model (Figure 11). However, many initial volumes were underpredicted by Wall 

et al., (2023) model, likely because the authors did not consider “missing” channel fill or 

volume loss to surface deflation in their estimates of initial deposit volumes, which would 

result in a systematic underestimate of deposit volumes (Wall et al., 2023). Despite 

discrepancies in published volume prediction models, we suggest the results of the initial 

volume estimates produced from empirical field data are within a reasonable range of 

debris flow deposit initial volumes for the Intermountain West and areas outside of the 

transverse California ranges (Wall et al., 2023). Additionally, our regression of deposit 

areas versus measured volumes indicates that we can accurately estimate the initial 

deposit volumes based on their area using the power-law relationship described by Eq. 1 

(Table 5). 

We documented three erosional processes responsible for reducing sediment 

volumes from post-wildfire debris flow deposits. Two processes were observed via aerial 

imagery and resulted in losses to the deposit areal extent: toe erosion by the axial river 

and tributary channel incision into the surface of the deposit. Additionally, we observed 

field evidence of a third erosional process, defined here as surface deflation, which is a 

result of sheetwash erosion and runoff processes occurring over the debris flow deposit 

surface. The occurrence of surface deflation was further supported by field data 

suggesting a coarsening of the surface sediment over time (Table 9). 

Sites dominated by toe erosion had the largest magnitude of volume loss through 

time compared to those that were dominated by tributary channel incision. Furthermore, 
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toe erosion dominated sites that were initially delivered to the axial river. We found initial 

deposit delivery to be a function of the runout length and the distance the axial river is 

from the contributing margin (Figure 8 and 9). Notably, we documented little to no lateral 

migration by the axial river after deposition into the valley bottom. This observation 

indicates the position of the river in the valley bottom must be considered in initial 

delivery models. With the observation that initial delivery not only is a function of the 

deposit runout length but is additionally a function of the river position within the valley 

bottom, we evaluated morphological metrics influencing xb, specifically the 1-km reach-

averaged channel confinement. As channel confinement increases, the distance of the 

axial river from the contributing margin approaches a single value. The dataset in this 

study was relatively small (n = 18) due to the temporal and spatial limitations in pre-fire 

imagery to build a predictive model. However, the concept is logical: as the valley width 

narrows, the space available for the axial river to occupy becomes increasingly limited. 

Thus, more confined reaches have a higher likelihood of initial debris flow delivery into 

the axial river. Therefore, the magnitude of deposit volume loss is highest for sites that 

are initially delivered to the axial river due to toe erosion, and this initial delivery is more 

probable in highly confined channels or for deposits with a larger initial volume and 

longer runout length (Eq. 4). 

 The river position within the valley bottom, xb, (Figure 8), was found to decrease 

asymptotically as confinement increased, due to the decreasing space available as the 

valley bottom narrows. In cases where the debris flow deposit was initially delivered to 

the axial river, the axial river tended to be much closer to the contributing margin than for 

sites that were not initially delivered. A similar trend was found in the dominating 
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erosional process, where sites in less confined reaches were generally dominated by 

surface deflation, and more confined sites were dominated by toe erosion by the axial 

river. This is to be expected, as the runout length relative to the distance to the river, was 

established to be a function of the initial volume and runout length of the deposit, as well 

as the channel confinement. With these observations, we proposed a new metric, the 

Debris Flow Delivery Potential (DDP) ratio, that defines the runout length relative to the 

distance to the axial river (xb). Using the DDP to evaluate the debris flow delivery to the 

axial river, we found it accurately predicted initial delivery when the DDP is greater than 

or equal to 1 (Figure 14). 

We further evaluated the effect of DDP on the initial volume loss at the time of 

deposition for the 58 identified sites. We found that when DDP was less than 1, meaning 

the deposit was not initially delivered to the axial river, initial volume loss was very low. 

As DDP increased above 1, the initial volume loss steeply increased and plateaued at 

~45% (Figure 15). Due to the uncertainty surrounding the “missing” channel fill volume 

estimate, outliers in the dataset were possibly due to estimates of the shallow bankfull 

depths (Figures 15 and 5). Because estimates of channel fill volume can represent ~50% 

of the initially delivered volume (Tables 4 and 6), estimates of initial volume loss may be 

most sensitive to uncertainties surrounding the bankfull depth estimated from regional 

curve, especially at high values for the DDP (Bieger et al., 2015; Figure 15). Therefore, 

the best model for explaining the volume initially lost to the axial river will likely require 

a more robust estimate of the channel fill volume, which is limited in current available 

data. Conceptually, however, it is clear for sites that are initially delivered to the axial 

river, as evident by DDP >= 1, the initial volume loss, c, increases rapidly, likely as a 
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function of the axial river morphology at the time of deposition and the subsequent 

channel fill volume. The DDP ratio proved to be a reliable metric for not only predicting 

whether a debris flow would be delivered (Fig 14) but also the relative magnitude of 

sediment initially delivered to the axial river (Figure 15). This relationship, therefore, 

provides a potentially promising approach for predicting the fitting coefficient (c) needed 

to scale exponential decay curves in Eq. 3. 

Despite initial delivery into the axial river, nine of the identified delivered sites 

were not dominated by toe erosion but appear to be dominated by surface deflation. 

Discrepancies in this pattern are likely due to local variations in channel morphology. For 

example, one site, S2 within the Seeley Fire, was initially delivered to the axial river, but 

the erosion was dominated by surface deflation, not toe erosion. In this case, the axial 

river was observed to be dammed by large woody debris, and the grain size distribution 

of the channel bed was dominated by fine sand. While toe erosion tends to dominate in 

sites delivered to the axial river, local geomorphic controls may have large impacts on the 

hydrologic efficiency in transporting the supplied debris flow sediment. Therefore, local 

sediment bottlenecks may indicate hydrologically inefficient reaches, where the axial 

river may be unable to erode the debris flow sediment, and the channel bed instead is 

aggrading at the debris flow deposit (Arditti et al., 2023). 

A similar pattern of toe erosion by the axial river not dominating despite initial 

delivery was observed at two sites within the Clay Springs Fire. Notably, the Clay 

Springs Fire burned in primarily intermittently flowing watersheds (Table 1). At these 

sites, there was no evidence of local geomorphic controls, such as wood jams, but instead 

the absence of competent flows. We additionally saw a relatively low absolute volume 
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loss in sites within the Clay Springs burn perimeter, indicating that the absence of 

competent flows in the axial river influences the overall volume loss at these sites. Not 

only was Clay Springs an intermittent system, but annual precipitation and runoff were 

the lowest in our dataset within this burn perimeter (Table 1). Low precipitation and 

runoff may translate to lower surface deflation rates, implying that most of the sediment 

supplied from post-wildfire debris flows is stored within the valley bottom, rather than 

transported downstream. Our observations of sites that are eroding primarily via surface 

deflation, or more specifically, not dominated by the toe erosion from the axial river, 

indicate that systems broadly characterized as transport limited are likely to have less 

debris flow sediment eroded from the supplied deposits. In fact, grain size distributions 

between the axial channel bed and the debris flow sediment was overall finer than the 

debris flow surface (Figure 16). It can be inferred that sites that are dominated by surface 

deflation may be transport limited, in that most of the sediment is stored within the 

channel and valley bottom due to the absence of competent flows. 

On the contrary, grain size distributions between the axial channel bed and the 

debris flow surfaces show that in all but one case, the channel bed sediment was much 

coarser or similar to the supplied debris flow sediment for sites that were dominated 

primarily by toe erosion (Figure 16). It is probable that sites dominated by toe erosion via 

the axial river are generally capable of removing the fine sediment supplied from the 

debris flow deposit, and the channel bed becomes armored with time. This is especially 

true in systems that are not limited in flow and easily transport the fine sediment supplied 

to them (Dietrich et al., 1989). Field observations were evident of axial channels that 

were incised, comprised of unstable banks, and disconnected from the adjacent floodplain 
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or debris flow deposit. Similar patterns were observed in previous research (i.e., Hoffman 

and Gabet, 2007), where the surveyed channels through the debris flow deposit were 

entrenched and incised, evident by low width to depth ratios (Millar and Benda, 2000). 

Additionally, in the 2007 post-fire study by Hoffam and Gabet, the authors determined 

that coarsening of the median channel grain size downstream of the debris flow deposit 

was evidence of a channel able to winnow fines and mobilize coarse gravel at high flow. 

These observations further highlight that the magnitude of sediment eroded from debris 

flow deposits over time is a complex relationship between flow regime, sediment 

transport, and reach morphology. 

At the sites in which debris flows are eroding by the axial river, debris flows are 

likely to stabilize quickly, as the axial river lateral migration rates appear to be low in the 

identified study sites, and thus the axial river is not eroding further into the deposit toe 

through time. The observation of low migration rates could simply be due to the temporal 

scale in which we are observing the axial river after debris flow deposition. Additionally, 

the channel slopes were relatively steep near debris flow deposits, likely because the axial 

river is increasing slope to meet the increased sediment supply. If the axial channel 

continues to incise, the unstable banks will collapse into the bed. If the bed material is too 

coarse, the axial channel may aggrade, decrease its slope, and widen its banks. With the 

temporal scale of this dataset, it is probable the axial channel has not yet reached 

equilibrium and is actively incising to increase its slope. Therefore, it will continue to 

adjust its slope until it reaches equilibrium between the sediment supplied and the 

sediment transported through the reach (Hoffman and Gabet, 2007). More data is needed 

to understand how the axial channel adjusts its morphology to an increased sediment 
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supply, and additionally, the temporal scale in which this occurs. Arguably, the most 

important factor missing in understanding channel response to post-wildfire debris flow 

deposits is the channel response within the first year of deposition. In this study, we 

assumed the channel fill is immediately excavated within the first year, however, more 

information within the first year of deposition is crucial to understanding the rate at 

which the axial channel equilibrates and thus stabilizes at the debris flow toe. In locations 

lateral migration rates are higher, decay rates may be steeper as the axial river meanders 

throughout and erodes a larger portion of the debris flow deposit. 

Despite variability in the dominant erosional process between sites, we found the 

magnitude of volume loss over time could be described with an exponential decay 

function. While the general shape of the volume loss through time for sites dominated by 

surface deflation converged on a solution for r in Eq. 3, we found the model performed 

relatively poorly for these sites (Figure 13). Therefore, a better estimate of volume loss 

due to surface deflation is found by applying the surface deflation rate over the deposit 

area rather than attempting to fit it to an exponential decay function with a low decay 

rate. In many cases, the sites in which surface deflation was the dominant erosional 

process, the area did not change significantly through time, and thus the volume loss by 

surface deflation is a simple function of a rate applied to a constant area. However, 

because we had no empirical measurements of surface deflation, we were limited to 

simply estimating a plausible range of surface deflation rates and have no insights into 

whether surface deflation rate is actually constant or variable through time. 

For this analysis, we applied both a high and low constant surface deflation rate 

over the remaining area, but it is likely that the surface deflation rate varies in time, 
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decreasing as the deposit surface coarsens and becomes armored and/or vegetated. As a 

deposit becomes more stable through time, we would expect to see the rate of volume 

loss due to surface deflation decrease. More data is needed to accurately constrain the 

rate at which surface deflation contributes to overall volumetric loss through time. 

Further constraining surface deflation rates likely requires knowledge of the local 

precipitation, debris flow and tributary catchment slope, and local ecological succession 

following wildfire (i.e., vegetation regrowth). Future work should be centered around 

larger temporal datasets of depth and volumetric change due to each of the identified 

erosional processes. Specifically, surface deflation rates could be obtained via terrestrial 

lidar scanning and/or frequent depth measurements at sites that are deposited on 

hillslopes or not initially delivered to the axial river, in which the only erosional process 

occurring on the deposit is surface deflation. 

