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Abstract

Post-Wildfire Debris Flows: Mapping and Analysis of Risk Factors in Western North

America

Annejet Tuinstra

Climate change is leading to in an increase in frequency and severity of wildfires, which in turn can

result in the formation of runoff-initiated post-wildfire debris flows. This type of debris flows is, like

most debris flows, triggered by heavy precipitation events. Debris flows have the potential to cause

much damage, and therefore it is important to analyse when and where the risk of these flows exists.

This study aims to identify shared characteristics of basins that experienced post-wildfire debris flows

in order to improve future risk analyses regarding such flows. These characteristics were studied

through the analysis of 42 basins in 10 burned areas across western North America, which experienced

a total of 67 post-wildfire debris flows between 2000 and 2018. Literature research and existing

databases revealed the bedrock, soil texture and the timing of the flows compared to the wildfires.

Spatial analysis using ArcMap allowed for the analysis of the burn severity of the basins, the

hypsometry of the basins, and the mean slope of the basins.

     Analysis of these characteristics revealed the importance of the hypsometric integral, the soil texture,

and the mean slope angle of the basins. In general, the hypsometric integral tends to fall between 0.50

and 0.60 and only soils with a coarse texture were identified for the basins. The mean slope angle of the

basins is commonly between 25-30o, with a wider range of slopes being able to generate debris flows

shortly after the fire. If multiple basins in a small area are burned, those with steeper slope angles have

a higher potential to generate debris flows, while basins with steeper slopes do not have a higher risk

on large regional scales.

     In order to generate post-wildfire debris flows the basin also needs to be burned at a large extent at

low to medium severity, resulting in an extensive and strong water-repellent layer required to generate

the runoff that is needed to generate a debris flow. Seasonal wetting during winters and drying of the

soil during summers can reduce or enhance runoff respectively as well. As a result, post-wildfire debris

flows occur mostly during the late summer months shortly after a wildfire when precipitation is

increasing through summer storms, or a year later when the soil is dried and primed during the summer

followed by such a summer storm. Fires during winter and thus outside the traditional wildfire season

can lead to post-wildfire debris flows during winter as well due to the strength of the fresh water-

repellent layer. Climate change which will lead to more fires during late autumn and winter months can

thereby result in post-wildfire debris flows during winter, rather than only during the summer months

following wildfires in the traditional fire season.

 

Keywords: wildfires, debris flows, water repellent soil, North America 

 

Degree Project E1 in Earth Science, 1GV025 GV02A, 30 credits 

Supervisor: Johanna Mård 

Department of Earth Sciences, Uppsala University, Villavägen 16, SE-752 36 Uppsala (www.geo.uu.se) 

 

ISSN 1650-6553, Examensarbete vid Institutionen för geovetenskaper, No. 516, 2021

 

The whole document is available at www.diva-portal.org 

  

http://www.geo.uu.se/


1 

 

Populärvetenskaplig sammanfattning

Jordskred till följd av skogsbränder: kartläggning och analys av riskfaktorer i västra

Nordamerika

Annejet Tuinstra

Jordskred uppstår när en sammanhängande jordmassa kommer i snabb rörelse. Det är en typ av naturolyckor som

kan skada både infrastruktur och människor. Sannolikheten att ett jordskred inträffar ökar efter skogsbränder.

Samtidigt kan klimatförändringar leda till en ökning av skogsbränder vilket i sin tur kan leda till en ökad risk för

jordskred i framtiden. Syftet med det här projektet är att bidra till bedömningen av risken av jordskred till följd av

skogsbänder i västra Nordamerika och att identifiera andra områden som också har en stor risk att drabbs av skred

efter skogsbränder genom att identifiera riskfaktorer.

      Under projektets gång skapades en databas med områden där jordskred inträffade efter skogsbränder i västra

Nordamerika. Den vetenskapliga litteraturen visade några egenskaper av skred och områdena, t.ex. när branden

och skredet hände, vilken berggrund finns i området och texturen av jordarten i området. Dessutom användandes

GIS (Geographical Information System) med satellitbilder och DEM (Digital Elevation models), som visade

information om brandskador samt de geomorfologiska karaktärerna av områden.

      Resultaten visade att formationen av jordskred kräver omfattande låga till måttliga brandskador som resulterar

i ett starkt vattenavvisande jordlager. Detta jordlager minskar infiltrationskapaciteten av jorden och resulterar i

mer ytavrinning vilket orsakar skred till följd av brand. Även en grov textur av jordlagret är viktig eftersom den

också bidrar till ett starkt vattenavvisande jordlager. Dessutom kan askpartiklar bli fångade in i stora porer i jord

med en grov textur vilket minskar infiltrationskapaciteten och ökar ytavrinningen. Det finns alltså två krav för att

ett jordskred ska inträffa efter en skogsbrand: i) omfattande låga-måttliga brandskador, och ii) en grov textur av

jorden.

      Vidare finns det några ytterligare egenskaper som ökar risken för skred efter skogsbränder om de två kraven

är uppfyllda. Den hypsometriska integralen (ett sätt att uttrycka hypsometrin av en dal) ligger oftast mellan 0.50-

0.60 vilket är normal för en geomorfologiskt sett mogna område. Dessutom hade de flesta områdena i projektet

en medellutning mellan 25o och 30o. Dock fanns det även tillfällen där värdena låg utanför dessa intervaller. Därför

kan dessa värden i sig inte användas som riskfaktorer, utan borde de även kombineras med de övriga egenskaperna

som beskrivs i den här undersökningen.

      Det är också relevant att veta när jordskred inträffar till följd av skogsbränder. Resultaten visade att skred kan

hända strax efter skogsbränder i slutet av sommaren när det finns kraftigt regn. Det är då som det vattenavvisande

jordlagret är som starkast. Det vattenavvisande lagret minskar i styrkan under året, men det är också möjligt att

det inträffar ett jordskred under sommaren året efter en skogsbrand. Då är jorden torr i slutet av sommaren när

kraftigt regn inträffar efter torra månader. Torr jorden bidrar även till en minskad infiltrationskapacitet. Regn i

vinter gör jorden blöt vilket ökar infiltrationskapaciteten av jorden. Dessutom sker det även skogsbränder utanför

den traditionella skogsbrandsäsongen nuförtiden, t.ex. tidigt i vintern. I så fall kan jordskred också inträffa under

samma vinter strax efter skogsbranden, därför att det vattenavvisande jordlagret som skapas i branden fortfarande

är starkt då.

      Som nämnts tidigare finns det en riskprofil som kan användas för att identifiera områden som har en hög risk

för jordskred efter skogsbränder, men möjligheten att ett jordskred inträffar under vintern istället för (slutet av)

sommaren bör även iakttas. Risken växer nämligen i samband med klimatförändringar som leder till mer

skogsbränder; inte bara under sommaren, utan även under vintern.

 

Nyckelord: skogsbränder, jordskred, vattenavvisande jordlager, Nordamerika 

 

Examensarbete E1 i geovetenskap, 1GV025 GV02A, 30 hp 

Handledare: Johanna Mård 

Institutionen för geovetenskaper, Uppsala universitet, Villavägen 16, 752 36 Uppsala (www.geo.uu.se) 

 

ISSN 1650-6553, Examensarbete vid Institutionen för geovetenskaper, Nr 516

 

Hela publikationen finns tillgänglig på www.diva-portal.org 

 

 

http://www.geo.uu.se/


2 

 

Table of Contents 

1. Introduction ....................................................................................................................................... 1 

1.1 Triggering a post-wildfire debris flow .......................................................................................... 1 

1.2 Post-wildfire debris flow mechanisms .......................................................................................... 2 

1.3 Aim ............................................................................................................................................... 3 

2. Basin characteristics ......................................................................................................................... 6 

2.1 Timing after wildfire ..................................................................................................................... 6 

2.2 Bedrock and soils .......................................................................................................................... 7 

2.3 Burn severity ................................................................................................................................. 8 

2.4 Basin geomorphology ................................................................................................................... 8 

3. Study area ........................................................................................................................................ 10 

4. Methods ............................................................................................................................................ 13 

4.1 Literature research ...................................................................................................................... 13 

4.1.1 Timing of flows .................................................................................................................... 13 

4.1.2 Bedrock and Soils ................................................................................................................ 14 

4.2 Spatial analysis of individual basins ........................................................................................... 14 

4.2.1 Burn severity ........................................................................................................................ 16 

4.2.2 Basin geomorphology .......................................................................................................... 18 

4.3 Analysis....................................................................................................................................... 18 

5. Results .............................................................................................................................................. 20 

5.1 Timing after wildfire ................................................................................................................... 20 

5.2 Bedrock and Soils ....................................................................................................................... 23 

5.3 Burn severity ............................................................................................................................... 24 

5.4 Basin geomorphology: Hypsometry ........................................................................................... 27 

5.5 Basin Geomorphology: Slope angle ........................................................................................... 29 

6. Discussion......................................................................................................................................... 30 

6.1 Timing of fires and flows ............................................................................................................ 30 

6.2 Bedrock ....................................................................................................................................... 35 

6.3 Soils ............................................................................................................................................ 36 



3 

 

6.4 Burn severity ............................................................................................................................... 38 

6.5 Hypsometry ................................................................................................................................. 40 

6.6 Slope angle .................................................................................................................................. 42 

6.7 Relative importance of different characteristics: Arizona case study ......................................... 45 

6.8 Co-occurrence of characteristics ................................................................................................. 47 

6.9 Limitations and future research suggestions ............................................................................... 50 

6.9.1 Timing of flows after wildfire .............................................................................................. 50 

6.9.2 Bedrock ................................................................................................................................ 51 

6.9.3 Soils...................................................................................................................................... 51 

6.9.4 Burn severity ........................................................................................................................ 52 

6.9.5 Hypsometry .......................................................................................................................... 52 

6.9.6 Slope angle ........................................................................................................................... 52 

7. Conclusion ....................................................................................................................................... 53 

Acknowledgements ............................................................................................................................. 55 

References ............................................................................................................................................ 56 

Appendix A: Detailed study area maps............................................................................................. 62 

Appendix B: Geodata references ....................................................................................................... 67 

Appendix C: Slope angles ................................................................................................................... 71 

 



1 

 

1. Introduction 

Wildfires are known to increase the likelihood of debris flow occurrence (e.g. Cannon & Gartner, 2005; 

Rengers et al., 2020). Debris flows have the potential to cause much damage to infrastructure, being 

able to carry boulders of more than 1m diameter and even move buildings, as well as result in the loss 

of lives (e.g. Davies et al., 2013; Pànek, 2021). It is therefore of great importance to understand their 

mechanics and under what circumstances they occur. 

     Debris flows are a type of landslide and form on slopes, where they move downhill under the 

influence of gravity (Pànek, 2021). They can initiate under the influence of rainfall, which is the most 

common trigger worldwide, or be triggered by other factors such as earthquakes (Kirschbaum et al., 

2015; Pànek, 2021). Debris flows are characterised by a head containing coarse particles, while a nearly 

liquid tail with finer grained sediment is found at its rear, pushing the head forward down a slope 

(Iverson, 2005; Pànek, 2021). It is thus a mixture of water and sediment load, and thereby a type of 

movement of material that is between a hydrological flow and a debris avalanche. As a result, the exact 

definition of a debris flow is somewhat variable within literature. For example, Iverson (2005) defines 

a debris flow as a flow that contains water and sediment in a ratio that varies between 30:70 and 70:30, 

while Davies et al. (2013) state that debris flows consist of >60% sediment. However, while the exact 

ratio between water and sediment varies between definitions, a clear consensus is that its composition 

lies between the water dominated hydrological flow and the debris avalanche which lacks significant 

water content. As such, an avalanche might develop into a debris flow when water is added. When even 

more water is added, a debris flow might transform into a hydrological flow (Iverson, 2005). Debris 

flows thus require a slope as well as a supply of both water and sediment load to form. 