While the exponential decay function described by Eq. 3 was not appropriate for 

predicting the volume remaining through time for sites primarily eroding by surface 

deflation, we found it performed well on the dataset in which sites were dominated by toe 

erosion (Figure 13). However, we were unable to find any statistically significant 

predictor variables in explaining variability in the decay rate, r, for the 35 sites primarily 

eroding by toe erosion by the axial river. Overall, observations of the volumetric time 

series analysis for these sites, as well as the median value for r (0.65), make it clear that 

sites dominated by toe erosion stabilize much more quickly. Stabilization of these sites 

likely results due to variability in the axial river flow magnitude and its ability to armor 

its bed through time. It is possible that variation between decay rates in sites dominated 

by fluvial erosion is driven by bank stability and channel widening as the axial channel 
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rebuilds its banks, and the channel cross-sections collected in 2023 did not capture the 

dynamic axial channels in time after deposition. Future work should focus on 

understanding channel evolution following the input of debris flow sediment, specifically 

how the channel evolves immediately after deposition and each year following. It is 

possible that decay rates could be improved with a better understanding of changes to 

flow regime, channel geometry, axial channel lateral migration rates, and/or bank stability 

by the axial river through time. Within the context of available temporal data of debris 

flow volume loss through time, we conclude that generally, sites initially delivered to the 

axial river (as predicted by the DDP), can be best predicted with a decay rate, r = 0.65 in 

Eq. 3 (Figure 13). 

The common predictor variable in all presented processes is channel confinement. 

We find that the processes that dominate at the time of deposition set the stage for erosion 

on the decadal scale. For example, the DDP is a function of the river position relative to 

the contributing margin (xb), which we found to be related to channel confinement. Post-

wildfire sediment sourced from debris flows is more likely to be delivered into the river 

network in confined valley settings. Additionally, in confined reaches, toe erosion 

dominates erosion of debris flow deposits over time. This is evident at the burn perimeter 

scale; for example, in the Seeley Fire, half of the identified study sites were dominated by 

toe erosion, while the other half were dominated by surface deflation. Notably, the three 

sites that were dominated by surface deflation and the three sites dominated by toe 

erosion were in separate watersheds (Table 1). The three sites driven by surface deflation 

had confinement values from 0.01 to 0.12 (relatively unconfined), while the sites driven 
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by toe erosion had confinement values from 0.36 to 0.42 (partly confined) (Benda et al., 

2007). 

To estimate the rate of erosion of post-wildfire debris flow deposits on the decadal 

scale, it is essential to first understand the factors influencing initial deposit delivery into 

the axial river. We present a conceptual model that first starts at estimated debris flow 

deposit initial volume, which determines the runout length (Rickenmann, 1999; Murphy 

et al., 2019; Eq. 4). Predictions of initial deposit volume are generally based on short-

duration rainfall intensities and burn severity characteristics in the debris flow generating 

catchment (Gartner et al., 2014; Wall et al., 2023). Secondly, we find that channel 

confinement is an important predictor for the resulting value for xb, that is the distance 

that the axial river is from the contributing margin (Figure 8). Estimates of the axial river 

position and the runout length inform the DDP ratio, which is a useful metric to estimate 

not only initial deposit delivery into an axial river, but also the initial percentage volume 

loss, c (Figure 16). Sites initially delivered to the axial river, especially in systems with 

frequent competent flows, are likely to erode primarily by toe erosion. For these cases, 

the rate of volume remaining through time can be fit with an exponential decay function, 

Eq. 3, where r = 0.65 for the available data. For cases in which the debris flow deposit is 

not initially delivered to the axial river, either due to a small deposit runout length or an 

unconfined valley, surface deflation is likely to dominate across the deposit. 

Lastly, we were unable to constrain the factors driving variability in the volume 

loss primarily due to tributary channel incision with the available data (n = 2). This is a 

crucial process to understand, as we observed that in some cases erosion by the tributary 

channel can exceed the depth of the deposited debris flow, and may represent a 
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substantial volume of sediment delivered to the axial river. In our dataset, the volumes 

loss to tributary channel incision were relatively low, with one exception of a site with a 

33% volume loss due to tributary channel incision. Erosion due to tributary channel 

incision may not be significant in large debris flow deposits, especially compared to the 

volume eroded at the toe by the axial river. However, at smaller debris flow deposits, 

tributary channel incision may represent a large portion of the overall volume loss. 

 

CONCLUSION 

 

We evaluated volumetric change for 58 unique post-wildfire debris flow deposits 

resulting from seven different wildfires in the state of Utah (Figure 2). For 30 sites, we 

estimated deposit volumes based on field surveys, and for the remaining 28 sites not 

visited in the field, we applied an area-volume relationship developed from our field data. 

Additionally, we identified three processes responsible for eroding post-wildfire debris 

flow sediment through time: toe erosion by the axial river, tributary channel incision on 

the surface, and surface deflation across the deposit surface. The largest magnitude of 

sediment was lost at sites that initially delivered sediment to the axial river. 

We found that the volume eroded from post-wildfire debris flow deposits over 

time could, at least in the cases of sites initially delivered to the axial river, be reasonably 

modeled as an exponential function. First, we presented a new metric, the Debris Flow 

Delivery Potential ratio, to estimate the likelihood of a debris flow being delivered to the 

axial river. The DDP is the ratio of the runout potential of a debris flow, predictable to the 

first order by its initial volume and the position of the axial river within the valley 

bottom, where DDP = 
𝑅

𝑥𝑏
. In general, our findings suggest that more confined reaches are 
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more likely to deliver sediment into the axial river network, and that sites with a DDP ≥ 1 

will have the largest initial volume loss due to the delivery of channel fill sediment within 

the first year. Estimating the initial volume loss as a function of the DDP closes a 

significant knowledge gap surrounding the magnitude of sediment delivery within the 

first year of debris flow deposition. Debris flows deposited into confined systems are 

likely to deliver larger volumes of sediment within the first year, but the deposits appear 

to stabilize quickly. 

For debris flows that are not eroded primarily by toe erosion, either due to runout 

lengths not sufficiently long enough to reach the axial river or an absence of competent 

flows, erosion primarily occurs from surface deflation. For the scope of this study, we 

estimated volume loss to surface deflation based on a range of constant applied rates of a 

lower and upper bound (0.1 to 5 mm m-2 yr-1 respectively). However, it is possible to 

likely that surface deflation rates decrease with time as the deposit surface stabilizes due 

to vegetation establishment or armoring of the deposit. Constraints on the rates at which 

surface deflation removes sediment from post-wildfire debris flows deposits are lacking. 

Future work should focus on measuring surface deflation rates in different hydrologic and 

climatological regimes. 

Post-wildfire debris flow deposits remain an area of ongoing research due to their 

ability to alter instream river networks and cause damage to downstream infrastructure 

and communities. Wildfire prevalence and burn severity is projected to increase in the 

western US, and watersheds will continue to remain vulnerable to the effects of wildfire 

(Abazataglou and Williams, 2016; Westerling et al., 2011; Murphy et al., 2018). It 

remains crucial to continue advancing our understanding and predictive capabilities 
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related to the risks associated with wildfire and increased sedimentation. The models and 

observations presented in this research address critical knowledge gaps in understanding 

the temporal dynamics of post-wildfire debris flow sediment supply to river networks. 

The findings improve our understanding of post-wildfire geomorphic response and can be 

applied to improve assessments of watershed vulnerability to increased sedimentation 

following wildfires that generate debris flows. 
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Appendix A. Tables of all debris flow study sites and their examined remote metrics 

for modeling. 

Table A.1. Debris flow study locations. 

Site DF ID Fire, Year 
DF 

Year Long, Lat 

Clay Springs 1 CS1 Clay Springs, 2012 2014 
112.1649973°W 

39.3565499°N 

Clay Springs 2 CS2 Clay Springs, 2012 2014 
112.1503388°W 

39.3334051°N 

Clay Springs 3 CS3 Clay Springs, 2012 2014 
112.1571626°W 

39.3293255°N 

Clay Springs 4 CS4 Clay Springs, 2012 2014 
112.2415526°W 

39.4431215°N 

Clay Springs 5 CS5 Clay Springs, 2012 2014 
112.1580823°W 

39.3534267°N 

Clay Springs 6 CS6 Clay Springs, 2012 2014 
112.2169795°W 

39.4727540°N 

Dollar Ridge 1A DR1A Dollar Ridge, 2018 2018 
110.7842434°W 

40.1218549°N 

Dollar Ridge 1 DR1 Dollar Ridge, 2018 2018 
110.7443828°W 

40.1209189°N 

Dollar Ridge 2 DR2 Dollar Ridge, 2018 2018 
110.7461940°W 

40.1087163°N 

Dollar Ridge 3 DR3A Dollar Ridge, 2018 2018 
110.7712533°W 

40.1235432°N 

Dollar Ridge 4 DR4 Dollar Ridge, 2018 2018 
110.7907944°W 

40.1207009°N 

Dollar Ridge 4A DR4A Dollar Ridge, 2018 2018 
110.8042790°W 

40.1158957°N 

Dollar Ridge 5 DR5 Dollar Ridge, 2018 2018 
110.8348254°W 

40.1212867°N 

Dollar Ridge 5A DR5A Dollar Ridge, 2018 2018 
110.8477539°W 

40.1265143°N 

Pole Creek 1 PC1 Pole Creek, 2018 2019 
111.5230515°W 

39.9418441°N 

Pole Creek 2 PC2 Pole Creek, 2018 2019 
111.5209323°W 

39.9403668°N 

Pole Creek 3 PC3 Pole Creek, 2018 2019 
111.5194444°W 

39.9386945°N 

Pole Creek 4 PC4 Pole Creek, 2018 2019 
111.5186854°W 

39.9379777°N 

Pole Creek 5 PC5 Pole Creek, 2018 2019 
111.5183522°W 

39.9374986°N 

Pole Creek 6 PC6 Pole Creek, 2018 2019 
111.5170698°W 

39.9352345°N 

Pole Creek 7 PC7 Pole Creek, 2018 2019 
111.3967406°W 

39.9919036°N 

Lake Fork 1 LF1 Pole Creek, 2018 2019 
111.4561384°W 

39.9637260°N 
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Table A.1. (cont.)     

Lake Fork 2 LF2 Pole Creek, 2018 2019 
111.4145273°W 

39.9360224°N 

Seeley 1 S1 Seeley, 2012 2012 
111.1617234°W 

39.5411264°N 

Seeley 2 S2 Seeley, 2012 2012 
111.1665492°W 

39.5477166°N 

Seeley 3 S3 Seeley, 2012 2012 
111.2038681°W 

39.5229984°N 

Seeley 4 S4 Seeley, 2012 2012 
111.1987539°W 

39.5197457°N 

Seeley 5 S5 Seeley, 2012 2012 
111.1833178°W 

39.5701072°N 

Seeley 6 S6 Seeley, 2012 2012 
111.2096930°W 

39.5264368°N 

Shingle 1 Sh1 Shingle, 2012 2013 
112.6003646°W 

37.4308742°N 

Shingle 2 Sh2 Shingle, 2012 2013 
112.6028607°W 

37.4343828°N 

Shingle 3 Sh3 Shingle, 2012 2015 
112.6050836°W 

37.4411075°N 

Trail Mountain 1 TM1 Trail Mountain, 2018 2018 
111.1566292°W 

39.4239114°N 

Trail Mountain 2 TM2 Trail Mountain, 2018 2018 
111.1703243°W 

39.4312605°N 

Trail Mountain 3 TM3 Trail Mountain, 2018 2018 
111.1730069°W 

39.4343738°N 

Trail Mountain 4 TM4 Trail Mountain, 2018 2018 
111.1767369°W 

39.4363717°N 

Trail Mountain 5 TM5 Trail Mountain, 2018 2018 
111.1820109°W 

39.4368392°N 

Fish Creek 1 FC1 
Twitchell Canyon, 

2010 2011 
112.4534076°W 

38.5014422°N 

Fish Creek 2 FC2 
Twitchell Canyon, 

2010 2011 
112.4558859°W 

38.5041759°N 

Fish Creek 3 FC3 
Twitchell Canyon, 

2010 2011 
112.4560217°W 

38.5048043°N 

Fish Creek 4 2011 
FC4_1

1 
Twitchell Canyon, 

2010 2011 
112.4588018°W 

38.5139838°N 

Fish Creek 4 2018 
FC4_1

8 
Twitchell Canyon, 

2010 2018 
112.4588018°W 

38.5139838°N 

Fish Creek 5 2011 
FC5_1

1 
Twitchell Canyon, 

2010 2011 
112.4566256°W 

38.5191456°N 

Fish Creek 5 2014 
FC5_1

4 
Twitchell Canyon, 

2010 2014 
112.4566256°W 

38.5191456°N 

Fish Creek 5 206 FC5 
Twitchell Canyon, 

2010 2016 
112.4566256°W 

38.5191456°N 

Fish Creek 7 2011 
FC7_1

1 
Twitchell Canyon, 

2010 2011 
112.4489614°W 

38.5401822°N 
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Table A.1. (cont.)     

Fish Creek 7 2016 
FC7_1

1 
Twitchell Canyon, 

2010 2016 
112.4489614°W 

38.5401822°N 

Shingle Creek 1 SC1 
Twitchell Canyon, 

2010 2011 
112.4926236°W 

38.5018448°N 
Shingle Creek 2 

2011 
SC2_1

1 
Twitchell Canyon, 

2010 2011 
112.4880498°W 

38.5214910°N 
Shingle Creek 2 

2014 
SC2_1

4 
Twitchell Canyon, 

2010 2014 
112.4880498°W 

38.5214910°N 

Twitchell 1 T1 
Twitchell Canyon, 

2010 2014 
112.4954915°W 

38.3951018°N 

Twitchell 2 T2 
Twitchell Canyon, 

2010 2014 
112.4917565°W 

38.3964402°N 

Twitchell 3 T3 
Twitchell Canyon, 

2010 2014 
112.4904133°W 

38.3974025°N 

Twitchell 4 T4 
Twitchell Canyon, 

2010 2014 
112.4888042°W 

38.3988940°N 

Twitchell 5 T5 
Twitchell Canyon, 

2010 2014 
112.4880136°W 

38.3995282°N 

Twitchell 6 T6 
Twitchell Canyon, 

2010 2014 
112.4813218°W 

38.3997372°N 

Twitchell 7 T7 
Twitchell Canyon, 

2010 2014 
112.4760119°W 

38.3998529°N 

Twitchell 8 T8 
Twitchell Canyon, 

2010 2014 
112.4718159°W 

38.3997220°N 
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Table A.2 Debris flow morphological characteristics measured in ArcGIS. 

Site 

DF 

Slo

pe, 

% 

Runout 

Length 

Center, m 

Runout 

Length 

Upstream 

Edge, m 

Runout 

Length, 

Downstream 

Edge, m 

Conflue

nce 

Angle, 

degrees 

Splay 

Angle, 

degree

s 

Initial 

Area, m2 

CS

1 7.5 105.8 105.1 122.4  35.8 5696.0 

CS

2 6.3 69.7 82.7 64.1  25.9 2921.0 

CS

3 7.6 92.0 94.7 99.3  19.8 1785.0 

CS

4 5.3 37.3 54.2 37.3 59.1 22.3 1193.2 

CS

5 5.1 51.4 105 66.3 62.8 22.6 2198.0 

CS

6 9.8 31.4 121.8 63.9 33.3 31 922.7 

DR

1A 

16.

3 190.4 92.9 90.5 87.5 56 4509.3 

DR

1 5.3 52.8 182.9 166.25 79.9 31 17614.7 

DR

2 

10.

3 39.4 64.1 64.2 83.4 53 1314.5 

DR

3A 6.5 156.4 125.3 102.5 114.3 69 15163.4 

DR

4 

11.

1 50.2 51.2 67.9 121.8 112 3181.1 

DR

4A 0.1 110.5 129.1 83.3 59.7 88 9666.1 

DR

5 3.3 86.6 112 94.1 93.7 89 10556.4 

DR

5A 5.2 94.0 87.3 61.1 67.2 96 7267.9 

FC

1 5.2 53.2 80.3 52.6 72.6 126 5688.5 

FC

2 

12.

4 66.2 77 107.6 76.9 78 5069.3 

FC

3 7.1 36.8 52.9 34.2 108 111 1613.6 

FC

4_1

1 7.9 43.7 53.4 58 76.5 94 2271.1 

FC

4_1

8 7.5 30.6 52.5 55.2 80.6 78 1634.1 

FC

5 7.1 91.3 107.2 100.9 80 50 8617.9 

FC

5_1

1 5.7 82.9 105.7 94.5 113.8 83 8337.5 
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Table A.2. (cont.) 
FC

5_1

4 7.5 82.3 112.2 92.5 80 95 7195.7 

FC

7 0.1 47.1 99.8 58.8 49.5 99 4465.8 

FC

7_1

1 7.9 34.9 100.6 93.2 73.2 95 4494.1 

LF

1 5.4 118.2 219.5 110.8 85.3 127 19546.8 

LF

2 4.4 111.0 233.3 197 80.9 41 14700.7 

PC

1 7.0 26.5 48.3 53.1 30.8 81 1319.5 

PC

2 

12.

8 22.3 129.5 84.6 95.8 39 3663.3 

PC

3 

16.

8 45.7 73.9 56.4 83.8 44 2063.6 

PC

4 

16.

5 42.5 82.0 60.6 90.1 50 2976.3 

PC

5 

19.

2 26.5 59.0 41 75.7 40 572.3 

PC

6 

10.

5 41.9 124.8 111 77.3 48 3325.2 

PC

7 

16.

5 24.1 64 61.7 71.7 81 1424.8 

S1 4.1 52.5 55.7 50.9 51.1 100 2700.7 

S2 

11.

3 38.1 38.9 30.2 58.7 42 884.5 

S3 7.4 58.3 99.5 74.6 71.8 104 4115.3 

S4 9.3 39.4 48.5 46.4 70.2 113 2087.9 

S5 

32.

3 32.7 29.2 29 95.4 57 537.4 

S6 

33.

9 28.0 65.2 59.8 90 83 976.6 

Sh1 

17.

9 65.6 98 97.8 55.1 37 2708.6 

Sh2 8.5 105.7 207.9 170.2 22.4 53 7265.2 

Sh3 7.3 80.8 116.1 155.6 28 35 8952.9 

SC

1 

16.

8 97.6 150 124.3 68.6 83 9919.2 

SC

2_1

1 0.0 18.3 24.7 14.6 51.3 120 406.0 

SC

2_1

4 0.0 22.3 32 19.5 51.3 146 701.4 
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Table A.2. (cont.) 
TM

1 8.3 64.9 90.1 58.3 47.7 56 2737.2 

TM

2 6.4 58.2 80.1 70.7 55.9 15.3 670.2 

TM

3 

19.

4 46.6 69.5 63.9 51.1 54.3 1170.3 

TM

4 

13.

6 41.4 64.9 53.8 84.2 28.8 384.2 

TM

5 

22.

3 52.7 119.3 48.4 71.3 35.4 1153.0 

T1 

27.

4 71.4 188.8 168.3 109.9 77 12024.2 

T2 

18.

3 38.2 43 32.8 74.5 70 1285.4 

T3 

19.

3 60.6 65.3 46.6 81.2 75 2505.0 

T4 

15.

2 58.0 85.8 47.1 81.8 49 5468.1 

T5 

26.

2 34.9 65.7 61.8 77 62 1641.5 

T6 

22.

2 29 56.5 56.3 75.2 51 1303.9 

T7 

23.

9 24.8 17.3 47 100.6 40 654.4 

T8 

27.

9 51.2 91.3 79 65.2 52 3651.2 
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Table A.3. Valley and river morphology. 

Site 

 

 

 

 

Delivery 

Valley 

Bottom 

Width 

Axial 

River 

Slope 

River 

Location, 

Pre, m 

River 

Location, 

Deposition, 

m 

River 

Location, 

Post, m 

River 

Lateral 

Shift / 

Valley 

Width 

CS1 0 118.9 0.06     

CS2 1 54.6 0.04     

CS3 0 183.8 0.08     

CS4 1 71.1 0.07 46.0 46.0 46.0 0.00 

CS5 1 52.1 0.14 44.9 47.1 47.3 0.05 

CS6 1 79 0.04 28.2 25.3 26.7 -0.02 

DR1 0 132.8 0.02 82.3 87 85.6 0.02 

DR1A 1 199.2 0.01 170.5 167.5 170.5 0.00 

DR2 1 51 0.02 19 39.3 41.6 0.44 

DR3A 0 207 0.01 170.7 170.5 167.7 -0.01 

DR4 1 59.8 0.01 42.4 42 38.2 -0.07 

DR4A 1 120.8 0.01 89.8 90.6 88.1 -0.01 

DR5 1 98.3 0.01 75.8 70.8 71.8 -0.04 

DR5A 1 138.4 0.01 110.3 84.8 65.1 -0.33 

FC1 1 55.8 0.03 44 42.3 41 -0.05 

FC2 1 70.5 0.05  68.3 63.2 0.90 

FC3 1 42.4 0.05  21.6 21.6 0.51 

FC4_11 1 47 0.03 42.4 25.9 25.9 -0.35 

FC4_18 1 47 0.04 25.9 31.9 31.9 0.13 

FC5 1 91.3 0.04 82.8 85.8 85.8 0.03 

FC5_11 1 91.3 0.04 64.6 68.4 79.8 0.17 

FC5_14 1 91.3 0.04 68.4 79.8 82.8 0.16 

FC7 1 84.6 0.04 35.5 41.1 60.4 0.29 

FC7_11 1 84.6 0.04 29.7 35.5 41.1 0.13 

LF1 1 136.5 0.03 113.8 113.8 114.4 0.00 

LF2 1 117.6 0.03 103.8 90 97.2 -0.06 

PC1 1 25.6 0.08 14.5 9.5 16 0.06 

PC2 1 26.3 0.08 11.7 2 6.8 -0.19 

PC3 1 62.9 0.08  27.4 27.8 0.44 

PC4 1 43.9 0.08  17.7 21.4 0.49 

PC5 1 33.5 0.08  22 25.8 0.77 

PC6 1 41.9 0.08  34.2 31.2 0.74 

PC7 1 30 0.01 8.7 2.3 1 -0.21 

S1 0 97.1 0.02 72.5 66.6 67.1 -0.06 

S2 1 64.1 0.02 31.9 33.4 34.4 0.04 

S3 1 40.7 0.02 40.7 40.7 40.7 0.00 

S4 1 27.3 0.02 11.8 12.6 7.4 -0.16 
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Table A.3. (cont.) 