1.1 Triggering a post-wildfire debris flow 

Like most debris flows, post-wildfire debris flows are triggered by rainfall events rather than other 

factors such as earthquakes. The precipitation from such a rainfall event forms the required water supply 

to debris flows. Wildfires can greatly increase the susceptibility of an area to such flow by lowering the 

precipitation threshold that needs to be crossed to trigger a debris flow (e.g. Cui et al., 2019). This 

threshold is lowered as several properties of and on the ground are altered by the fire, which can increase 

the amount of water available to the flow through reduced infiltration of the rainwater as well as increase 

the sediment supply.  

     Most importantly, wildfires decrease the precipitation threshold by making soils temporarily water 

repellent (Cannon & Gartner, 2005; Cui et al., 2019; Di Napoli et al., 2020; Shakesby & Doerr, 2006). 

The water-repellent layer results in increased overland flow of water as infiltration is affected, and can 

thereby lead to erosion and bulking of sediment in flows, such that a debris flow is formed (Cannon & 

Gartner, 2005). 
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     The water-repellent layer is formed through the heating of the soil in a wildfire. As a wildfire heats 

the soil surface, temperatures may reach values that allow for the combustion of organic matter. The 

heat of the wildfire does not penetrate far down the soil, and as a result a strong temperature gradient is 

present. The vaporized organic matter then travels from the hot surface down this temperature gradient 

into the cooler soil. Due to the steepness of this gradient, the organic matter will rapidly condense, 

forming a hydrophobic water-repellent layer shortly below the surface (DeBano, 1981). The wildfire 

duration, temperature that is reached, oxygen supply, and the soil characteristics such as texture and the 

organic matter content all affect the strength of the water-repellent layer that results (DeBano, 1981; 

Shakesby & Doerr, 2006), which makes the process of its formation a complex matter. Over time, the 

water-repellent layer is broken down through the leaching and breakdown of the hydrophobic 

compounds, and infiltration into the soil can increase again (e.g. Hubbert et al., 2006). 

     Vegetation loss also plays an important role in increasing the debris flow risk through several 

processes. The temperatures reached in the soil can lead to combustion of root systems, and as a result 

the cohesion provided by the roots to the soil is lost, leading to an increased potential for slope failure 

(Cannon & Gartner, 2005; Shakesby & Doerr, 2006). Similarly, the heat of the fire will kill fungi and 

microbial life in the soil. These types of life normally have the capacity to produce cohesive material 

that can stabilise the soil (Shakesby & Doerr, 2006). Soil can therefore be more easily eroded after the 

combustion of these organic materials, providing the solid sedimentary load to the debris flow. Above 

ground, the rainfall intercepting vegetation is also removed by the fire. As a result, raindrops have more 

direct impacts with the ground, aiding erosion of the soil and thus providing both water and soil material 

supply to the debris flows (Di Napoli et al., 2020).  

     On longer terms, once the water repellency of the soil wears off, the loss of vegetation can lead to 

increased soil moisture compared to pre-fire conditions. When vegetation is lost in the wildfire, less 

evapotranspiration takes place, and as a result more moisture will be added to the soil over time. This 

can decrease the stability of soils and also result in debris flows (Rengers et al., 2020). As such, 

vegetation loss can aid the formation of debris flows in many ways, on short as well as on longer 

timescales. 

1.2 Post-wildfire debris flow mechanisms 

A distinction between two types of debris flows that might occur in response to wildfires is commonly 

acknowledged in the literature. These two types differ in their triggering mechanism (e.g. Meyer et al., 

2001; Di Napoli et al., 2020; Wall et al., 2020). The first mechanism is through increased runoff and 

erosion through overland flow (hereafter referred to as “runoff-initiated”). This initiation mechanism is 

rare for normal debris flows that are not preceded by wildfires. If a wildfire does occur, it makes soils 

more water repellent as described above. As a result, there will be overland flow during short but 

extreme precipitation events when precipitation rates exceed the reduced infiltration rates. Rills then 

start to form high up on converging slopes (Cannon & Gartner, 2005; Shakesby & Doerr, 2006). 
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Continuous erosion and entrainment of sediment and debris through the overland flow results in the 

transport of enough material such that a debris flow forms, while there is no clear debris flow scar at 

one single initiation point (Cannon & Gartner, 2005; Wondzell & King, 2003). One recent example of 

such a post-wildfire debris flow occurred in Montecito, California on 9 January 2018 (Kean et al., 2019). 

     The second mechanism through which a post-wildfire debris flow can form is through infiltration of 

water into the ground which destabilises the soil (hereafter referred to as “infiltration-initiated”). This 

is the typical way normal debris flows are triggered (e.g. Savage & Baum, 2005). Additionally, root 

systems are damaged during the fire and decay as vegetation dies. This leads to the loss of cohesion, 

reducing the shear strength of the soils (Jackson & Roering, 2009; Shakesby & Doerr, 2006). An 

increase in pore water pressure through rainfall and infiltration can then lower the shear strength to 

values below the shear stress, resulting in a landslide leaving a scar on the slope. The slide can then 

develop into a debris flow (Cannon & Gartner, 2005; Rengers et al., 2020). This thus requires that the 

water repellency of the soil has decreased again since the fire in order to allow for enough infiltration, 

or it requires long-term rainfall to allow water to build up in the soil despite low infiltration rates. A 

debris flow in Jughead Creek Basin, Idaho in 1997 following an extended period of rain and snowmelt 

is an example of this type of post-fire debris flow (Meyer et al., 2001). 

     As time passes, it becomes harder to find a direct causal link between wildfires and subsequent debris 

flows. As a result, infiltration-initiated flows that are often suggested to occur several years after a 

wildfire are rarely reported, and data on them is scarce. To my knowledge, only one paper has reported 

in detail on this type of flow occurring during the last two decades (i.e. Rengers et al., 2020), even 

though the occurrence of both types is widely accepted in literature (e.g. Di Napoli et al., 2020; Wall et 

al., 2020). Indeed, Cannon & Gartner (2005) suggest that the runoff-initiated type of post-wildfire debris 

flow is the most common one, but their research is focussed on the west side of the USA and especially 

on California. Other research is also often based on case-studies or small regional scales (e.g. Cui et al., 

2019; Lorente et al., 2002; Kean et al., 2019; Martelloni et al., 2012; Melo & Zêzere, 2017; Rengers et 

al., 2020). However, it is unknown to what extent such case studies can be applied on wider scales, both 

with regards to the flow mechanism but also regarding other factors affecting the susceptibility of basins 

to post-wildfire debris flows. Yet, this report will analyse run-off initiated post-wildfire debris flows 

only, due to a lack of data availability on infiltration initiated flows.  

1.3 Aim 

Wildfires are expected to (further) increase in frequency as well as in severity in many regions as a 

result of climate change leading to lengthening of the fire season, including in North America (e.g. 

Halofski et al., 2020; Jolly et al., 2015). Meanwhile, Cannon & Gartner (2005) note that wildfires are 

not always associated with increased debris flow occurrence. They suggest that there must be some set 

of predisposed factors that determine if and where they occur. 
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     In the light of current climate change and increasing wildfires, it is therefore important to understand 

what makes an area susceptible to post-wildfire debris flows. This project will therefore aim to answer 

the following question: 

Do basins that experience post-wildfire debris flows share certain characteristics, and as such 

can future risk assessment take this into consideration when identifying areas that might 

become more susceptible to post-wildfire debris flows in the future? 

This question will be answered through the analysis of basins that experienced post-wildfire debris 

flows across western North America. Figure 1 shows the wildfire areas where these debris flows 

occurred. The study area was limited to North America due to the wide availability of data and the large 

amount of recorded debris flows in this region, especially regarding debris flows occurring in 

California. However, basins in different states along different latitudes in western North America were 

selected to also be able to compare different settings and study the potential influence of (local) climate 

on the formation of post-wildfire debris flows.  

     The spread of the study basins allows for the analysis of potential spatial patterns. As climate 

changes, the conditions that are prevalent further south might become more common further north in 

the study area. As a result, new basins may become at risk of post-wildfire debris flows. It is therefore 

important to not only identify what makes basins vulnerable to this type of debris flow in one location, 

but rather to assess if that is true for all locations or if this is influenced by e.g. climate. In order to 

perform this analysis, a database was set up listing each debris flow event. Literature research led to the 

identification of several characteristics of the basins and flows which were hypothesised to be of 

potential influence on the formation of post-wildfire debris flows. These characteristics of the basins 

were recorded such that a comparison could be made between basins in different locations and these 

hypotheses could be tested.  

     The following sections will i) present the characteristics that are considered important for the 

formation of post-wildfire debris flows in this project and which will be analysed for (spatial) patterns; 

ii) describe the study area; iii) explain the methods used to obtain and study the basin characteristics; 

iv) present the results; and v) discuss the results in order to answer the research question. 
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Figure 1. Map showing the wildfire areas and thereby the approximate locations of the basins included in the 

analysis of this study as white dots. A total of 10 wildfire areas containing 42 basins was analysed, but 

individual basins cannot be seen on the scale of this map. The slope is projected on the background, obtained 

from the global GTOPO30 DEM collection by the USGS. State outlines from: United States Census Bureau, 

2018. 
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2. Basin characteristics 

Several basin characteristics were chosen to be analysed in this project based on their importance 

ascribed by other authors and their potential to record them on the basin-scale. Here, basin-scale refers 

to a tributary of a larger stream or system. The exact definition of a basin used in this study will be 

described in section 4. Methods.  

     First, the potential importance of the timing of the debris flows after the wildfires will be explained. 

Next, the influence of the bedrock and soils is hypothesised, followed by a section on the burn severity. 

Finally, the potential influence of the basin morphology is described.  

2.1 Timing after wildfire 

An important question to consider is: “Up to what point in time after a wildfire is there still a relationship 

between the wildfire and a debris flow?”. There is some disagreement on this in the literature. Rengers 

et al. (2020) found that hillslopes return to pre-wildfire conditions 5 years after the wildfire with regards 

to flow risk in southern California. In broader study regions across western North-America, Santi & 

Morandi (2013) suggested that this occurred after already 1-3 years, while Cannon & Gartner (2005) 

on the other hand attribute some flows to a wildfire up to 10 years earlier in the same region. 

     This difference might be explained by the different mechanisms through which the flow occurs. A 

runoff-initiated debris flow requires a water-repellent soil which can be generated through a wildfire. 

Over time, the water repellency of the soil wears off as the hydrophobic compounds in this layer are 

removed through for example leaching (e.g. Hubbert et al., 2006; Nyman et al., 2014), while roots of 

plants that died in the fire also decay such that the soil loses shear strength. Then, infiltration-initiated 

flows can occur (Cannon & Gartner, 2005; Meyer et al., 2001; Shakesby & Doerr, 2006). Such a 

difference was indeed found by Rengers et al. (2020), who found that runoff-initiated flows occurred 

in the first year after a wildfire as the soils in their study area were water repellent, but infiltration-

initiated flows occurred three years after the fire as the infiltration rates of the soils started to increase 

again. Likewise, Cannon & Gartner (2005) suggested that runoff-initiated flows can occur within two 

years after a wildfire during the first storm after the fire, while infiltration-initiated flows occur on 

longer timescales. However, since this study only concerns runoff-initiated post-wildfire debris flows, 

it is not an issue whether or not a debris flow can still be attributed to the influence of a wildfire, due to 

the short time between the fire and the runoff-initiated debris flow as described above. 