S5 0 128.5 0.02 36.6 35 34.3 -0.02 

S6 1 32.8 0.02 6.9 3.6 3.2 -0.11 

SC1A 1 133.9 0.04  88.6 84.8 0.63 

SC2_11 1 68.1 0.05  17.9 12.7 0.19 

SC2_14 1 68.1 0.05 17.9 20.8 12.7 -0.08 

Sh1 0 37.3 0.05  106.5 106.5 0.35 

Sh2 1 126.4 0.05  95.9 89.5 0.71 

Sh3 1 94.4 0.05  82 82 0.87 

T1 1 71.4 0.07 57.8 64.2 57.8 0.00 

T2 1 44.8 0.07 29.8 35.8 28.4 -0.03 

T3 1 63.6 0.07 38 52.2 42.6 0.07 

T4 1 58 0.07 21.5 53.1 36.5 0.26 

T5 1 61.8 0.07 33.3 28.5 40.4 0.11 

T6 1 57.4 0.07 25 24.3 22.6 -0.04 

T7 1 49.3 0.07 11.7 18.3 9.1 -0.05 

T8 0 68.5 0.07 60.4 59.6 59.6 -0.01 

TM1 1 69 0.07  38.3 38.3 0.56 

TM2 1 67.5 0.07  54.6 54.6 0.81 

TM3 1 54.1 0.07  41.1 41.1 0.76 

TM4 1 46.8 0.07  39.1 39.1 0.84 

TM5 0 35.8 0.07  6.8 11.7 0.33 
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Table A.4. Axial river plan view metrics through time. 

Site 

Pre-

Conf

inem

ent 

Dep.-

Confi

ne. 

Post-

Confi

ne. 

Pre-Avg 

Riv 

Width, 

m 

Dep.-Avg 

Riv 

Width, m 

Post-Avg 

Riv 

Width, m 

Pre-

Sinu

osity 

Dep- 

Sinuo

sity 

Post-

Sinuo

sity 

CS1          

CS2 0.15 0.2 0.13 5.2 7 4.4 1.13 1.07 1.1 

CS3          

CS4 0.05 0.14 0.11 2.4 6.95 5.25 1.16 1.14 1.14 

CS5 0.06 0.05 0.04 4.3 3.3 2.9 1.14 1.16 1.15 

CS6 0.16 0.25 0.21 6.5 10.25 8.4 1.24 1.22 1.23 

DR1 0.05 0.04 0.04 7.07 5.65 6.79 1.63 1.61 1.59 

DR1

A 0.04 0.05 0.05 7.41 8.65 8.45 1.16 1.12 1.11 

DR2 0.12 0.13 0.16 5.62 6.35 7.58 1.3 1.23 1.25 

DR3

A 0.03 0.05 0.04 7.23 10.3 8.96 1.1 1.1 1.1 

DR4 0.11 0.13 0.13 9.15 10.8 10.85 1.75 1.75 1.71 

DR4

A 0.06 0.08 0.08 7.55 11.55 10.67 1.33 1.42 1.45 

DR5 0.09 0.08 0.08 8.58 7.25 7.77 1.65 1.6 1.89 

DR5

A 0.04 0.07 0.04 7.57 12.8 7.64 1.59 1.59 1.45 

FC1 0.15 0.16 0.19 4.91 5.16 6.31 1.17 1.3 1.29 

FC2  0.21 0.22  5.97 6.27  1.28 1.46 

FC3  0.21 0.23  5.82 6.22  1.32 1.35 

FC4

_11 0.14 0.18  6.01 7.78  1.27 1.22  
FC4

_18 0.16 0.16 0.12 6.86 6.9 5.23 1.23 1.23 1.24 

FC5 0.23 0.09 0.09 15.12 5.85 5.85 1.14 1.18 1.18 

FC5

_11 0.08 0.2  5.31 13.4  1.23 1.11  
FC5

_14 0.23 0.23  15.12 15.12  1.14 1.14  

FC7 0.09 0.1 0.1 7.75 8.23 8.23 1.29 1.24 1.24 

FC7

_11 0.07 0.07  5.92 6.31  1.24 1.3  

LF1 0.04 0.05 0.03 3.91 5.5 3.04 1.26 1.26 1.26 

LF2 0.06 0.06 0.04 4.49 5.05 3.41 1.28 1.22 1.17 

PBC

1 0.1 0.33 0.13 1.93 6.15 2.41 1.5 1.4 1.51 

PC2  0.32 0.1  7.05 2.16  1.28 1.9 

PC3  0.24 0.1  6.7 2.74  1.11 1.15 

PC4  0.19 0.1  6.65 3.34  1.08 1.12 

PC5  0.22 0.11  6.65 3.31  1.08 1.12 
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Table A.4. (cont.) 

PC6  0.19 0.12  6.3 3.99  1.08 1.07 

PC7 0.15 0.22 0.18 5.06 7.5 6.22 1.06 1.04 1.04 

S1 0.1 0.12 0.09 6.96 7.85 6.38 1.34 1.33 1.4 

S2 0.1 0.13 0.12 6.6 8.05 7.6 1.38 1.22 1.19 

S3 0.32 0.36 0.3 10.71 11.95 9.88 1.14 1.13 1.11 

S4 0.34 0.38 0.35 10.2 11.45 10.72 1.07 1.07 1.07 

S5 0.08 0.09 0.08 6.94 8.25 7.43 1.26 1.28 1.29 

S6 0.37 0.42 0.38 9.63 10.9 9.89 1.16 1.17 1.17 

SC1

A  0.06 0.04  4.59 2.86  1.11 1.14 

SC2_

11  0.11   3.52   1.13  
SC2_

14 0.11 0.15 0.15 3.52 4.67 4.7 1.13 1.14 1.15 

Sh1  0.07 0.06  3.71 3.1  1.16 1.14 

Sh2  0.04 0.04  3.02 3.02  1.2 1.36 

Sh3  0.08 0.04  5.35 2.67  1.13 1.18 

T1 0.09 0.08 0.07 5.15 4.85 3.79 1.14 1.18 1.17 

T2 0.1 0.1 0.08 4.59 4.85 3.69 1.1 1.12 1.17 

T3 0.08 0.11 0.08 4.12 5.5 3.64 1.11 1.13 1.18 

T4 0.1 0.11 0.07 4.55 5.4 3.51 1.15 1.17 1.21 

T5 0.1 0.12 0.08 4.56 5.65 3.84 1.15 1.15 1.22 

T6 0.15 0.14 0.12 4.68 4.4 3.7 1.16 1.15 1.13 

T7 0.09 0.1 0.08 4.14 4.45 3.86 1.23 1.15 1.2 

T8 0.09 0.1 0.07 4.49 5 3.48 1.23 1.23 1.29 

TM1  0.11 0.11  4.2 4.19  1.16 1.18 

TM2  0.08 0.11  2.85 3.67  1.11 1.08 

TM3  0.09 0.11  3.6 4.22  1.12 1.08 

TM4  0.09 0.1  3.79 3.89  1.19 1.24 

TM5  0.09 0.07  3.15 2.45  1.12 1.16 
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Table A.5. Recurrence interval estimates for axial river flow (m3/s) (Kenney et al., 

2007). 

Site 2yr Flow 5yr Flow 

10yr 

Flow 

25yr 

Flow 

50yr 

Flow 

100yr 

Flow 

200yr 

Flow 

CS1 0.2 0.52 0.8 1.22 1.61 2.07 2.64 

CS2 0.13 0.34 0.53 0.83 1.1 1.44 1.86 

CS3 0.13 0.34 0.53 0.83 1.1 1.44 1.86 

CS4 0.33 0.82 1.24 1.88 2.5 3.16 3.99 

CS5 0.17 0.44 0.68 1.06 1.42 1.83 2.35 

CS6 0.18 0.47 0.73 1.12 1.48 1.91 2.43 

DR1 0.74 2.3 2.8 3.4 4.47 6.4 8 

DR1A 1.33 4.05 4.8 5.73 7.32 10.44 12.86 

DR2 0.7 2.21 2.64 3.26 4.23 6.08 7.59 

DR3A 1.37 4.15 4.92 5.88 7.49 10.69 13.17 

DR4 1.24 3.78 4.48 5.36 6.84 9.77 12.04 

DR4A 1.23 3.72 4.42 5.28 6.75 9.64 11.88 

DR5 0.29 0.89 1.07 1.29 1.67 2.41 3 

DR5A 0.2 0.66 0.75 0.91 1.18 1.71 2.13 

FC1 0.89 2.08 3.06 4.54 6.01 7.36 11.9 

FC2 0.9 2.09 3.08 4.56 6.04 7.39 9.19 

FC3 0.9 2.09 3.08 4.56 6.04 7.39 9.19 

FC4_11 0.93 2.15 3.17 4.7 6.23 7.6 9.45 

FC4_18 0.93 2.15 3.17 4.7 6.23 7.6 9.45 

FC5 0.95 2.19 3.23 4.78 6.34 7.73 9.6 

FC5_11 0.95 2.19 3.23 4.78 6.34 7.73 9.6 

FC5_14 0.95 2.19 3.23 4.78 6.34 7.73 9.6 

FC7 1.03 2.37 3.49 5.15 6.82 8.3 10.3 

FC7_11 1.03 2.37 3.49 5.15 6.82 8.3 10.3 

LF1 6.82 16.77 26.23 43.06 58.98 80.94 90.7 

LF2 5.56 14.06 22.27 37 51.06 70.08 86.4 

PC1 2.8 7.84 13.08 22.82 32.44 44.6 57.45 

PC2 2.67 7.55 12.62 22.08 31.43 43.22 55.81 

PC3 2.67 7.55 12.62 22.08 31.43 43.22 55.81 

PC4 2.67 7.55 12.62 22.08 31.43 43.22 55.81 

PC5 2.58 7.33 12.27 21.51 30.67 42.16 54.55 

PC6 2.58 7.33 12.27 21.51 30.67 42.16 54.55 

PC7 0.71 1.67 2.49 3.71 4.92 6.06 7.58 

S1 2.1 5.61 9.06 15.27 21.23 28.87 36.12 

S2 2.81 7.22 11.44 19 26.1 35.5 43.7 

S3 0.48 1.58 2.82 5.21 7.67 10.45 14.21 

S4 0.48 1.58 2.82 5.21 7.67 10.45 14.21 

S5 2 5.41 8.76 14.81 20.63 35.18 57.98 

S6 0.48 1.58 2.82 5.21 7.67 10.45 14.21 
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Table A.5. (cont.) 

SC1A 0.2 0.52 0.81 1.25 1.67 2.14 2.74 

SC2_11 0.33 0.83 1.26 1.92 2.55 3.23 4.09 

SC2_14 0.33 0.83 1.26 1.92 2.55 3.23 4.09 

Sh1 0.45 1.69 3.41 7.17 11.59 17.89 26.67 

Sh2 0.45 1.69 3.41 7.17 11.59 17.89 26.67 

Sh3 0.45 1.69 3.41 7.17 11.59 17.89 26.67 

T1 0.28 0.72 1.1 1.7 2.2 2.8 3.6 

T2 0.27 0.69 1.1 1.6 2.2 2.7 3.5 

T3 0.27 0.69 1.1 1.6 2.2 2.7 3.5 

T4 0.27 0.69 1.1 1.6 2.2 2.7 3.5 

T5 0.26 0.65 1 1.5 2.1 2.6 3.3 

T6 0.22 0.58 0.9 1.4 1.8 2.4 3 

T7 0.2 0.55 0.86 1.3 1.8 2.3 2.9 

T8 0.19 0.51 0.79 1.2 1.6 2.1 2.7 

TM1 1.24 3.58 6 10.51 14.94 20.34 26.3 

TM2 0.76 2.34 4.05 7.29 10.55 14.36 19.09 

TM3 0.76 2.34 4.05 7.29 10.55 14.36 19.09 

TM4 0.65 2.05 3.58 6.5 9.46 12.88 17.26 

TM5 0.6 1.92 3.37 6.15 8.98 12.22 16.44 
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Table A.6. Channel fill volume for field sites. 

Site riv_l riv_w bfd_IMP fill 

DR2 62 2.19 0.27 36.7 

DR1 0 0 0.28 0.0 

DR4 106 6.05 0.32 205.2 

DR5 153 6.99 0.18 192.5 

FC5 173 5.14 0.28 249.0 

FC7 114 4.86 0.3 166.2 

LF1 353 4.92 0.32 555.8 

LF2 182 2.91 0.28 148.3 

PBC1 88 3.83 0.18 60.7 

PC2 97 8.63 0.17 142.3 

PC3 51 5.16 0.17 44.7 

PC4 86 4.41 0.17 64.5 

PC5 44 3.84 0.17 28.7 

PC6 114 5.32 0.17 103.1 

S2 35 3.29 0.26 29.9 

S1 0 0 0.22 0.0 

S3 173 6.13 0.09 95.4 

SH1 0 0 0.09 0.0 

SH2 148 1.51 0.09 20.1 

TM1 98 3.74 0.15 55.0 

TM2 24 1.58 0.12 4.6 

TM3 39.3 2.5 0.12 11.8 

TM4 16.6 2.5 0.11 4.6 

TM5 0 2.5 0.1 0.0 

CS1 0 0 0.11 0.0 

CS2 83 0.41 0.1 3.4 

CS3 0 0 0.1 0.0 

CS4 170 0.27 0.15 6.9 

CS5 66 1.85 0.11 13.4 

CS6 0 0 0.11 0.0 
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Table A.7. Channel fill volume for remote sites. 

Site riv_l riv_w bfd_imp fill 

DR1A 7.92 143 0.33 373.7 

DR3A 0 0 0.33 0.0 

DR4A 8.92 142 0.32 405.3 

DR5A 3.87 141 0.16 87.3 

FC1 4.77 189 0.27 243.4 

FC2 3.96 109 0.27 116.5 

FC3 3.52 64 0.27 60.8 

FC4_11 3.62 78 0.28 79.1 

FC4_18 3.37 83 0.28 78.3 

FC5_11 8.5 195 0.28 464.1 

FC5_14 5.45 189 0.28 288.4 

FC7_11 6.38 144 0.3 275.6 

PC7 5.54 100 0.24 133.0 

S4 4.06 103 0.09 37.6 

S5 0 0 0.22 0.0 

S6 5.61 64 0.09 32.3 

SC1A 3.22 195 0.12 75.3 

SC2_11 1.76 42 0.16 11.8 

SC2_14 2.27 56 0.16 20.3 

Sh3 2.91 190 0.09 49.8 

T1 4.79 166 0.1 79.5 

T2 2.77 43 0.1 11.9 

T3 3.62 105 0.1 38.0 

T4 4.2 68.7 0.1 28.9 

T5 0 0 0.1 0.0 

T6 3.37 70 0.1 23.6 

T7 4.02 41 0.1 16.5 

T8 0 0 0.1 0.0 
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Appendix B. Time Series Data 

Table B.1. Field site area. 
Sit

e 

EstI

nt t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

D

R2 

1314

.5 1210 1202 1202 

1170

.2 

1170

.2 

108

5.8      
D

R1 

4509

.3 

4509

.3 

4509

.3 

4509

.3 

4181

.2 

4181

.2 

418

1.3      
D

R4 

3181

.1 

2534

.9 

2348

.5 

2348

.5 

2030

.8 

2030

.8 

173

3.3      
D

R5 

1055

6.4 

9493

.7 

9412

.1 

9412

.1 

9395

.5 

9395

.5 

882

5.6      
FC

5 

8617

.9 

7712

.3 

7712

.3 

7509

.2 

7509

.2 

7487

.4 

716

4 

716

4 

680

9    
FC

7 

4465

.8 

4148

.1 

4148

.1 

4148

.1 

4148

.1 

3915

.3 

389

6.2 

389

6.2 

380

3.2    
LF

1 

1954

6.8 

1752

5.6 

1752

5.6 

1574

2.8 

1574

2.8 

1552

9.1       
LF

2 

1470

0.7 

1417

4.7 

1417

4.7 

1374

6.2 

1374

6.2 

1248

1.6       
PC

1 

1319

.5 

978.

8 

978.

8 

947.

3 

947.

3 

712.

5       
PC

2 

3663

.3 

2676

.3 

2676

.3 

2428

.8 

2428

.8 

2419

.3       
PC

3 

2063

.6 

1685

.2 

1685

.2 

1685

.5 

1685

.2 

1635

.4       
PC

4 

2976

.3 2591 2591 

2389

.3 

2389

.3 

2330

.5       
PC

5 

572.

3 

403.

3 

403.

3 

352.

7 

352.

7 

283.

9       
PC

6 

3325

.2 2569 2569 2540 2540 

2258

.5       

S1 

2700

.7 

2700

.6 

2700

.6 

2700

.2 

2700

.2 

2700

.2 

270

0.2 

270

0.2 

270

0.2 

270

0.6 

2700.

6 

268

0.7 

S2 

884.

5 770 770 770 770 770 748 748 748 

747.

8 744.8 

737.

2 

S3 

4115

.3 

3086

.8 

3086

.8 

2883

.4 

2883

.4 

2883

.4 

271

7.2 

271

7.2 

271

7.2 

271

7.2 

2658.

8 

256

4.7 

Sh

1 

2708

.6 

2708

.6 

2708

.6 

2708

.6 

2708

.6 

2708

.6 

270

86 

270

8.6 

270

8.6 

270

8.6 

2708.

6 

270

8.6 

Sh

2 

8952

.9 

8550

.3 

8550

.3 

8550

.3 

8550

.3 

8550

.3 

855

0.3 

814

7.8 

814

7.8 

802

3.9 

8023.

9 

802

3.9 

T

M

1 

2737

.2 

2737

.2 

2737

.2 2491 2305 2292 

214

3      
T

M

2 

670.

2 

631.

9 

631.

9 

631.

9 

583.

8 

576.

3 558      
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Table B.1. (cont.) 
Sit

e 

EstI

nt t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

T

M

3 

1170

.3 

1170

.3 

1170

.3 

1170

.3 

1107

.3 

996.

9 

996.

9      
T

M

4 

384.

2 

384.

2 

384.

2 

384.

2 

384.

2 

265.

1 

265.

1      
T

M

5 1153 1153 1153 1153 1153 1153 

115

3      
CS

1 5696 5696 5696 5696 5696 5696 

569

6 

569

6 

569

6 

569

6 5696  
CS

2 2921 

2885

.6 

2885

.6 

2885

.6 

2885

.6 

2885

.6 

288

5.6 

288

5.6 

288

5.6 

282

3.3 

2785.

166  
CS

3 1785 1785 1785 1785 1785 1785 

178

5 

178

5 

178

5 

178

5 1785  
CS

4 

1193

.2 

1145

.7 

1145

.7 

1145

.7 

1145

.7 

1130

.4 

108

1.2 

108

1.2 

103

9.6 

103

9.6 1021  
CS

5 2198 

2065

.8 

2065

.8 

2065

.8 

2065

.8 

2050

.4 

202

4.4 

202

4.4 

202

4.4 

202

4.4 1985  
CS

6 

922.

7 

922.

7 

922.

7 

922.

7 

922.

7 

922.

7 

922.

7 

922.

7 

922.

7 

922.

7 922.7  
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Table B.2. Remote site area. 

Site 

EstI

nt t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

DR

1A 

1761

4.7 

1648

1.8 

1648

1.8 

1611

8.9 

1611

8.9 

1611

8.9         
DR

3A 

1516

3.4 

1516

3.4 

1516

3.4 

1516

3.4 

1516

3.4 

1516

3.4       
DR

4A 

9666

.144 

8360

.552 

8180

.645 

8180

.645 

7894

.333 

7894

.333       
DR

5A 

7267

.863 

7267

.863 

6526

.963 

6526

.963 

5980

.351 

5980

.351       

FC1 

5688

.5 

5023

.8 

5023

.8 

5023

.8 

4763

.54 

4763

.54 

4763

.54 

4763

.54 

4704

.27 

4704

.27 

4061

.77 

4009

.6 

FC2 

5069

.307 

4106

.359 

4106

.359 

4106

.359 

3830

.129 

3830

.129 

3830

.129 

3830

.129 

3830

.129 

3830

.129 

3828

.497 

3828

.497 

FC3 

1613

.6 1389 1389 1389 

1293

.397 

1293

.397 

1293

.397 

1293

.397 

1293

.397 

1293

.397 

1203

.182 

1186

.93 

FC4

_11 

2271

.084 

1699

.315 

1699

.315 

1699

.315 

1002

.658 

1002

.658       
FC5

_11 

8337

.5 

5739

.6           
FC7

_11 

4494

.1 

3577

.025 

3577

.025 

3577

.025 

3449

.152        
FC5

_14 

7195

.7 5955 5955          
FC4

_18 

1634

.113 

1322

.451 

1322

.451 

1263

.62 

1048

.817        
SC1

A 

9919

.2 

9280

.1 

9280

.1 

9280

.1 

8950

.8 

8950

.8 

8950

.8 

8950

.8 

8809

.2 

8809

.2 

8552

.1 

8480

.9 

SC2

_14 

701.

4117 

488.

1458 

488.

1458 

488.

1458 

488.

1458 

486.

2749 

486.

2749 

299.

1024 

299.

1024    

PC7 

1424

.8 

917.

4 

917.

4 

917.

4 

917.

4        

S4 

2087

.922 

1669

.967 

1669

.967 

1530

.43 

1530

.43 

1530

.43 

1530

.43 

1530

.43 

1530

.43 

1530

.43 

1530

.43  

S5 

537.

376 

537.

376 

537.

376 

537.

376 

537.

376 

537.

376 

537.

376 

537.

376 

537.

376 

537.

376 

537.

376  

S6 

976.

6 

616.

7 

616.

7 

520.

5 

520.

5 

520.

5 

455.

6 

455.

6 

455.

6 

455.

6 

429.

8  

Sh3 

7265

.2 

7132

.3 

7132

.3 

7132

.3 

6839

.9 

6373

.2 

6373

.2 

6261

.8     

T1 

1202

4.2 

1112

8.5 

1112

8.5 

1112

8.5 

1112

8.5 

1069

1.8 

1069

1.8 

1047

4.4 9774    

T2 

1285

.411 

1166

.099 

1166

.099 

1166

.099 

1166

.099 

889.

812 

889.

812 

811.

1143 

619.

0417    

T3 

2504

.951 

2124

.294 

2124

.294 

2124

.294 

2124

.294 

1212

.548 

1212

.548 

1162

.549 

985.

2791    

T4 

5686

.5 

5468

.1 

5468

.1 

5468

.1 

5468

.1 

5089

.9 

5089

.9 4219 

3956

.4    
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Table B.2. (cont.) 