     Meanwhile, the timing of the flow after the fire was still recorded in the database, since this might 

reveal differences in timing of flows after wildfire with varying basin characteristics (see next sections 

in this chapter), or between regions. A difference in timing between regions would be expected, based 

on climatic differences since e.g. the Pacific Northwest only rarely experiences short, high intensity 

precipitation required for runoff-initiated debris flows, reducing the probability of a wildfire being 

followed by the required precipitation intensity on a short timescale (Wall et al., 2020). However, with 
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climate change, precipitation patterns are expected to change, leading to more extreme precipitation 

events (Collins et al., 2013). It can thus be hypothesised that if a relationship is found between the 

occurrence of the debris flows and heavy precipitation, that the occurrence of post-wildfire debris flows 

might increase in regions such as the Pacific Northwest where they are currently less common. This is 

thus an important aspect to include and explore in this study. 

2.2 Bedrock and soils 

As mentioned in the introduction, the soil type and vegetation have a major influence on the initiation 

of (post-wildfire) debris flows through influencing e.g. the post-wildfire infiltration rates and the soil 

shear strength. Meanwhile, the soil characteristics can affect the (type of) plant species growing in the 

soil, and vice versa (Searcy et al., 2003). In line with this, Reed & Kaye (2020) found that some tree 

species were more common on shale bedrock compared to sandstone bedrock sites in their study area, 

and that the productivity of species differed between types of underlying bedrock as the bedrock 

influences e.g. the percentage clay in the soil. The bedrock lithology thus has an impact on plant species 

distribution and growth. Searcy et al. (2003) came to a similar conclusion, when they found in another 

study area that both soil characteristics and vegetation are influenced by the bedrock lithology. As such, 

an interplay between bedrock, soils and vegetation exists and a relationship between bedrock and debris 

flows is therefore to be expected.  

     Indeed, the lithology of the bedrock is also considered to be an important predisposing factor with 

regards to the formation of debris flows by many authors (Cannon & Gartner, 2005; Lorente et al., 

2002; Melo & Zêzere, 2017). Debris flows have the potential to erode bedrock to a considerable extent 

(Cannon & Gartner, 2005). Therefore, the bedrock is a source of solid material to the debris flow. The 

hardness of the bedrock will thus have an influence on how much erosion and incorporation of solid 

material into the debris flow takes place. I therefore hypothesised that bedrock will have an influence 

on the formation of post-wildfire debris flows. Meanwhile, other authors find that the lithology is not 

important when generating post-wildfire debris flows (Rengers et al., 2020). Due to this lack of 

consensus, the bedrock lithology is included in this study to explore its potential impact on post-wildfire 

debris flow formation.  

     The soil itself was also included in this analysis through the recording of the dominant soil texture 

in each basin. The soil texture describes the abundance of different sized particles in the soil. The size 

of the soil particles affects the ability of water to move through the soil (Owens & Rutledge, 2005). 

Furthermore, the soil texture has an influence on the formation of the water-repellent layer following a 

wildfire, with a coarser soil texture being associated with a stronger water repellency (DeBano, 1981). 

As such, when the water-repellent top layer of the soil surface is generated by the wildfire, the amount 

of change in infiltration-capacity of the soil will depend on both the wildfire intensity creating the water-

repellent top layer, as well as on the prior capacity of the soil to drain water before the fire. The soil 

texture may thus be of influence on the relative amount of change in soil properties affecting runoff 



8 

 

caused by the fire (e.g. water repellency of the top soil layer). A coarse soil texture might therefore 

result in a relatively greater increase in runoff compared to pre-fire conditions due to a strong water-

repellent layer, and thereby influence the likelihood of post-wildfire debris flows. 

2.3 Burn severity 

Burn severity is considered an important factor behind the increased debris flow susceptibility after a 

wildfire (e.g. Cannon & Gartner, 2005; Cui et al., 2019; Di Napoli et al., 2020; Rengers et al., 2020). 

High burn severity can aid post-wildfire debris flow, but areas burned at medium severity have also 

been found to experience an increase in risk (Cannon & Gartner, 2005; Rengers et al., 2020). 

     The burn severity depends on both the duration of the wildfire and the temperatures that were 

reached, as this affects the depth of the water-repellent layer that is formed and thus the susceptibility 

to runoff-initiated flows (Di Napoli et al., 2020; Shakesby & Doerr, 2006). In addition, the burn severity 

affects the amount of material that is available for the flow to entrain (Cui et al., 2019), the degree to 

which root cohesion is affected (Rengers et al., 2020), and the amount by which rainfall interception by 

vegetation is reduced (Rengers et al., 2020). 

     A quantification of the burn severity can be obtained using satellite imagery and the normalised burn 

ratio, which will be further discussed under the Methods section of this thesis. Thereby, the burn severity 

could objectively be studied to assess the potential for a relationship between the burn severity and 

debris flow occurrence. 

2.4 Basin geomorphology 

The geomorphology of the slopes in the burned basins is also an often cited factor influencing 

susceptibility to post-wildfire debris flows, and can be studied through many geomorphological 

characteristics. One example of such characteristics is the mean slope of a basin. Lorente et al. (2002) 

note that debris flows that are not necessarily connected to wildfires do not occur in areas with gentle 

slopes. As a rule of thumb, Jakob (2005) notes that basins of <5km2 with slopes greater than 15o have 

the potential of producing a debris flow, regardless of whether they have been burned or not, while 

Pànek (2021) states they tend to occur on slopes of >25o. However, most debris flows that are not related 

to wildfires occur through the infiltration of water into soils leading to slope failure and shallow 

landslides developing into debris flows, rather than through excessive runoff (Savage & Baum, 2005). 

The slope angle is important for the formation of these normal debris flows, since the angle of repose 

determines when a slope failure occurs. In the case of a runoff-initiated debris flow, the flow is not 

initiated by such a failure but rather through entrainment of material in the excessive runoff. Therefore, 

the angle of repose leading to slope failure will be less important. As a result, much literature that refers 

to debris flows in general is not directly applicable to the post-wildfire debris flows studied in this 

project. However, if material is located on steeper slopes, the downward forces are relatively larger 

compared to the frictional forces, and as such the material should be more easily entrained in the 
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downslope flowing water and debris flow. Indeed, the slope angle has been stated to be important in the 

formation of runoff-initiated post-wildfire debris flows (Di Napoli et al., 2020; Melo & Zêzere, 2017). 

The slope angle was therefore included in the analysis in this study. 

     Another measure to describe the hillslope geomorphology is the hypsometric curve, and derived 

from that the Hypsometric Integral (HI). This provides the percentage of a basin that lies above a certain 

elevation (Strahler, 1952). Both area in the basin and elevation can be expressed as a percentage of the 

maximum size and elevation to allow for comparison of different basins (Cui et al., 2019; Strahler, 

1952).  

     Strahler (1952) suggested that basins can be classified into three groups. The first group is the 

inequilibrium or young stage, which includes basins with HI>0.6. The second group is the equilibrium 

or mature stage, with HI values between 0.33 and 0.6. A third group is the monadnock stage, with 

HI<0.33. This group covers areas with extensive erosion, but with remnants of resistant rocks sticking 

up from the rest of the landscape. Once these are worn away through erosion, the HI will increase again 

and fall in the equilibrium stage (Strahler, 1952). The HI has been considered a potentially important 

factor in the susceptibility of basins to post-wildfire flows, e.g. by Cui et al. (2019), and will be included 

in the analysis in this project. 
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3. Study area 

A total of 67 flows in 42 basins following 10 different wildfires was identified through literature 

research. These flows were labelled using the state abbreviations and unique numbers. E.g. AZ001 

refers to a basin in Arizona, which was numbered one to distinguish it from other basins in Arizona. 

The general characteristics of these basins and flows can be found in table 1. Detailed maps showing 

the exact locations of the basins are provided for each of the 10 wildfire areas in Appendix A. All basins 

are found in mountainous areas but in a variety of climatic settings according to the Köppen climate 

classification (Fig. 2), and therefore this distribution of locations can be used to assess the influence of 

different climate and weather conditions on the formation of post-wildfire debris flows. 

     The basins AZ001 to AZ003 can be found in Arizona south of the town of Globe in the Pinal 

Mountains. These mountains form a small patch of Csa climate according to the Köppen climate 

classification within a region with arid B-group climates (Kottek et al., 2006b). The basins are thus 

found in a relatively wet area compared to its surroundings, with dry, warm summers and mild, wet 

winters (Arnfield, 2020). They were burned by the Pinal Fire in May 2017 and experienced debris flows 

only two months later (Raymond et al., 2020).  

     Basins BC001 and BC002 are found at the eastern shore of Kootenay Lake near Kuskonook, British 

Columbia, Canada. Being the northernmost basins in this study, these are located in a boreal Dfc climate 

and thus experience precipitation throughout the year during both cold winters and cool summers 

(Arnfield, 2020; Kottek et al., 2006b). These basins experienced debris flows around one year after they 

were burned by a nameless wildfire in August 2003 (Jordan et al., 2006; VanDine et al., 2005). Two 

recorded debris flows were included in the analysis for basin BC001. 

     Three wildfire locations that are associated with post-wildfire debris flows were included in this 

study in southern California. CA001 to CA006 concern basins that were burned by the Thomas Fire in 

December 2017 and are found immediately north of Montecito, which was hit by debris flows from 

these basins shortly after the wildfire (Cui et al., 2019; Kean et al., 2019). Basin CA007 experienced a 

post-wildfire debris flow late February 2010, which is 9 months after it was burned by the Jesusita Fire. 

These events took place north of Santa Barbara in a tributary of the Missionary Creek (Kean et al., 

2011). Finally, basins CA008 to CA011 were burned by the Station Fire north of La Crescenta-

Montrose in Los Angeles County in August to September 2009, after which they experienced post-

wildfire debris flows during the winter of 2009-2010. Some of these basins produced multiple debris 

flows (Kean et al., 2011). All these basins in California experience a Csb climate, and have therefore a 

similar but slightly cooler climate than the basins in Arizona (Arnfield, 2020; Kottek et al., 2006b). 
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Table 1. Climate and fire and first flow dates for each of the 10 wildfire locations and 42 basins. 
Location Basin ID Climate Fire Flow 

Globe, AZ AZ001 to AZ003 Csa May 2017 July 2017 

Kuskonook, BC BC001, BC002 Dfc August 2003 August 2004 

Montecito, CA CA001 to CA006 Csb December 2017 January 2018 

Santa Barbara, CA CA007 Csb May 2009 February 2010 

La Crescenta-Montrose, CA CA008, CA010 Csb October 2009 December 2009 

 CA009 Csb October 2009 January 2010 

 CA011 Csb October 2009 November 2009 

Glenwood Springs, CO CO001 Dfb June 2002 August 2002 

 CO002, CO003 Dfb June 2002 September 2002 

Durango, CO CO004 Dfb June 2002 July 2002 

 CO005 to CO009 Dfb June 2002 August 2002 

 CO010 to CO013 Dfb June 2002 September 2002 

Hamilton, MT MT001 to MT007 Dfb August 2000 July 2001 

Black Crater, OR OR001 Csb August 2017 June 2018 

Santaquin, UT UT001 to UT005 Dfb/BSk August 2001 September 2002 

 

 

Figure 2. Map showing the locations of the basins listed in the database and Table 1 plotted on the Köppen 

climate classification at a 0.5 degree latitude/longitude resolution. Due to the scale, individual dots for the 

basins cannot be seen, nor can local climate differences. The dots mark the approximate location of the wildfire 

areas and basins that experienced debris flows as listed in the database and as such do show the general spread 

of the basins across a range of climates. Climate classification layer from: Kottek et al., 2006a; Rubel & Kottek, 

2010. State outlines from: United States Census Bureau, 2018. 
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The basins in Colorado were burned by the Coal Seam Fire near Glenwood Springs in June 2002 

(CO001 to CO003) and the Missionary Ridge Fire north of Durango around the same point in time 

(CO004 to CO013). These basins experienced debris flows 1-2 months later (Cannon et al., 2003). All 

these basins are located in a Dfb climate (Kottek et al., 2006b). These basins are thus in a cold climate 

similar to those in British Columbia with precipitation distributed relatively evenly throughout the year, 

but with slightly warmer summers (Arnfield, 2020). 