T5 

1641

.5 

1641

.5 

1641

.5 

1641

.5 

1641

.5 

1641

.5 

1641

.5 

1641

.5 

1641

.5    

T6 

1303

.9 

1067

.4 

1067

.4 

1067

.4 

1067

.4 

1022

.9 

1022

.9 

1021

.3 

986.

1    

T7 

654.

4 

488.

8 

488.

8 

488.

8 

488.

8 

208.

5 

208.

5 

208.

5 

151.

6    

T8 

3651

.2 

3651

.2 

3651

.2 

3651

.2 

3651

.2 

3651

.2 

3651

.2 

3614

.8 

3604

.7    
 

 

Table B.3. Field site tributary channel incision volume. 

Site t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

DR2 0 0  0  0      
DR1 0 0  44  0      
DR4 0 0  0  0      
DR5 0 0  0  0      
FC5 20.7  25.4  0 1.8  0    
FC7 0  0  0 0  0    
LF1 96  13.1  13.1       
LF2 0  332.5  0       
PC1 0  0  0       
PC2 61.5  48.9  0.5       
PC3 7.7  0  0       
PC4 0  54.8  0       
PC5 0  23.8  0       
PC6 59.4  0  0       
S1 0  0   0  0 0 0 0 

S2 0  0   0   0 0 0 

S3 0  0   0    0 70.1 

SH1 0  0   0 0    0 

SH2 0  42.3   0 0  0  0 

TM1 0 125.6 0  0 0      
TM2 0   8.1 1 0      
TM3 0   25.3 30.5 0      
TM4 0   0 88.2 0      
TM5 0   0 0 0      
CS1 0    0 0  0  0  
CS2 0    0 0  0  0  
CS3 0    0 0  0 0 0  
CS4 0    0 0  0  0  
CS5 0    0 0  0  0  
CS6 0    0 0  0  0  
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Table B.4. Remote site tributary channel volume. 

Site t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

DR1A 0.0 117.6  0.0        
DR3A 0.0 0.0  0.0        
DR4A 0.0 0.0  0.0        
DR5A 0.0 0.0  0.0        
FC1 0.0   0.0    0.0  0.0 0.0 

FC2 50.8   0.0    0.0  0.0 0.0 

FC3 0.0   0.0    0.0  0.0 0.0 

FC4_11 23.2   18.6        
FC5_11 0.0           
FC7_11 0.0   0.0        
FC5_14 0.0           
FC4_18 15.6  38.4 0.0        
SC1A 0.0   0.0    0.0  0.0 0.0 

SC2_11 0.0           
SC2_14 20.6    0.0  13.7 0.0    
PC7 7.1  13.2         
S4 0.0  0.0   0.0    0.0  
S5 0.0  0.0   0.0    0.0  
S6 0.0  0.0   0.0    0.0  
Sh3 0.0   0.0 114.3  2.8     
T1 0.0    0.0  0.0 0.0    
T2 0.0    0.0  0.0 0.0    
T3 0.0    0.0  0.0 0.0    
T4 0.0    0.0  0.0 0.0    
T5 0.0    0.0  0.0 0.0    
T6 0.0    0.0  0.0 0.0    
T7 0.0    0.0  0.0 0.0    
T8 0.0    0.0  0.0 0.0    
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Table B.5. Field site axial river volume. 

Site t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

DR2 14.1 3.1  9  25.9      
DR1 0   0  0      
DR4 98.1 35.9  82.2  87.7      
DR5 64.6 6.9  0  62.4      
FC5 176.9  0.6  21.6 24  0    
FC7 48  0  13.1 7.7  5.3    
LF1 70.1  53.9  0.3       
LF2 128.3  48.3  196.4       
PC1 69.3  8.2  98.5       
PC2 160.9  50  0       
PC3 44.7  0  0       
PC4 65.1  0  30.9       
PC5 21.4  0  22.6       
PC6 24.8  0  26.8       
S1 0  0   0   0 0 0 

S2 29.9  0   32.3  0 0 23.2 0 

S3 95.4  125.4   119.6    0 37.9 

SH1 0  0   0 0    0 

SH2 5.6  0   0 23.5  40.4  0 

TM1 55 0  0 0 325.6      
TM2 18.5   4.1 8.7 0      
TM3 0   1.6 0 0      
TM4 0   0 3.3 0      
TM5 0   0 0 0      
CS1 0    0 0  0  0  
CS2 14.5    0 0  28.8  17.2  
CS3 0    0 0  0 0 0  
CS4 9.9    2.3 6.2  1.1  3.7  
CS5 23.4    2.3 6.3  0  9.7  
CS6 0    0 0  0  0  
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Table B. 6. Remote sites axial river volume. 

Site t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

DR1A 128.1 0.0  0.0        
DR3A 0.0 0.0  0.0        
DR4A 141.1 16.3  19.8        
DR5A 0.0 95.5  38.7        
FC1 88.8   26.5    124.3  46.9 8.2 

FC2 64.6   40.3    13.8  6.0 7.0 

FC3 42.0   35.6    3.4  2.3 0.9 

FC4_11 49.1   52.6        
FC5_11 226.7           
FC7_11 110.8   28.2        
FC5_14 135.9           
FC4_18 49.0   45.7        
SC1A 87.5   38.7    25.2  48.6  
SC2_11 19.6           
SC2_14 28.4    5.1  15.9     
PC7 78.4           
S4 64.4     81.6    9.7  
S5 0.0     0.0    0.0  
S6 58.0     17.2    2.0  
Sh3 29.1   37.5 31.0  3.2     
T1 99.7    43.9  14.7 47.0    
T2 27.1    34.9  8.8 18.3    
T3 101.3    38.8  3.7 14.0    
T4 41.1    60.1  76.5 19.5    
T5 0.0    0.0  0.0 0.0    
T6 43.4    21.7  5.9 1.9    
T7 33.9    32.1  1.5 5.7    
T8 0.0    0.0  11.9 3.7    
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Table B.7. Field sites low surface deflation rate volumes. 

Site t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

DR2 0.1 0.1 0.1 0.1 0.1 0.1      
DR1 1.8 1.8 1.8 1.7 1.7 1.7      
DR4 1.8 1.6 1.6 1.4 1.4 1.2      
DR5 26.6 26.4 26.4 26.3 26.3 24.7      
FC5 0.8 0.8 0.8 0.8 0.7 0.7 0.7 0.7    
FC7 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4    
LF1 1.8 1.8 1.6 1.6 1.6       
LF2 1.4 1.4 1.4 1.4 1.2       
PBC1 0.1 0.1 0.1 0.1 0.1       
PC2 0.3 0.3 0.2 0.2 0.2       
PC3 0.2 0.2 0.2 0.2 0.2       
PC4 0.3 0.3 0.2 0.2 0.2       
PC5 0.0 0.0 0.0 0.0 0.0       
PC6 5.1 5.1 5.1 5.1 4.5       
S2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

S1 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

S3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Sh1 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Sh2 0.9 0.9 0.9 0.9 0.9 0.9 0.8 0.8 0.8 0.8 0.8 

TM1 0.3 0.3 0.2 0.2 0.2 0.2      
TM2 0.1 0.1 0.1 0.1 0.1 0.1      
TM3 0.1 0.1 0.1 0.1 0.1 0.1      
TM4 0.3 0.3 0.3 0.3 0.2 0.2      
TM5 0.1 0.1 0.1 0.1 0.1 0.1      
CS1 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6  
CS2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3  
CS3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2  
CS4 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1  
CS5 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2  
CS6 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1  
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Table B.8. Field sites high surface deflation rate volumes. 

Site t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

DR2 5.0 4.9 4.9 4.8 4.8 4.5      
DR1 22.5 22.5 22.5 20.9 20.9 20.9      
DR4 12.7 11.7 11.7 10.2 10.2 8.7      
DR5 47.5 47.1 47.1 47.0 47.0 44.1      
FC5 38.6 38.6 37.5 37.5 37.4 35.8 35.8 34.0    
FC7 20.7 20.7 20.7 20.7 19.6 19.5 19.5 19.0    
LF1 87.6 87.6 78.7 78.7 77.6       
LF2 70.9 70.9 68.7 68.7 62.4       
PC1 4.9 4.9 4.7 4.7 3.6       
PC2 13.4 13.4 12.1 12.1 12.1       
PC3 5.1 5.1 5.1 5.1 4.9       
PC4 13.0 13.0 11.9 11.9 11.7       
PC5 2.0 2.0 1.8 1.8 1.4       
PC6 12.8 12.8 12.7 12.7 11.3       
S2 3.9 3.9 3.9 3.9 3.9 3.7 3.7 3.7 3.7 3.7 3.7 

S1 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.4 

S3 15.4 15.4 14.4 14.4 14.4 13.6 13.6 13.6 13.6 13.3 12.8 

Sh1 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 

Sh2 42.8 42.8 42.8 42.8 42.8 42.8 40.7 40.7 40.1 40.1 40.1 

TM1 10.9 10.9 10.0 9.2 9.2 8.6      
TM2 0.8 0.8 0.8 0.7 0.7 0.7      
TM3 5.9 5.9 5.9 5.5 5.0 5.0      
TM4 1.9 1.9 1.9 1.9 1.3 1.3      
TM5 5.8 5.8 5.8 5.8 5.8 5.8      
CS1 17.1 17.1 17.1 17.1 17.1 17.1 17.1 17.1 17.1 17.1  
CS2 4.3 4.3 4.3 4.3 4.3 4.3 4.3 4.3 4.2 4.2  
CS3 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7  
CS4 4.9 4.9 4.9 4.9 4.9 4.6 4.6 4.5 4.5 4.4  
CS5 6.2 6.2 6.2 6.2 6.2 6.1 6.1 6.1 6.1 6.0  
CS6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6  
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Table B.9. Remote sites low surface deflation rate volumes 

.Site EstInt t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

DR1A 17614.7 1.6 1.6 1.6 1.6 1.6         
DR3A 15163.4 1.5 1.5 1.5 1.5 1.5       
DR4A 9666.144 0.8 0.8 0.8 0.8 0.8       
DR5A 7267.863 0.7 0.7 0.7 0.6 0.6       
FC1 5688.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.4 

FC2 5069.307 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 

FC3 1613.6 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

FC4_11 2271.084 0.2 0.2 0.2 0.1 0.1       
FC5_11 8337.5 0.6           
FC7_11 4494.1 0.4 0.4 0.4 0.3        
FC5_14 7195.7 0.6 0.6          
FC4_18 1634.113 0.1 0.1 0.1 0.1        
SC1A 9919.2 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8 

SC2_11 405.9878 0.0 0.0 0.0         
SC2_14 701.4117 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0    
PC7 1424.8 0.1 0.1 0.1 0.1        
S4 2087.922 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2  
S5 537.376 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1  
S6 976.6 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0  
Sh3 7265.2 0.7 0.7 0.7 0.7 0.6 0.6 0.6     
T1 12024.2 1.1 1.1 1.1 1.1 1.1 1.1 1.0 1.0    
T2 1285.411 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1    
T3 2504.951 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1    
T4 5686.5 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.4    
T5 1641.5 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2    
T6 1303.9 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1    
T7 654.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0    
T8 3651.2 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4    
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Table B.10.  Remote sites high surface deflation rate volumes. 