     Basins MT001 to MT007 in Montana are in the Köppen climate zone Dfb as well (Kottek et al., 

2006b). These basins were burned by the Valley Complex Fire in August 2000, and debris flows took 

place around one year later in July 2001 (Gabet & Bookter, 2008). 

     Debris flow OR001 took place on the western side of the Black Crater shield volcano in Oregon, 

and therefore in a vastly different geomorphological setting compared to the other flows that occurred 

in clearly defined tributary basins. This area was burned by the Milli Fire in August 2017 and 

experienced a debris flow 9 months later in June 2018 (Wall et al., 2020). Its location is characterised 

by a climate that is in the transition between Csb climate in general to a colder Dsc climate on the peaks 

that occur in this landscape. Precipitation is highest during the winter (Arnfield, 2020; Kottek et al., 

2006b). 

     Finally, basins UT001 to UT005 near Santaquin, Utah are located in hills that are dominated by a 

Dfb climate similar to the basins in Colorado, while at their outlets the cold semi-arid BSk climate 

characteristic for much of Utah starts (Arnfield, 2020; Kottek et al., 2006b). These basins were burned 

by the Mollie Fire in August 2001 and experienced debris flows around one year later (Gartner et al., 

2005; McDonald & Giraud, 2002). 

     Fire season in the study area traditionally occurs between the snowmelt in spring and the increase in 

precipitation in fall after drier summer months (Schweizer, 2019). However, fire seasons are 

lengthening and will in the future further increase in length, while wildfires will also increase in 

frequency under the influence of climate change (e.g. Halofksi et al, 2020; Jolly et al., 2015). Examples 

of wildfires occurring outside the traditional wildfire season have already occurred, and for example 

affected basins CA001 to CA006 included in this study. Climate change is expected to result in more 

wildfires in these non-traditional months (e.g. Schweizer, 2019, Jolly et al., 2015, etc.), and it is 

therefore important to also include such basins in this study about post-wildfire debris flows. 

     To summarise, the basins that were included in this study are found in a range of climates, from 

boreal to warm temperate climates, and some are located within mountainous areas that are surrounded 

by a more arid climate. The basins were burned by wildfires in different months, also outside the 

traditional wildfire season, and likewise experienced debris flows at different times of the year. They 

therefore allow for an analysis of the potential influence of climate as well as the characteristics of the 

basins themselves.  
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4. Methods 

The basins that were identified through literature research as listed in the previous section were 

compiled in a database, which is available as supplementary data to this report in a separate Excel file. 

The sources for where these specific flows were found are also listed therein, and full references can be 

found in the reference list of this report. Only debris flows that occurred during the period 1 January 

2000 to the present were included, due to the timespan of Landsat-7 ETM+ data used for the wildfire 

severity analysis in this project (section 4.2.1 Burn severity). 

     A basin was identified for each flow, defining the limits of the areas of interest. The basin 

characteristics were studied for the entire basin, rather than only the site of rilling and thus the original 

initiation since i) this location data was often not available; ii) the characteristics of the basin in the 

debris flows’ path may also be important in its development and propagation, as it erodes and entrains 

sediment on its path; and iii) the resolution of the remote sensing data is not high enough to analyse 

only the initiation site.  

     Since debris flows typically deposit their contents at the base of the slopes on which they formed 

(Davies et al., 2013), the basins in this study were defined using the location where the debris flow 

exited a basin and deposited its mass. The area upstream of this point forms the area of interest in this 

study. This exact data was not always available. In that case, the research paper in which the debris flow 

was identified had outlined a basin-area of interest, and this area of interest was then used for this project 

as well. This resulted in mostly small tributaries being defined as a “basin” in this study. Basin OR001 

forms an exception to this rule, due to its uncommon location in terms of morphology of the landscape. 

The methods through which this location’s basin limits were defined are explained under section 4.2 

Spatial analysis of individual basins. 

     The analyses of the basins and data for the different basin characteristics are described below. First, 

a short section on the collection of the timing of the flows and then the bedrock and soils is found below, 

followed by a section on the more complex collection of the burn severity and basin morphology data. 

Lastly, a section can be found on the analysis techniques used to compare the characteristics after the 

data was obtained. 

4.1 Literature research 

4.1.1 Timing of flows 

The time between the wildfire and flows was obtained through literature studies, with the references 

listed in the database in the column “Main source” and fully provided in the reference list. The month 

of the year in which they occurred was also recorded. The precipitation was also considered to be 

included and linked to the timing of the flows. However, many locations did not have rain gauge data 

available, and radar data was only available at too low resolution both spatially and temporally, and not 

for the entire study period. Therefore, a quantitative precipitation analysis was not included in this 
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project. However, in the discussion the results for the timing of flow will be linked to more general, 

qualitative climate and weather information. 

4.1.2 Bedrock and Soils 

Geologic maps allowed for the collection of bedrock lithology. Maps of various scales were used 

depending on availability. The references for the geologic maps can be found in the database and the 

reference list of this report. The basins were all assigned a general rock type (igneous, metamorphic or 

sedimentary) based on these maps, and where specific dominant rock types could be made out, this was 

further specified to e.g. “basalt” or “sandstone” next to general rock type, while further petrological 

details were omitted from this analysis as that would be beyond the scope of this study. 

     Soil texture was obtained using the Web Soil Survey tool by the Natural Resources Conservation 

Service (n.d.) and also recorded in the database for the basins in the USA. Unfortunately, no soil data 

was found for the basins in Canada. The disturbance of the soil through wildfires is highly complex, 

with the properties of different layers each being affected differently. However, for simplicity only the 

topmost horizon was recorded, since the heat of the fire does not penetrate far down into the soil profile, 

and the water-repellent layer that forms as a result is generally not more than a few cm down in the soil 

profile (e.g. Cawson et al., 2016; Nyman et al., 2014). Potential changes in infiltration capacity which 

could affect runoff that might occur in layers deeper down will be of lesser influence, since the water-

repellent layer at the surface will reduce penetration of water downwards, and the resulting increased 

runoff from the top water-repellent layer is important in the generation of post-wildfire debris flows. 

The soil characteristics deeper down the profile are therefore of lesser interest for this study. 

     The O-horizon, which can be present at the very top of the soil profile, was not included in the texture 

analysis. This horizon consists primarily of e.g. fallen leaves or other organic matter. Therefore, the 

organic matter would have been burned in the fire. However, it was recorded whether or not such an 

organic horizon was present in the dominating soil types of each basin. 

4.2 Spatial analysis of individual basins 

The basins that experienced debris flows were extracted from Digital Elevation Models (DEM) using 

ArcGIS (Esri, 2019). The sources of the DEMs can be found in Appendix B. The DEM for Canadian 

basins had a resolution of 0.75 arc seconds (~22.5m). The resolution of the DEMs used for basins in 

the USA was 1/3 arc second (~10m). Higher resolution data was available for only some of the 

locations, but not deemed necessary as the 1/3 arc second resolution data provided detailed results 

already. 

     A toolbox was built using the Model Builder in ArcMap to extract polygons delineating the basins 

of interest from the DEMs, using the hydrology toolbox (Fig. 3). The Extract by mask tool was then 

used to extract the area of the basins of interest delineated by the polygon in the Watershed.shp files 

from both the filled DEM as well as the Landsat data to perform the basin geomorphology and burn 



15 

 

severity data analyses which are described below in sections 4.2.1 Burn severity and 4.2.2 Basin 

geomorphology. 

     This method worked for all basins except for basin and flow OR001, which is located in a vastly 

different landscape compared to the other basins. Clear basin shapes were identifiable for the other 

basins, but the debris flow OR001 took place on a side of a shield volcano in a landscape dominated by 

flat lava fields originating from cones punctuating the landscape. Not only is there not a clear basin 

shape with converging flow lines identifiable, the presence of a lava flow at the bottom of the slope on 

which the flow occurred splits the drainage of the debris flow in two (Fig. 4). The study area that was 

analysed was therefore selected by hand based on the criteria that are discussed in the paragraphs below. 

     The flow occurred on the slopes of a conical feature which is on the downstream side of the 

watersheds identified by ArcMap. Meanwhile, a lower-lying area is located upstream of the cone and 

flow. Since the flow does not drain up onto the slopes of the cone, this low-lying area will not be of 

importance for the initiation of the debris flow and is therefore discarded from the analysis. The crater 

rim on the top of the cone where the flow took place provides a clear natural boundary for the analysis 

on the east side. 

     A burn severity analysis (method described in section 4.2.1 Burn severity) of the surroundings of the 

flow location revealed no burn damage on the northwest side of the lava flow found at the bottom of 

the slope. This flat area would also not contribute towards the debris flow on the cone’s flank. Therefore, 

it was decided that the lava flow would form the north-west running boundary of the “basin” area that 

would be identified. The resulting area that was analysed is shown in figure 4 as the hatched area in the 

north. 

 

Figure 3. Tools built in ArcMap to extract the basins of interest from a large DEM. The FlowAcc and FlowDir 

files from the first model are used for Pour Points of the different basins in the second model. These steps 

produced polygons of the watersheds delineating the basins of interest. 
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Figure 4. Map of the OR001 study area showing the watersheds that are produced by ArcMap using the 

hydrology toolbox in green and blue. The flow location (red polygon) is in the downstream part of these 

watersheds, with the black arrow showing the general direction of flow within the watersheds. The manually 

determined study area is shown as the hatched area in the north. Source DEM: USGS, 2014. Source for location 

of flow: Wall et al., 2020. 

 

4.2.1 Burn severity 

The burn severity can be obtained using near infrared (NIR) and shortwave infrared (SWIR) bands of 

satellite imagery and can be expressed as the differenced normalised burn ratio (ΔNBR). The reflectance 

recorded by these two bands is strongly influenced by the vegetation cover on land, where the NIR band 

decreases in reflectance after a fire while the SWIR band will record increased reflectance after a 

wildfire (Lutes et al., 2006). Thereby, the ΔNBR provides a measure of the state of a landscape with 

regards to burn damage severity through using the state of the vegetation as a proxy. 

     Landsat-7 ETM+ Collection 2 Level 1 data obtained using the EarthExplorer portal by the USGS 

was used to find the burn severity. See appendix B for the Landsat tiles that were used. The NIR and 

SWIR bands that were required for obtaining the burn severity correspond to Landsat-7 ETM+ bands 4 

and 7 respectively, which provide data from mid-1999 to the present with a resolution of 30m (USGS, 

2019).  
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     Using this data, the burn severity can be quantified using the ΔNBR, which includes a scale on burn 

severity provided by the FIREMON project (Table 2) (Lutes et al., 2006), as performed by e.g. Cui et 

al. (2019) and Rengers et al. (2020): 

(1)      ∆𝑁𝐵𝑅 = 𝑁𝐵𝑅𝑝𝑟𝑒𝑓𝑖𝑟𝑒 − 𝑁𝐵𝑅𝑝𝑜𝑠𝑡𝑓𝑖𝑟𝑒 

Where NBRprefire and NBRpostfire are the normalised burn ratio obtained from the satellite imagery before 

and after the wildfire respectively. The Landsat data used for NBRpostfire was for a moment after the fire, 

and ideally shortly before the debris flow since the flow has the potential to damage vegetation and 

thereby change the reflectance. However, this was not always available. If no images were available for 

shortly before the flow, then a date shortly after the flow was used instead to obtain a general impression 

of the burn state around the time of the flow. Since the NIR and SWIR reflectance and thereby the NBR 

are not only affected by wildfires, but also by wetting and drying of the ground and seasonal changes 

in the vegetation (Lutes et al., 2006), the NBRprefire was used for a similar moment in the seasonal cycle 

as NBRpostfire, as shortly before the wildfire occurrence as possible. The NBRprefire and NBRpostfire were 

obtained from the corresponding Landsat data using: 

(2)     𝑁𝐵𝑅 =
𝑁𝐼𝑅 − 𝑆𝑊𝐼𝑅

𝑁𝐼𝑅 + 𝑆𝑊𝐼𝑅
 

Here, the NIR represents the reflectance measured for the near infrared band of satellite imagery, and 

the SWIR represents the short-wave infrared band as mentioned at the start of this section. The 

reflectance of these bands is used to obtain the NBR (Lutes et al., 2006). 

     A toolbox was built in ArcMap to perform the above calculations (Fig. 5). The ArcMap software 

then displayed the ΔNBR range in a classified raster format, with categories that corresponded to the 

burn severity classification by Lutes et al. (2006) in table 2 at a 30m resolution. The percentage of the 

area that was burned at e.g. low, moderate or high severity could then be determined from the attribute 

table and recorded in the database for the comparison of basins. 

Table 2. Classification of burn severity based on the ΔNBR. Due to 

the short timescales between the fire and the debris flows, no major 

enhanced regrowth is to be expected. After Lutes et al., 2006. 
ΔNBR range Burn severity 

-0.500 to -0.251 High enhanced regrowth after fire 

-0.250 to -0.101 Low enhanced regrowth after fire 

-0.100 to +0.099 Unburned 

+0.100 to +0.269 Low severity burned 

+0.270 to +0.439 Moderate-low severity burned 

+0.440 to +0.659 Moderate-high severity burned 

+0.660 to +1.300 High severity burned 
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Figure 5. Model to calculate ΔNBR. Inputs into the model are the Landsat near infrared (NIR) and shortwave 

infrared (SWIR) bands 4 and 7 before and after the wildfire. Equation (2) was performed first using Raster 

Calculator. The resulting rasters were then converted using the Int tool to make them suitable for the next 

calculations performing equation (1) using Raster Caulculator and finally Reclassify to obtain the ΔNBR of the 

basins. 

 

4.2.2 Basin geomorphology 

The hillslope and basin geomorphology were quantified using the Hypsometric Integral (HI) method 

developed originally by Strahler (1952) and described under 2.4 Basin geomorphology. The HI and 

hypsometric curves were obtained from the DEMs that were extracted for each basin. The Hypsometric 

Integral toolbox developed by Matos & Dilts (2019) was used in ArcMap to calculate the HI for each 

basin. This value was then recorded, as was the stage of development according to the classification by 

Strahler (1952).  

     The Hypsometric Integral toolbox was also modified such that not only the HI but also the 

cumulative area for different elevation bands of the DEM was retained, enabling the plotting of the 

hypsometric curve for each basin. 

     The average slope angle for each basin was also obtained through using the Slope tool in ArcMap 

on the DEM for the extracted watershed. The Zonal Statistics tool was then used to obtain the mean 

slope. 

4.3 Analysis 

Finally, exploratory analysis was performed to find spatial trends of characteristics, relationships 

between characteristics, and if some of the results appeared to be characteristic for the basins that 

experienced post-wildfire debris flows. Importantly, the different characteristics that could be 

quantified or classified for the basin location such as mean slope and the timing of the flow compared 

to the wildfire were plotted on a map of North America to find the presence of potential spatial trends. 

Additionally, various characteristics were plotted on histograms, bar charts and scatter plots. This 
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revealed the variance, distribution around the mean, and any potential relationships between two 

characteristics. 

     If multiple flows occurred in the same basin following a wildfire, these were all added to the database 

(identifiable by a suffix “…_a/b/etc.”, e.g. CO007_b). The basin itself was only used once in the 

analysis for basin characteristics to avoid overrepresentation of certain basins. However, the multiple 

debris flows were considered in the analysis of the timing of the flows. This allowed for further 

exploration of at what point in time in the year and under what weather circumstances post-wildfire 

debris flows occur. Additionally, the burn severity analysis also considered the multiple debris flows 

within one basin, since the landscape might recover from the burning over time between two flows. The 

two debris flows could then have occurred in landscapes that were damaged from the wildfire to a 

different degree. 

 

  



20 

 

5. Results 

As mentioned in section 3. Study area a total of 67 flows in 42 basins following 10 different wildfires 

was identified and listed in a database. This database can be found in the supplementary files. There, 

all results that were obtained using the procedures described in sections 4.1 Literature research and 4.2 

Spatial analysis of individual basins can be found for all basins and flows. Figure 2 in section 3. Study 

area shows the location of the fire areas and their debris-flow basins that are listed in this database.  

5.1 Timing after wildfire 

Figure 6 shows a histogram for the number of months between the wildfire and the first debris flow for 

all the basins. It can be seen that the first flow either followed relatively soon after the wildfire within 

4 months, or alternatively it occurred close to a year after the fire. When all consecutive flows in basins 

are also included in figure 7, the pattern shifts, and it can be observed that the vast majority of flows 

occurred shortly after the wildfire, regardless of whether they were the first debris flow or a later debris 

flow. Note that a number of basins in the same wildfire area might have had the same amount of time 

between the fire and the debris flows, and thereby drive up the number of basins that experienced debris 

flows after a certain amount of months. 

     However, figures 6 and 7 lack information regarding the weather circumstances under which the 

debris flows occurred. Figure 8 therefore shows in which calendar month the first flow after the wildfire 

occurred, to obtain an impression of in what season post-wildfire debris flows are to be expected. Figure 

9 shows the number of debris flows that occurred in each calendar month, regardless of whether it was 

the first, second, etc. debris flow. Many of the first flows occurred during late summer – early fall, when 

rainfall is generally increasing after dryer summer months. When all flows are included, September 

shows a clear peak, but caution has to be taken for the same reason as mentioned above. In some 

locations, multiple flows were recorded for a single basin, but for many basins only one debris flow 

was recorded while this does not mean that no more debris flows took place. More might have occurred 

after the recording of that first flow, but monitoring might have stopped. Therefore, figure 8 of the first 

flow month provides a more reliable indicator of when during the year post-wildfire debris flows 

occurred. 
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Figure 6. Histogram for the number of months between the wildfire and the first debris flow in each basin. 

 

 

Figure 7. Histogram for the number of months between the wildfire and all flows, including consecutive flows 

in basins.  
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Figure 8. Plot showing the number of basins that experienced their first debris flow after a wildfire in a certain 

month of the year. 

 

 

Figure 9. Plot showing the number of flows that the basins experienced after the wildfire in a certain calendar 

month, regardless of whether it was the first flow or a later flow. 
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5.2 Bedrock and Soils 

Out of the debris flow basins that were studied, a majority had a predominantly sedimentary bedrock 

lithology (Fig. 10). The 22 sedimentary basins were all characterised by mostly clastic sedimentary 

rock, some with minor areas of carbonate bedrock as well. Three other basins had a strongly mixed 

bedrock consisting of both clastic sedimentary, carbonate sedimentary and metamorphic rocks. Out of 

the nine basins that were dominated by metamorphic bedrock, eight were characterised by 

metasedimentary rocks. Regarding the remaining nine basins that were dominated by igneous bedrock, 

eight out of these basins were dominated by intrusive igneous bedrock and only one by extrusive 

igneous rocks.  

     The basins show a clearer pattern when looking at the dominant soil texture. Out of the 42 debris 

flow basins in this study, the soil texture was collected for 32. No data was available for the 11 other 

basins. Virtually all basins had a loamy soil texture of some sort, and 27 of these had coarser particles 

within the loam while no fine textured soils were found (Fig. 11).  

     Any organic horizons (O-horizons) in the soil at the surface were ignored for the surface soil texture 

analysis, but a note was made of their presence or absence as this tells about the presence of vegetation 

and thereby potential stability of the soils. However, such O-horizons were found to be not commonly 

present. Out of the 36 basins for which the soil texture was recorded using the Web Soil Survey tool, 

only 11 basins showed an organic horizon. In these basins, the organic horizon did not exceed a 

thickness of two inches.  

 

 

Figure 10. Bar chart showing the number of basins with dominantly igneous, metamorphic, sedimentary and 

heavily mixed lithologies. 
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Figure 11. Histogram showing the dominant soil texture of the different basins. Grain size increases to the 

right, with the rightmost bar showing that there were several basins with unknown soil texture. 

 

5.3 Burn severity 

Figure 12 shows the areal extent of the different burn severity classes for each basin. Note that the burn 

severity is shown for all flows in the different basins in these plots, since the burn severity is measured 

as shortly before or after the flow as possible because the burn damage could have decreased over time 

as vegetation returned. However, it can be observed in figure 12 that this hardly changes on the 

timescales between the consecutive flows. Figure 13 therefore shows the burn severity only once for 

each basin, now for only the first flow to allow for better comparison between the locations. 

     It can be observed that a large part of the basins is often burned at moderate intensities, while 

extensive high intensity burn is not strictly necessary to generate a post-wildfire debris flow. 

Meanwhile, the plot does show that many basins burned to the large extent of more than 80-90% of 

their surface area. 

 

 



25 

 

 

Figure 12. Plot showing the burn severity. Classes are adapted from Lutes et al. (2006). 
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Figure 13. Plot showing the burn severity, with all basins listed only once. Classes are adapted from Lutes et al. (2006). 
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5.4 Basin geomorphology: Hypsometry 

The results for the Hypsometric Integral (HI) show that most basins fall within the range 0.50<HI<0.60, 

with a peak in the 0.55<HI<0.60 bin in the histogram shown in figure 14. Only 5 of the basins that were 

analysed fall in Strahler’s (1952) inequilibrium class, and none were identified to fall within the 

Monadnock class. The vast majority of 37 basins was instead identified to fall within the equilibrium 

class. However, the basins were leaning towards high HI values within this equilibrium class, with a 

skew of the overall data of -0.333. 

     A plot of the hypsometric curves of all basins shows many basins have a similar hypsometry (Fig. 

15). There is a potential split between two groups that is most pronounced in the higher elevation part 

of the curves, where basins that are in the states California and Arizona, tend to have a larger percentage 

of their surface area at high elevations compared to the basins in the more northern parts of the study 

area.  

 

 

Figure 14. Histogram showing the HI values for the basins in this study. 
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Figure 15. Hypsometric curves of all basins. The brown-yellow lines reflect the hypsometry in the southern 

basins such as in California and Arizona, while blues and purples are for the basins further north. A 

geographical distinction is present in the high elevation part of the graph. The red line shows the hypsometry 

of the basin in Oregon, located in a vastly different type of landscape compared to the other basins.  
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5.5 Basin Geomorphology: Slope angle 

Figure 16 shows a histogram for the average slopes found in this study. The striking leading group in 

this histogram is for mean slope angles of 25-30o. A skew of -0.4720 is present in the data. A histogram 

of the distribution of the slope angles of each basin was also produced (see Appendix C). These 

histograms show that there is no consistent distribution pattern for the slopes within the basins.  