Site t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

DR1A 82.4 82.4 80.6 80.6 80.6         
DR3A 75.8 75.8 75.8 75.8 75.8       
DR4A 41.8 40.9 40.9 39.5 39.5       
DR5A 36.3 32.6 32.6 29.9 29.9       
FC1 25.1 25.1 25.1 23.8 23.8 23.8 23.8 23.5 23.5 20.3 20.0 

FC2 20.5 20.5 20.5 19.2 19.2 19.2 19.2 19.2 19.2 19.1 19.1 

FC3 6.9 6.9 6.9 6.5 6.5 6.5 6.5 6.5 6.5 6.0 5.9 

FC4_11 8.5 8.5 8.5 5.0 5.0       
FC5_11 28.7           
FC7_11 17.9 17.9 17.9 17.2        
FC5_14 29.8 29.8          
FC4_18 6.6 6.6 6.3 5.2        
SC1A 2.8 2.8 2.8 2.7 2.7 2.7 2.7 2.6 2.6 2.6 2.5 

SC2_11 1.5 1.5 1.5         
SC2_14 2.4 2.4 2.4 2.4 2.4 2.4 1.5 1.5    
PC7 4.6 4.6 4.6 4.6        
S4 8.3 8.3 7.7 7.7 7.7 7.7 7.7 7.7 7.7 7.7  
S5 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7  
S6 3.1 3.1 2.6 2.6 2.6 2.3 2.3 2.3 2.3 2.1  
Sh3 35.7 35.7 35.7 34.2 31.9 31.9 31.3     
T1 55.6 55.6 55.6 55.6 53.5 53.5 52.4 48.9    
T2 5.8 5.8 5.8 5.8 4.4 4.4 4.1 3.1    
T3 10.6 10.6 10.6 10.6 6.1 6.1 5.8 4.9    
T4 27.3 27.3 27.3 27.3 25.4 25.4 21.1 19.8    
T5 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2    
T6 5.3 5.3 5.3 5.3 5.1 5.1 5.1 4.9    

T7 2.4 2.4 2.4 2.4 1.0 1.0 1.0 0.8    
T8 18.3 18.3 18.3 18.3 18.3 18.3 18.1 18.0    
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Table B.11. Field sites median volume remaining. 
Sit

e 

EstI

nt t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

DR

2 203.7 150.4 144.7 142.2 130.8 128.3 

105.

7      
DR

1 636.7 624.5 612.3 600.2 544.9 533.6 

519.

4      
DR

4 

1208.

7 898.2 855.6 848.9 760.9 755.1 

570.

6      
DR

5 

1596.

5 

1302.

4 

1258.

8 

1222.

1 

1185.

4 

1148.

8 

959.

8      
FC

5 

1998.

2 

1531.

9 

1512.

3 

1467.

1 

1448.

0 

1407.

3 

136

4.5 

133

3.3 

132

3.4    
FC

7 894.0 669.2 658.6 648.1 637.5 614.4 

594.

0 

580.

2 

597.

8    
LF

1 

1154

2.3 

1077

5.7 

1073

1.0 

1062

3.9 

1058

3.7 

1000

2.7       
LF

2 

5962.

7 

5650.

0 

5613.

8 

5198.

0 

5162.

9 

5273.

2       
PC

1 373.2 240.7 238.2 227.6 225.2 126.4       
PC

2 878.4 506.9 500.1 395.0 388.8 400.3       
PC

3 269.7 214.7 212.1 209.5 206.9 217.7       
PC

4 526.0 389.8 383.2 322.3 316.2 278.9       
PC

5 204.1 153.0 151.9 127.2 126.3 112.3       
PC

6 664.0 467.7 458.7 449.8 440.9 360.2       

S2 296.2 264.3 262.4 260.4 258.4 256.5 

254.

6 

252.

7 

250.

8 

248.

9 

247.

0 

210.

8 

S1 627.0 590.2 617.3 612.4 607.5 602.7 

597.

8 

592.

9 

588.

1 

583.

2 

578.

4 

573.

5 

S3 

1216.

5 

1017.

8 

1010.

0 877.2 869.9 862.5 

736.

0 

729.

0 

722.

1 

715.

2 

708.

4 

748.

1 

Sh

1 

1363.

1 

1356.

2 

1352.

8 

1347.

7 

1342.

5 

1337.

4 

133

2.2 

132

7.1 

132

1.9 

131

6.8 

131

1.6 

130

6.5 

Sh

2 

1963.

1 

1915.

6 

1893.

8 

1829.

7 

1807.

9 

1786.

1 

176

4.3 

172

0.0 

169

9.2 

163

8.4 

161

7.9 

168

4.0 

T

M1 

2150.

6 

2035.

0 

1903.

8 

1898.

7 

1893.

9 

1889.

2 

174

6.3      
T

M2 120.6 97.1 96.7 96.3 83.7 73.6 83.3      
T

M3 357.2 354.2 351.2 348.2 318.5 285.5 

280.

3      
T

M4 266.1 265.0 263.9 262.8 261.6 169.4 

146.

4      



118 

 

Table B.11. (cont.) 
T

M5 543.8 540.1 538.0 535.0 532.1 529.1 

526.

2      
CS

1 793.1 784.3 775.4 766.6 757.8 748.9 

740.

1 

731.

3 

722.

5 

713.

6 

704.

8  
CS

2 559.7 539.5 537.2 534.9 532.6 530.3 

527.

9 

525.

6 

494.

5 

492.

3 

506.

4  
CS

3 164.6 163.2 161.7 160.3 158.9 157.4 

156.

0 

154.

6 

153.

2 

151.

7 

150.

3  
CS

4 524.8 505.5 503.0 500.4 497.9 493.1 

484.

6 

482.

2 

478.

8 

476.

5 

494.

7  
CS

5 650.1 610.1 606.9 603.7 600.5 595.0 

585.

6 

582.

4 

579.

3 

576.

2 

583.

5  
CS

6 126.5 124.2 121.8 119.5 117.1 114.8 

112.

4 

110.

1 

107.

7 

105.

4 

103.

0  
 

 

Table B.12. Remote sites median volume remaining. 

Site 

EstI

nt t_0 t_1 t_2 t_3 t_4 t_5 t_6 t_7 t_8 t_9 t_10 

DR1

A 

2866

.6 

2366

.9 

2214

.0 

2172

.9 

2131

.8 

2090

.7         
DR3

A 

2211

.2 

2172

.5 

2133

.9 

2095

.2 

2056

.5 

2017

.9       
DR4

A 

1947

.7 

1429

.3 

1398

.8 

1377

.9 

1346

.2 

1326

.1       
DR5

A 

1315

.1 

1209

.3 

1128

.4 

1111

.8 

1057

.8 

1042

.6       

FC1 

1252

.7 

936.

3 

923.

5 

910.

7 

882.

4 

870.

2 

858.

1 

845.

9 

752.

2 

740.

2 

702.

1 

687.

1 

FC2 

1036

.9 

816.

6 

806.

1 

795.

6 

760.

8 

751.

1 

741.

3 

731.

5 

713.

4 

703.

6 

690.

2 

676.

3 

FC3 

429.

2 

334.

5 

331.

0 

327.

5 

301.

3 

298.

0 

294.

7 

291.

4 

286.

0 

282.

7 

278.

3 

274.

7 

FC4_

11 

563.

2 

422.

4 

418.

1 

413.

7 

360.

2 

357.

7       
FC5_

11 

1834

.4 

1214

.2           
FC7_

11 

1111

.4 

753.

1 

744.

0 

734.

8 

709.

1        
FC5_

14 

1506

.4 

1114

.1 

1099

.0          
FC4_

18 

450.

4 

318.

8 

315.

4 

275.

8 

244.

3        
SC1

A 1650 

1513

.5 

1511

.7 

1509

.8 

1484

.5 

1482

.7 

1480

.9 

1479

.1 

1462

.4 

1460

.6 

1430

.6 

1428

.9 
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Table B.12. (cont.) 
SC2_

11 134 

106.

3 

105.

5 

104.

7         
SC2_

14 

209.

5 

146.

9 

145.

6 

144.

4 

143.

2 

138.

4 

137.

2 

112.

6 

111.

9    

PC7 

466.

4 

270.

5 

268.

1 

253.

0 

250.

7        

S4 

490.

3 

403.

6 

399.

3 

395.

4 

391.

5 

387.

6 

333.

9 

330.

0 

326.

1 

322.

2 

312.

6  

S5 

152.

8 

151.

4 

150.

1 

148.

7 

147.

3 

147.

3 

145.

9 

144.

5 

143.

2 

141.

8 

140.

4  

S6 

278.

8 

204.

2 

202.

6 

201.

3 

200.

0 

199.

9 

187.

8 

186.

7 

185.

5 

184.

3 

182.

0  

Sh3 

1277

.2 

1187

.5 

1169

.3 

1151

.1 

1109

.2 

1089

.2 

1073

.0 

1052

.5     

T1 

1916

.2 

1741

.5 

1713

.1 

1684

.8 

1656

.4 

1628

.9 

1601

.7 

1566

.2 

1514

.0    

T2 319 

283.

8 

280.

8 

277.

9 

274.

9 

251.

8 

249.

6 

241.

9 

228.

9    

T3 

561.

7 

450.

5 

445.

1 

439.

7 

434.

2 

410.

8 

407.

7 

402.

5 

391.

8    

T4 

1037

.9 

965.

3 

951.

4 

937.

4 

923.

5 

910.

6 

897.

6 

839.

9 

818.

3    

T5 

373.

4 

369.

2 

365.

0 

360.

8 

356.

7 

356.

5 

352.

3 

348.

1 

343.

9    

T6 

334.

2 

276.

6 

273.

9 

271.

1 

268.

4 

254.

3 

251.

7 

245.

4 

241.

6    

T7 

195.

4 

152.

7 

151.

5 

150.

2 

149.

0 

128.

1 

127.

5 

126.

1 

122.

1    

T8 

707.

9 

698.

6 

689.

3 

680.

0 

670.

7 

670.

3 

661.

0 

642.

1 

630.

2    
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Appendix C. Exponential Decay Values 

Table C.1. Exponential decay values. 

Site r c 

DR2 0.627336 26.17178 

DR1 0.183147 1.912211 

DR4 0.580164 25.69175 

DR5 0.553267 18.42338 

FC5 0.730915 23.33361 

FC7 0.760592 25.14392 

LF1 0.588627 6.641275 

LF2 0.306889 5.24493 

PBC1 0.658343 35.49699 

PC2 0.713695 42.29617 

PC3 0.871556 20.39469 

PC4 0.544524 25.89124 

PC5 0.551871 25.05919 

PC6 0.72293 29.56214 

S2 0.638057 10.75743 

S1 0.615358 5.820073 

S3 0.402865 16.33442 

Sh1 0.069294 0.488298 

Sh2 0.09422 2.420465 

TM1 0.257982 5.3748 

TM2 0.579289 19.46168 

TM3 0.43491 0.835461 

TM4 0.74587 0.418707 

TM5 0.102831 0.6735 

CS1 0.29362 1.015784 

CS2 0.412884 3.611108 

CS3 0.29362 0.81472 

CS4 0.482861 3.678752 

CS5 0.609084 6.157681 

CS6 0.29362 1.591147 

DR1A 0.59533 17.43219 

DR3A 0.306078 1.748674 

DR4A 0.798548 26.61601 

DR5A 0.287948 8.047529 

FC1 0.675516 25.2539 

FC2 0.688284 21.2471 

FC3 0.665593 22.05385 

FC4_11 0.688057 25.00114 

FC5_11  33.80805 
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Table C.1 (cont.) 