 

Figure 16. Histogram for the mean slopes found for the basins included in this study. 
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6. Discussion 

6.1 Timing of fires and flows 

Figure 17 shows the number of months that has passed between the fire and the first recorded debris 

flow across the different locations. It can be seen that the debris flow basins in wildfire areas on the 

southern side of the map experience less time between a wildfire and the debris flows than the basins 

in wildfire areas in the northern part of the map.  

     Similarly, a northern and a southern group can be found when comparing the month of the wildfire 

occurrence of the different locations. Figure 18 shows that the southernmost fire areas experienced 

wildfires during fall, winter and spring, in contrast to the fire areas further north which all experienced 

wildfires during peak summer months. 

     Likewise, a distinction can be drawn between part of the southern wildfire areas and the other 

wildfire areas that were studied when considering the calendar month in which the first flow occurred. 

Figure 19 clearly shows that the basins in fire areas in California tend to experience post-wildfire debris 

flows in the winter months, while the other locations all experienced such flows during the summer 

months only. 

     When comparing all three maps in figures 17, 18 and 19, the split between basins in the northern fire 

areas and southern fire areas appears to be slightly different between the three maps. For example, the 

two locations in Colorado belong to the southern group when considering their time between the fire 

and the flow in figure 17 as they experienced debris flows only one month after a wildfire. Meanwhile, 

they belong to the northern group when looking at the month of the fire as well as the month of the first 

flow in figures 18 and 19 respectively. 

     The weather conditions are highly important in initiating a post-wildfire debris flow, as sufficient 

runoff is required to produce the flow. As such, enough precipitation has to be supplied such that the 

precipitation rate is greater than the infiltration rate of the water-repellent soil (Cannon & Gartner, 2005; 

Shakesby & Doerr, 2006). Therefore, the seasonal weather changes and the occurrence of storms at 

different times of the year is of possibly great influence on this split between northern and southern fire 

areas and their basins. This might explain why the boundary between the two groups in figure 17 

showing the time to the flow is different from the other two figures, since the flows in the basins in 

Colorado could have occurred under the same conditions, but in the same year as the fire already. 

Meanwhile, they could just as well have occurred a year later under similar conditions, like the rest of 

the northern group. If the flows in Colorado are considered then to be part of the northern group, a 

distinction between the groups can be made that is similar to a distinction in climate zones that is visible 

in figure 2 and table 1 in section 3. Study area. The northern group aligns with basins in D-climates, 

while the southern group is found in C-climates. This thus indeed suggests an influence of weather and 

climate on the formation of post-wildfire debris flows. 
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Figure 17. Map showing the number of months between the fire and the first recorded debris flow for all fire 

areas and their basins. A dashed line marks the distinction between areas that generally experience debris flows 

within a few months after a wildfire in the south, from areas in the north where a longer gap between the two 

tends to be present. The hillshade is projected on the background, obtained from the global GTOPO30 DEM 

collection by the USGS. The state boundaries are from United States Census Bureau, 2018. 

 

 
Figure 18. Map showing the calendar month in which the fires occurred. Peak summer months are in pinks, 

other months in blue. The dashed line indicates the distinction between the northern and the southern group. 

The hillshade is projected on the background, obtained from the global GTOPO30 DEM collection by the 

USGS. The state boundaries are from United States Census Bureau, 2018. 
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Figure 19. Map showing the calendar month in which the first debris flow since the fire occurred. The dashed 

line indicates the distinction between the northern and the southern group. The hillshade is projected on the 

background, obtained from the global GTOPO30 DEM collection by the USGS. The state boundaries are from 

United States Census Bureau, 2018. 

 

To test this hypothesis, the climate data for the monthly average precipitation patterns was studied for 

all locations. The basins in the fire areas in the northern group in figure 19 (month of first flow) all 

experienced debris flows in months that follow shortly after the driest summer month of the year, with 

precipitation increasing again. The exceptions to this pattern are i) the location in Oregon, which 

experienced a debris flow in a period of the year when precipitation is on average decreasing at the start 

of summer but therefore still in a relatively dry period of time; and ii) the location in Montana, which 

experienced flows during a generally wet period of the year (Western Regional Climate Center, n.d.; 

Government of Canada, 2020a). The locations in the southern group in figure 19 (i.e. those in 

California) experienced debris flows during their pronounced wet winter months rather than during their 

dry summer months (Western Regional Climate Center, n.d.). Therefore, a split between flows in the 

dry and the wet season can be found which matches with the two groups that were shown in figure 19 

or with the climate zone split in figure 2/table 1. 

     Meanwhile, the debris flows in all locations in the USA were associated with heavy precipitation 

during storms, regardless of their season (NOAA, n.d.). A weather station in Creston, approximately 25 

km south of the debris flow locations in Kuskonook, BC, Canada, recorded no extreme amount of 

precipitation with 6mm and 2mm on the days with debris flows (Government of Canada, 2020b). 

However, due to the distance between the weather station and the flow locations, a local shower or 
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thunderstorm cannot be ruled out. Thus, storm precipitation is an important driving factor behind the 

generation of post-wildfire debris flows, as is often stated in literature (e.g. Cannon & Gartner, 2005; 

Wall et al., 2020; etc.), but winter storms tend to drive the flows in California while summer 

(thunder)storms tend to drive the flows further inland and further north. 

     Thus, in the area in (southern) California near the coast, the debris flows tend to occur during the 

wet winter months. Meanwhile, debris flows in the regions further inland and further northwards occur 

in response to heavy summer storms after a wildfire. If the wildfire occurs early in the season, there is 

a reasonable chance that a storm of sufficient intensity to trigger a debris flow might occur during that 

same summer season. If the fire burns late in the summer season, the probability of it being followed 

by a summer storm in that same year is much smaller. Then, the time between the fire and the flow 

increases to well over six months until the next summer season with associated summer (thunder) storms 

arrives. 

     However, this does not resolve the reason why the basins in California experienced flows in the wet 

winter season, but not the northern basins with wildfires later in the summer. A potential explanation 

can be found in the decay of the water repellency of the soils and the priming of the soil to create the 

right conditions for enhanced runoff. Water repellency of the soil has been found to decay rapidly after 

the fire, while the decay slows down with time since burning (e.g. Hubbert et al., 2006). However, not 

only the generation of a water-repellent layer during the fire can enhance runoff, rather runoff can be 

enhanced as well by the reduced infiltration capacity of dry soils. As a result, soils can be primed to 

become more water repellent during dry summer months the year after the fire. For example, DeBano 

(1981) notes that water repellent soils may become more water repellent if they are dry. When they are 

exposed to moisture for a longer period of time, water vapour can infiltrate into the soil, which will 

reduce the water repellency of the soil during wet winter months. The northern group in figure 19 with 

basins that experience flows in the summer months the year after the fire would however have strong 

water-repellent soils after dry summer months. This high water repellency is thus not all due to the fire, 

but also due to the low precipitation in the summer months in advance of the flow. This preconditions 

the soils to be water repellent, despite the burn-induced water repellency reducing over time. When the 

precipitation then increases again during a summer storm, the infiltration rates cannot keep up with 

precipitation rates, and a debris flow might be generated. Meanwhile, the effect of the water-repellent 

layer that is generated during the burn is not only reduced over time but also mitigated during wetter 

winter months, which keeps the infiltration rate of the soil higher than the precipitation rates and no 

winter debris flows occur. In contrast, the flows that occurred in California were mostly in response to 

autumn/winter fires. As a result, the effects of the water-repellent layer were not mitigated sufficiently 

through breakdown of the water-repellent layer before a heavy precipitation event in winter, resulting 

in winter debris flows.  

     In summary, post-wildfire debris flows in response to summer fires occur either shortly after the fire 

when the water repellency generated by the fire is still at its peak. Alternatively, if no sufficient rainfall 
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event occurs during that same summer season, the water repellency that was generated by the wildfire 

will over time be reduced in strength, and the wet winter months increase soil moisture and thereby 

increase infiltration capacity of the soil reducing runoff. The soil is then dried out again during the 

summer months, which decreases infiltration rates. Together with the remnants of the wildfire-induced 

water repellency of the soil, this can push the precipitation threshold down far enough to get sufficient 

runoff for a debris flow. In contrast, if a wildfire occurs in late autumn or during winter, the water 

repellency that is generated by the wildfire has not been broken down and mitigated by the winter 

precipitation enough yet to avoid runoff and debris flows in response to winter storms.  

     The precipitation required to trigger a post-wildfire debris flow has only recurrence intervals of 1-2 

years in states such as Arizona, California and Colorado (Staley et al., 2020). Meanwhile, Wall et al. 

(2020) argued that post-wildfire debris flows are less common in the Pacific Northwest, and thus in the 

northern part of the area studied in this project, due to the low probability of a wildfire being followed 

by a sufficiently intense precipitation event there. This agrees with the conclusions drawn in this study 

in the paragraphs above, as this project shows the importance of the right precipitation conditions at a 

point in time with a strong enough water repellent layer. Since the water-repellent layer will decay over 

time, the northern areas require a wildfire either early during summer followed by a sufficient rainstorm, 

or a wildfire later in the summer season, then drying of the soil during the next summer, followed by a 

sufficient rainstorm later that summer. If it takes a longer period of time to get a sufficient high-intensity 

rainstorm, the water-repellent layer might have been reduced in strength such that it no longer affects 

the infiltration rates to a large enough degree to aid the generation of debris flows. Future research 

involving the monitoring of the water repellency of burned soils will have to confirm this hypothesis. 

     This also provides a warning for future climate change, since for example the Pacific Northwest is 

expected to be increasingly affected by wildfires as they grow larger and occur more frequently during 

a longer fire season than before (Halofsky et al., 2020). As a result, the right combination of wildfire 

and precipitation conditions might be met more frequently before the water repellency of the soils wears 

off. Additionally, the extension of wildfire season further into the last months of the year might result 

in more winter debris flows such as those that occurred in California. Therefore, debris flows might 

become more common in areas where they were rare before, and occur at times of the year when they 

previously posed little risk.  

     However, not all heavy rainstorms on recently burned, water repellent soils result in debris flows. 

Heavy rain might occur shortly after a wildfire but not trigger a debris flow, while lesser rain does 

trigger such flows later in time. An example where this occurred is the Sleeping Child Creek area in 

Montana which is also included in this study. Gabet & Bookter (2008) note that a 100-year hydrological 

flow occurred in response to heavy rain about one month after the wildfire. The debris flows that were 

produced here however occurred in response to a 10-25 year storm the year after. A potential 

explanation for this discrepancy is that the latter storm might have had more intense localised 

precipitation where the debris flows were initiated than the storm that occurred shortly after the wildfire, 
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although no data is available to support this suggestion (Gabet & Bookter, 2008). However, other 

explanations might be found as well. Due to the rapid degradation of the water-repellent layer, it is 

questionable whether the water repellency through priming of the soil could have made the soil more 

water repellent in the year after the fire compared to the still strong burn-induced water repellency only 

one month after the fire when the hydrological flood occurred. Additionally, while the first half of July 

prior to the debris flow was relatively dry, the month of June 2001 was relatively wet for the time of 

the year (NOAA, 2018), arguing against strong priming of the soil. Alternatively, the decay of roots 

over time after the fire might have destabilised the soil such that a lesser precipitation event was able to 

generate debris flows the year after. Perhaps more interestingly, the hydrological flow had a statistical 

recurrence time of 100-years, and as such required very intense precipitation compared to the 10-25 

year storm the year after. The amount of water that was involved in the runoff was potentially thereby 

too much to form a debris flow, which requires a significant amount of sediment as well. Therefore, a 

too intense precipitation event on a strong water-repellent soil might generate hydrological flows rather 

than debris flows shortly after a fire. The right balance between the water repellency of the soil, water 

supply through precipitation and the material available is then required to generate post-wildfire debris 

flows, further complicating the prediction of when to expect them. 