FC7_11 0.821934 32.2398 

FC5_14 0.633275 26.03949 

FC4_18 0.606777 29.22051 

SC1A 0.7262 8.270105 

SC2_11 0.78431 20.66727 

SC2_14 0.760094 29.88347 

PC7 0.820591 42.00663 

S4 0.570507 17.68278 

S5 0.029545 0.896799 

S6 0.821446 26.76438 

Sh3 0.410304 7.022668 

T1 0.508224 9.11584 

T2 0.470607 11.03101 

T3 0.715687 19.79815 

T4 0.400839 6.994226 

T5 0.042138 1.121003 

T6 0.689222 17.23858 

T7 0.64617 21.8394 

T8 0.007936 1.315237 
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Appendix D. Field Data 

Table D.1. Channel bed GSD, 2023 (mm). 

Site d16_ch d50_ch d84_ch 

PC1 13.5 36 106.9 

PC6 11 41.8 203.7 

LF1 17.6 78.2 243 

LF2 17.9 59.6 250.2 

DR1 3 19.3 117.1 

DR2 4 23.9 77 

DR4 14.8 86.8 250 

DR5 6.5 30.4 99.5 

Sh1 8.5 27 72 

Sh2 5.6 33.2 99.5 

S1 6.8 56 124.8 

S2 1.4 2.2 22.6 

S3 7.6 41.5 124.5 

S6 5.6 43.4 119.6 

TM1_Aug 4.9 19.1 58.6 

TM1_Oct 7.2 31.3 111.1 

TM3 10.6 26.9 84.8 

TM4 9 41.8 120.4 

TM5 9.5 30.5 86.8 

FC5 12.7 38.5 90 

FC7 13.4 41.1 112.8 

CS2 3.1 7.6 25 

CS4 4.1 15.2 61.3 

CS5 1.9 11.8 38.5 

CS6 6.7 16.4 32 
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Table D. 2. Debris flow surface GSD of 2023 field survey (mm). 

Site d16  d50 d84 

PC1 11.3 28.5 54.9 

PC2 2 16.5 85.7 

PC6 10.2 32.4 88.1 

LF1 5.6 32 104.8 

LF2 9.4 25.4 71.4 

DR1 15.3 41.5 123.5 

DR2 7.6 23.2 48.4 

DR4 6.6 16.6 50.9 

DR5 12.5 47 121.4 

Sh1 10.7 36.5 85.7 

Sh2 7.5 24.8 69.2 

S1 12.4 67.9 147.7 

S2 9.2 38.8 117.9 

S3 7 35.8 104.1 

S5 9.2 35.4 109 

S6 13.2 51.6 128 

TM1_Aug 9.5 36.9 98.9 

TM1_Oct 1.6 18.6 62.7 

TM2 2.2 23.6 66.2 

TM3 5 23.6 93.5 

TM4 8.6 29.6 77.9 

TM5 2.1 19 64 

FC5 11.2 26.7 75.6 

FC7 13.2 35.8 109 

CS1 9.2 31.2 82.7 

CS2 6.4 41.6 81.3 

CS3 9.4 34.4 66.6 

CS4 4.5 40.9 107.3 

CS5 8.6 49.8 100.1 

CS6 16 38.7 82.8 
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Table D.3.1. Debris flow GSD from previous work. (2020 field survey). 

Site Source 

d16 

(mm) 

d50 

(mm) 

d84 

(mm) 

PC1 

Wall et al., 

2023 9.6 18.2 30.3 

LF1 

Wall et al., 

2023 2.2 21.3 52.4 

DR1 

Wall et al., 

2023 19.2 32.2 55.8 

DR4 

Wall et al., 

2023 10.1 19.3 36.2 

DR5 

Wall et al., 

2023 10.3 29.1 61.6 

Sh1 

Wall et al., 

2023 11.3 26.4 50.4 

S1 

Wall et al., 

2023 26.4 62 119.3 

TM1 

Wall et al., 

2023 1.3 4.2 48.2 

CS1 

Wall et al., 

2023 23.1 50.7 83.7 

CS2 

Wall et al., 

2023 17 26.4 42.9 

 

 

Table D.3.2 Debris flow GSD from previous work (2017 field survey). 

Site 

Size bin 

(mm) perc_finer Source  

Interpolated 

Values 

Size (mm) 

FC5_16 >180 100.0 Murphy et al., 2019 D16 4.7 

 96 88.8   D50 21.2 

 43.2 71.2   D84 81.6 

 15.2 44.2     

 5 16.7     

 2 10.4     

FC7_16 >180 100 Murphy et al., 2019 D16 3.2 

 64-128 100   D50 13.1 

 22.4-64 74   D84 57.4 

 8-22.4 37     

 2.0-8.0 11     

 <2 0     
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Table D. 4 Channel hydrologic data. 

Site 

Wid

th 

De

p 

Ar

ea 

Wet. 

Perm 

Hyd. 

R 

Slo

pe n 

Qb

f 

Str. 

Pwr 

Unit 

Str.Pwr 

tau_

o 

tau

_c 

TM

1 9.6 

0.

32 

4.4

6 10.14 0.44 

0.0

06 

0.0

3 6.6 381.0 39.7 25.4 

24.

0 

TM

3 1.7 

0.

46 

0.8

5 2.68 0.32 

0.0

54 

0.0

35 2.6 

1394.

8 819.8 

169.

9  
TM

4 4.33 

0.

51 

1.9

9 4.8 0.41 

0.0

75 

0.0

5 6.1 

4484.

7 1034.6 

303.

5  
TM

5 2.87 

0.

63 

1.8

6 3.83 0.49 

0.0

76 

0.0

5 6.3 

4705.

9 1640.9 

364.

2  
CS

2 6.51 

0.

5 

3.0

5 7.03 0.43 

0.0

44 

0.0

3 

12.

2 

5194.

1 798.1 

183.

7 

27.

0 

CS

4 7.65 

1.

13 

7.9

7 8.97 0.43 

0.0

29 

0.0

35 

22.

3 

6349.

5 830.1 

122.

7 

26.

6 

Sh1 7.65 

1.

13 

7.9

7 8.97 0.43 

0.0

29 

0.0

35 

22.

3 

6349.

5 830.1 

122.

7 9.9 

Sh2 3.06 

0.

45 

1.2

7 3.73 0.34 

0.0

38 

0.0

45 2.7 

1016.

1 331.9 

127.

9 7.7 

FC

5 9.8 

1.

08 

10.

76 11.98 0.9 

0.0

02 

0.0

4 

11.

9 266.6 27.2 20.1 

17.

4 

FC

7 

17.0

4 

0.

95 

14.

86 18.16 0.82 

0.0

10 

0.0

45 

29.

6 

3042.

7 178.5 84.4 

23.

3 

SH

1 7.56 

1.

66 

11.

75 10.08 1.17 

0.0

35 

0.0

4 

61.

3 

21267

.6 2813.5 

406.

6 

23.

7 

SH

2 

12.2

4 

0.

72 

8.7

8 13.19 0.67 

0.0

39 

0.0

35 

37.

9 

14548

.3 1188.8 

257.

6 

16.

1 

S1 11.8 

0.

31 

4.2

9 11.89 0.36 

0.0

17 

0.0

4 7.2 

1228.

6 104.1 61.6 

44.

1 

S2 13.2 

0.

54 5.7 13.92 0.41 

0.0

20 

0.0

8 5.6 

1088.

6 82.5 80.4 

25.

2 

DR

1 3.04 

0.

42 

1.3

3 3.79 0.35 

0.0

10 

0.0

4 1.7 167.0 54.9 35.0 

27.

0 

DR

2 

13.5

5 

1.

18 

16.

02 14.91 1.07 

0.0

13 

0.0

5 

38.

9 

5117.

1 377.7 

140.

8 

15.

5 

DR

4 

20.5

8 

0.

51 

11.

76 20.99 0.56 

0.0

09 

0.0

7 

10.

8 937.0 45.5 48.8 

12.

5 

DR

5 

20.3

2 

1.

04 

21.

78 21.34 1.02 

0.0

12 

0.0

5 

49.

1 

5948.

0 292.7 

123.

7 

30.

6 

PB

C1 10.7 

1.

04 

11.

95 13.02 0.92 

0.0

50 

0.0

5 

50.

3 

24431

.0 2282.4 

447.

4 

11.

8 

PC

2 

12.0

5 

1.

53 

17.

64 14.72 1.2 

0.0

48 

0.0

4 

108

.6 

50672

.5 4204.4 

560.

6 

10.

7 

PC

3 2.76 

0.

43 

1.3

4 3.5 0.38 

0.0

36 

0.0

4 3.3 

1170.

5 423.5 

133.

1  
PC

4 1.85 

0.

45 

0.8

9 2.59 0.35 

0.0

36 

0.0

4 2.1 727.3 393.8 

122.

6  
PC

5 3.03 

0.

26 

1.0

1 3.33 0.3 

0.0

58 

0.0

4 2.7 

1555.

9 513.9 

171.

3  
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Table D.4. (cont.) 
PC

6 4.51 

5.

31 

30.

13 17.4 1.73 

0.0

71 

0.0

5 

230

.8 

15972

9.3 35452.1 

119

8.3 

21.

1 

LF

1 7.54 

2.

43 

20.

61 11.91 1.73 

0.0

23 

0.0

4 

111

.4 

24571

.9 3260.0 

382.

0 

13.

8 

 

 

Figure D.1. Axial channel width to depth ratios at field surveyed sites at the identified 

locations. 
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CS2 CS4 

  

CS5 CS6 
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DR1 DR2 

  

DR4 DR5 
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LF1 PC1 

 

 

PC6 to PC1 Sh2 
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TM1 TM3 

  

TM4 TM5 

Figure D.2. Long profiles for surveyed field sites during summer 2023. Areas with a 

brown line represent the approximate location where the debris flow toe is crossing the 

axial river. The blue dots represent the approximate locations of cross-sections, labeled 

from upstream to downstream. 
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CS2 up CS2 center CS2 down 

   
CS4 up CS4 center CS4 down 

   
CS5 up CS5 center CS5 down 
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omit, road 

 

 

 

 

omit, road 

CS6 up CS6 center CS6 down 

   
DR1 up DR1 center DR1 down 

   
DR2 up DR2 center DR2 down 

   
DR4 up DR4 center DR4 down 
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DR5 up DR5 center DR5 down 

 

 

 

 

omit, bad RTK-GPS 

  
FC5 up FC5 center (waded) FC5 down 

 

 

 

 

omit, bad RTK-GPS 

  
FC7 up FC7 center FC7 down 
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PC1 up PC1 center PC1 down 

   
PC6 up PC6 center PC6 down 

   
LF1 up LF1 center LF1 down 

 

 

 

 

Not surveyed 

 

 

 

 

 

Not surveyed 

S1 up S1 center S1 down 

 

 

 

 

Not surveyed 

 

 

 

 

 

Not surveyed 
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S2 up S2 center S2 down 

 

 

 

 

Not surveyed 

 

 

 

 

 

Not surveyed 

Sh1 up Sh1 center Sh1 down 

   
Sh2 up Sh2 center Sh2 down 

 

 

 

 

Not surveyed 

  
TM1 up August TM1 center August TM1 down August 
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TM1 up Oct. TM1 center Oct. TM1 down Oct. 

   
TM3 up Oct. TM3 center Oct. TM3 down Oct. 

  

 

 

 

 

Not Surveyed 

TM5 up Oct. TM5 center Oct. TM5 down Oct. 

 

Figure D.3. Axial channel cross-sections surveyed in the field during summer 2023. Shaded 

light blue area represents the estimated bankfull cross-sectional area. Sites are labeled below 

the corresponding figure. Generally, the center cross-section represented the area where the 

debris flow toe was intersecting the axial river. 
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