6.2 Bedrock 

One interesting location regarding the bedrock of the basins is in the Missionary Ridge Fire area near 

Durango, Colorado since many different types of bedrock underlie this area. When considering the 

basins numbered CO005 and CO007 (and to a lesser extent CO006), these appeared to have a 

distinctively different sedimentary formation making up their bedrock compared to the surrounding 

basins, where no debris flows were recorded. This surrounding terrain is underlain by the sedimentary 

Cutler Formation, while CO005 and CO007 are underlain by other, younger sedimentary formations. 

This implies a connection between bedrock and the generation of post-wildfire debris flows at a first 

impression. However, when the remainder of the basins that generated debris flows after that same 

wildfire is also considered, large proportions of these basins are underlain by the Cutler Formation. 

Thus, basins with the Cutler Formation as bedrock do generate post-wildfire debris flows only a few 

kilometres to the west from basins CO005 and CO007. Another control must therefore have been 

present that led to debris flows in the basins CO005 and CO007 but not in the surrounding basins with 

the Cutler Formation. This result suggests that bedrock is not a useful characteristic to identify basins 

at risk of post-wildfire debris flows.  

     However, in more general terms there is potential for a relationship between the bedrock and 

increased risk for post-wildfire debris flows. Around 70% of the rocks found at Earth’s surface fall 

under the sedimentary rock category (Tucker, 2012). In contrast, out of the 40 basins with a clearly 

dominant rock type in the categories igneous, metamorphic or sedimentary, only 55% fell into the 

category of sedimentary rocks. This could point towards a preference for non-sedimentary bedrock for 
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the formation of post-wildfire debris flows and thus an influence of the bedrock as suggested by e.g. 

Cannon & Gartner (2005). However, still a large part of the debris flows occurred in basins with 

sedimentary bedrock, so the presence of sedimentary bedrock cannot be used to indicate low-risk basins. 

     The influence of the bedrock could be dependent on less general classifications than recorded and 

used in this analysis, and thereby still play a role. The complex interplay between bedrock and soils was 

described in section 2.2 Bedrock and soils. Taking into account this complexity, the general 

classification used in this study might not provide many meaningful results, while still pointing towards 

some influence of the bedrock since the number of basins dominated by sedimentary rocks is relatively 

low. For example Melo & Zêzere (2017) found that a specific type of granite increased the susceptibility 

of basins to post-wildfire debris flows in their study area. Likewise, Lorente et al. (2002) found that 

sedimentary rocks of alternating sandstone and marl beds were favourable to generate such flows. Thus, 

the analysis of the bedrock in this study is potentially too general. High resolution field mapping of 

many basins that experienced post-wildfire debris flows would be required to identify the bedrock in 

the locations of the debris flow initiation (the location of the rill formation) and the scoured channels 

where bedrock is potentially eroded and sediment is entrained by the debris flows.  

     In conclusion, the above arguments point towards an inconclusive result on the potential influence 

of bedrock on increased risk for post-wildfire debris flows. While there was relatively too little 

sedimentary bedrock as dominant type in the basins compared to the Earth’s surface as a whole, the 

bedrock does not appear to make a difference when generating post-wildfire debris flows in the case of 

e.g. the Missionary Ridge Fire area. The dispute found in literature as mentioned in section 2.2 Bedrock 

and soils was thus not resolved in this project and further research is required. 

6.3 Soils 

Since all basins for which soil texture data was available showed coarse textures, this soil characteristic 

is potentially of influence on the formation of post-wildfire debris flows. Such coarse soil textures were 

found for the basins in six wildfire locations, while no data was available for the remaining four 

locations. As a result of the prominence of coarse textured soils across the different basins, no spatial 

pattern with regards to the soil texture is present (Fig. 20). There is thus no different soil texture 

favourable for the generation of post-wildfire debris flows in different climatic settings or a difference 

between the groups identified in section 6.1 Timing of fires and flows.  
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Figure 20. Map of the dominant soil texture of the basins in the different fire areas that experienced post-

wildfire debris flows for the different locations. Grey circles mark those locations where data on the soil texture 

was not available. 

 

     However, the prominence of coarse textured soils across the study area indicates that the soil texture 

does have the potential to play an important role in initiating post-wildfire debris flows and might be 

used as a risk factor in hazard analyses. Erosion of the soil is highly important in generating the runoff-

initiated debris flows that are of interest in this study, but the influence of the soil texture on the 

erodibility of the soil in these basins cannot be assessed within the scope of this study. Meanwhile, most 

literature focusses on soils without the coarse particles present in the basins in this project. Additionally, 

the influence of the soil texture on erodibility is very hard to determine due to the many factors that 

contribute to a soil’s erodibility (Knapen et al., 2007). Therefore, although the soil texture in the basins 

that experienced post-wildfire debris flow is generally coarse, the causal relationship between the soil 

texture and the debris flow is likely the result of other factors than the erodibility, but which the soil 

texture and the wildfire are also both related to. However, prior research linking the soil texture of a 

basin to the generation of post-wildfire debris flows is still limited. The water-repellent layer itself has 

been extensively studied on the other hand, which might provide an explanation as to why the coarse-

grained soil was found to be favourable in this project. 

     Indeed, DeBano (1981) noted that soils with coarse textures produce stronger water-repellent layers 

in response to wildfires than soils with finer textures. Therefore, the coarse particles in the loamy soils 
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that were commonly found in this study could have aided the formation of a strong water-repellent 

layer. The water-repellent layer in turn played an important role in the formation of the debris flows 

through enhancing runoff.  

     Furthermore, the texture of the soils can have a great influence on the infiltration and runoff rates 

through the porosity. Coarse grained soils have higher porosity than fine grained soils, so the soils in 

the basins in this study have relatively high porosity and thereby high infiltration capacity under normal 

circumstances. However, when a wildfire occurs, ash is produced which has the potential to clog the 

porous soils. Woods & Balfour (2010) have studied this potential, and found a greater reduction in 

infiltration capacity in coarse grained, porous soils than in fine grained soils. This is the result of the 

ash particles clogging larger pores, but not being able to clog smaller pores in fine grained sediments 

(Woods & Balfour, 2010). Therefore, if a basin is characterised by coarse grained soils such as the 

basins in this study, the infiltration capacity of the soil will be affected more strongly, resulting in a 

relatively greater increase in runoff compared to before the wildfire than the change experienced by 

basins with fine grained soils.  

     I thus suggest that the presence of coarse particles in the soil is a potentially important risk factor for 

the generation of post-wildfire debris flows, as demonstrated by the prominence of coarse grained soils 

in the basins in this study. This can be explained by: i) increased runoff both due to the strong water-

repellent layer associated with coarse textures, and ii) through the reduced porosity of these soils. 

6.4 Burn severity 

The burn severity analysis shows that basins do not necessarily need a large part of their surface to be 

burned at high severity to generate post-wildfire debris flows (Fig. 13). Instead, a large part of the 

burned area of each basin was burned at low or moderate severity, and the burn was extensive in surface 

area. This might be explained by the importance of a water-repellent layer required to generate enough 

runoff. The water repellency of burned soils has been extensively studied but not in the context of post-

wildfire debris flows. The following paragraphs provide a synthesis of the current state of knowledge 

on the generation of a water-repellent layer, in the context of the finding of widespread low to medium 

burn severity in this study. 

     The formation of the water-repellent layer is related to the temperature reached in the soil during the 

wildfire. However, different studies have found different results when analysing the strength of the 

water repellency with burn temperatures. Cawson et al. (2016), for example, found that soils burned at 

high temperatures generate stronger water repellency than soils burned at lower temperatures. However, 

e.g. Wieting et al. (2017) found that soils that are burned at low temperatures generate a stronger water-

repellent layer than soils burned at high temperatures. Meanwhile, high burn temperatures would 

destroy the water-repellent layer. As a result, they found that soils burned at high temperatures showed 

similar water-repellency compared to unburned soils (Wieting et al., 2017).  



39 

 

     This latter explanation by Wieting et al. (2017) would be favourable when considering the results in 

this project, where basins that were burned mostly to low and medium severity rather than high severity 

experienced post-wildfire debris flows. A decrease in water repellency due to high temperatures reached 

in the soils might explain why high-severity burn is not necessary to generate post-wildfire debris flows. 

Even basin AZ002, which had the smallest “% moderate burn” of all basins but very large area with 

%low burn might in this way have developed a stronger water-repellent layer in the soil capable of 

generating a debris flow than a severely burned basin would have. Consequently, climate change might 

not only contribute to an increase in wildfire related risks, but also act against the formation of post-

wildfire debris flows in some locations. The Pacific Northwest for example is expected to experience 

not only more frequent wildfires, but also an increase in the severity of these wildfires (Halofski et al., 

2020). If this severity increases enough, this might act against the formation of a strong water-repellent 

layer, and thereby act against the generation of post-wildfire debris flows. This leads to a new question 

to be asked: do the effects of an increase in fire frequency and extent as mentioned in section 6.1 Timing 

between fire and flow dominate, or will the less strong water-repellent layer result in less post-wildfire 

debris flows in this region? Further research is needed to answer this question. 

     Naturally, more factors are at play in determining the water repellency of the soil after a wildfire, 

such as duration of the heating and the oxygen supply (Cawson et al., 2016; DeBano, 1981). Therefore, 

the burn severity and water repellency are not simple to connect to each other. Additionally, the ΔNBR 

from which the burn severity is determined, is derived from data on vegetation, while loss of vegetation 

also plays an important role in the generation of post-wildfire debris flows. As shortly described in the 

introduction, the loss of vegetation can on short timescales affect the ground, as precipitation is no 

longer intercepted before hitting the soil. As a result, more surficial erosion can take place, potentially 

adding material to debris flows (Di Napoli et al., 2020). The burn severity found in this study thus not 

only represents the strength of a water-repellent layer in the soil, but also the susceptibility of the soil 

to erosion, where a high severity is more favourable to erosion and the formation of debris flows, 

contrasting to the earlier discussion showing that a high severity might act against the strength of the 

water-repellent layer and the formation of such flows.  

     Despite this complexity in the effect of both the water repellency and the vegetation with varying 

burn severity, the results obtained in this study do show that high severity burn is not necessary for the 

generation of a post-wildfire debris flow aided by water repellency, while significant extent of medium 

or even low severity burn to generate a water repellent layer are highly important. 

     At the same time, this study showed that only very little unburned area can be present to still generate 

post-wildfire debris flows. Unburned areas have a larger incidence of bioturbation leading to 

depressions and holes in the soils, as well as more woody debris that can stop or reduce a flow and act 

as storage of water (Cawson et al., 2016). As a result, unburned patches in the landscape can provide a 

buffer where more infiltration of water takes place. When a flow hits such a patch, the runoff will be 

reduced, reducing the potential of it to develop into a debris flow. If none or very little unburned patches 
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are present in a basin, the conditions are therefore more favourable for the formation of post-wildfire 

debris flows, such that they occur in extensively burned basins. Also, Cui et al. (2019) note that the 

burning of vegetation provides solid material to the debris flows. Therefore, if a large extent of the basin 

is burned, more material is available to add to a debris flow once sufficient precipitation occurs.  

     The importance of the development of a water-repellent layer which was demonstrated above is also 

a reason why the extent of the burn damage is important. If a large extent of a basin is left unburned, 

then the runoff in this part of the basin will not be enhanced by a water-repellent layer, reducing the 

likelihood of the formation of a post-wildfire debris flow in the basin. Additionally, Shakesby & Doerr 

(2006) noted that any unburned area will still be covered by vegetation litter, which acts as a surface 

water storage thereby reducing flow, and provides a protective cover for the soil such that less rain-

splash erosion takes place. This thus acts against the formation of debris flows if large areas are left 

unburned.  

     The above demonstrates the reasons why the wide extent of burn damage was found for the basins 

in this study. However, even if a basin is burned to a large extent, pre-fire bioturbation can also 

contribute to a patchier water-repellent layer. The pre-fire bioturbation redistributes organic compounds 

through the soil. Since these organic compounds are required to form a water repellent layer, pre-fire 

bioturbation can also lead to discontinuities in the water-repellent layer formed in the fire (Jackson & 

Roering, 2009). This thereby has the potential to reduce the likelihood of a post-wildfire debris flow 

and complicates the use of the burn severity alone as a proxy for the development of a water-repellent 

layer and a sole indicator of at-risk basins. The widespread low to medium burn severity can thus be 

used as a prerequisite for the formation of post-wildfire debris flows, but other basin characteristics 

analysed in this study need to be considered as well. 

6.5 Hypsometry 

The hypsometry of the basins in the southern part of the study area (Arizona and California) appears to 

differ from the hypsometry of the basins in the northern part (Fig. 15). However, it is hard to identify 

the influence of this difference in hypsometry on the formation of the debris flows, since it is only a 

minor difference and might also simply be caused by a different type of landscape being present across 

the different locations which does not affect the potential for the formation of debris flows. In general, 

there does not appear to be anything characteristic about the hypsometric curves upon visual 

observations. This is unlikely to be a useful indicator of at-risk basins.  

     However, when also the HI is considered, the hypsometry of the basins does appear to become of 

importance. Cui et al. (2019) found that the HI of basins that experienced post-wildfire debris flows 

tends to fall in the mature or equilibrium stage defined by Strahler (1952). However, they only studied 

debris flows that occurred in Montecito, which are numbered CA001 to CA005 in this study. Using 

more basins, I found that not only do the basins tend to fall within the equilibrium stage, they also tend 

to have high values within this stage. The HI of the basins that experienced post-wildfire debris flows 
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was found to have a negative skew with values mostly between 0.50 and 0.60 (Fig. 14). In contrast, 

Cheng et al. (2012) found that the HI of steady state basins converges around 0.50. Therefore, post-

wildfire debris flows tend to occur in basins that are in the mature stage, leaning towards an immature, 

non-steady state.  

     To assess the statistical significance of the result that the HI tends to differ from the normal 0.50, the 

Wilcoxon signed rank test was performed to test the hypothesis that the sample studied in this report 

belongs to a population with a median HI of 0.5. This test returns a p-value of 0.0207, indicating the 

null-hypothesis can be rejected at the 5% significance level. Thus, the median value of the HI of basins 

that experience post-wildfire debris flows is significantly different from 0.5. Comparing this to the result 

of Cheng et al. (2012) that all basins should converge around HI=0.5, this indicates that the basins in 

this study tend to stand apart from other basins. The HI could therefore be an important indicator to 

assess the vulnerability of basins to post-wildfire debris flows. 

     However, there is a spread in HI values, also below 0.5, and therefore this value on its own cannot 

be used as an indicator for where post-wildfire debris flows will occur. If it were to be used as a sole 

indicator, many at-risk basins would be missed. Meanwhile, their HI indicate that they have a relatively 

large proportion of high elevation surfaces compared to low-elevation valley surfaces, which is 

characteristic of basins experiencing normal debris flows as well (Johnson et al., 1999). This suggests 

that the HI can be used in the overall assessment to determine whether or not a basin is at risk of post-

wildfire or normal debris flows. 

     Figure 21 does not reveal an obvious spatial pattern with regards to the HI. However, when figure 

15 of the hypsometric curves in the results section is considered, a spatial tendency might be observed 

together with the map in figure 18. The southern group from figure 18 (month of fire) tends to show a 

more concave hypsometric curve (yellows and browns in figure 15), while the northern group tends to 

show a more convex curve (blues in figure 15). There is however not a clear distinction between the 

two groups with several exceptions to this rule, with a notable one being the basin OR001. This basin, 

as noted before is located in a vastly different type of landscape such that no clear basin can be 

identified. As a result, the hypsometry of this location is probably not representative of the general 

trend. In summary, the HI can be used as an indicator for post-wildfire debris flow risk across different 

regions, but not as a sole indicator since variability around the common 0.50-0.60 is present. 
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Figure 21. Map showing the mean HI for all locations. No spatial pattern is present. 

 

6.6 Slope angle  

Unsurprisingly, as could already be seen in figure 1 in the introduction, all basins that experienced post-

wildfire debris flows are located in areas with steep topography. An average slope of the basins of 25-

30 degrees was found to be the most common in this project, which is not unlike the slopes required to 

form debris flows in unburned basins (Jakob, 2005; Pànek, 2021). However, research for unburned 

basins mainly refers to infiltration-initiated debris flows while the debris flows in burned basins 

included in this study were of the runoff-initiated type. The angles reported in literature thus refer to 

debris flows that often involve a plane of failure and a saturated soil, while this is not relevant to the 

basins in this study. Despite the similarity between the slope angles reported in literature and those 

found in this study, it is thus questionable whether the slope angle plays the same role in both types of 

debris flows. A comparison between slope angles reported for debris flows in general and those in 

burned basins is as a result not robust.  

     In addition, it also has to be noted though that the above slope angles that are mentioned in literature 

refer to the slope on which the debris flow occurs, while the values reported in this project refer to the 

mean slope angle of the entire basin. This further complicates the comparison of debris flows in general 

with the debris flows in burned basins studied in this project. It can therefore not be concluded whether 

or not a less steep slope angle is perhaps required for the post-wildfire debris flows. However, the strong 
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tendency of the average slope to be around 25-30o indicates that the mean slope angle might still be 

used as an indicator for at-risk basins, regardless of any (dis)similarities between “normal” and post-

wildfire debris flows. 

     Furthermore, the lack of a control group is a great uncertainty on whether the average slope reported 

for these basins is in fact different from basins that did not experience debris flows after a wildfire. 

Often, it is unknown whether a burnt basin did not experience a debris flow, or whether it did but it has 

not been recorded. Future research could include a control group to confirm whether the average slope 

of these basins is indeed different from burnt basins that do not experience post-wildfire debris flows. 

     No spatial trends could be identified when considering the mean slope in the different locations, 

indicating that if the slope of these basins is indeed different from basins without post-wildfire debris 

flows, this risk factor can be applied across large regions (Figure 22). When plotting the distribution of 

slope angles in each basin (Appendix A), no clear pattern could be identified. However, a scatter plot 

of the skewness plotted against the mean slope angle of the basins is generated, a tendency of increasing 

slopes with increasing skew could be observed although no statistically significant trend was found 

(Fig. 23). Also, only one of the basins showed a (minor) negative skew, while all other basins showed 

a normal distribution or a positive skew. 

     Therefore, while the slope angle of the basins experiencing post-wildfire debris flows is not outside 

of the range of slopes experiencing debris flows unrelated to wildfires, they occur through different 

mechanisms complicating a comparison between post-wildfire and normal debris flows. As a result, no 

clear conclusion can be drawn on whether the basins in this study would have been at risk for a normal 

debris flow as well had the wildfire not taken place. The post-wildfire debris flows studied in this project 

do however show a tendency to occur in basins with mean slopes of 25-30o, which might provide an 

indicator that a basin is at risk after a wildfire, regardless of its geographical or climatic setting. 

However, the mean slope angle cannot be used as a sole indicator of high-risk basins, since there is a 

spread of mean slopes angles around the commonest interval of 25-30 degrees. Additionally, the lack 

of a large control group hampers the ability to conclude for certain that this interval is characteristic of 

basins that experience debris flows, or whether the same interval can be found for basins that do not 

experience these events.  
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Figure 22. Map showing the average mean slope angle in degrees for the basins in the different fire locations 

that were studied. No spatial pattern is present. 

 

 

Figure 23. Scatter plot showing the relationship between the mean slope angle of the basins and the distribution 

of the slopes around this mean. 
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6.7 Relative importance of different characteristics: Arizona case study 

On a large scale, it is difficult to assess the influence of the different basin characteristics on the 

susceptibility of basins to post-wildfire debris flows due to the lack of a control group as mentioned in 

the previous section. Basins in which no post-wildfire debris flows are recorded might actually have 

experienced them, without them being registered. Additionally, different precipitation conditions could 

have occurred in no-flow basins compared to basins that did experience debris flows, such that the 

basins that did not experience flows did not experience sufficient rain. However, Raymond et al. (2020) 

performed measurements and observations in 5 burnt basins in Arizona. They observed debris flows in 

three of these basins, which are therefore included in the database of this study, but none in the other 

two despite these being adjacent to the first three basins, and therefore experiencing similar precipitation 

conditions. These two basins were however also being monitored for debris flows, but only produced 

hydrological floods. The characteristics of these basins that did not experience debris flows were 

therefore also analysed in this thesis for a small-scale case study with a control group involving the 

exploration of the potential relative importance of all basin characteristics in generating post-wildfire 

debris flows. 

     No difference can be found between the dominant bedrock of the basins that did and did not 

experience debris flows (Richard, 2010). The soil texture for this area is unknown, so no comparison 

can be made regarding this. The HI values of the no-flow basins lie within the same range as those of 

the basins that did experience debris flows (Table 3). Likewise, the hypsometric curves do not deviate 

largely from the basins that did experience debris flows (Fig. 24). However, the final aspect of the basin 

morphology does show a potential difference between the two groups of basins: the average slope angle 

(Table 3). The average slope of the basins that did not experience debris flows appears to be smaller 

than the mean slope angle of the basins with debris flows. In contrast, the distribution of the slope angles 

around this mean measured by the skew does not differ from the basins that did experience debris flows. 

Also, the slopes of the no-flow basins do not lie outside the range of mean slopes found for all basins 

with flows, nor does the relationship between the mean slope angle and the distribution around this 

mean appear to be different from the other basins (Fig. 25). Therefore, while the mean slope might 

provide a useful indicator of at-risk basins within a smaller area, it is less reliable as an indicator on 

larger regional scales. 

Table 3. HI values and average slope angles of the basins in Arizona that did and did not experience debris 

flows. 
Basin HI Average slope (degrees) Skew distribution of slopes 

AZ001 0.445 26.3 0.4737 

AZ002 0.551 26.0 0.7448 

AZ003 0.414 28.1 0.6701 

NoFlow1 0.472 23.8 0.6740 

NoFlow2 0.467 23.7 0.9800 
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Figure 24. Hypsometric curves of the basins in Arizona. 

 

 

Figure 25. Scatter plot showing the mean slope and skewness of the slope angle distribution for the basins in 

Arizona that did and did not experience debris flows, compared to the basins in other locations that did 

experience debris flows. 
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     Figure 26 shows a plot of the burn severity for the three basins that did experience debris flows, as 

well as for the other two basins without debris flows. It can be seen that there is no great difference 

between the burn severity and areal extent between the basins with and without debris flows. Burn 

severity is therefore unlikely to be the sole determining factor in generating a debris flow, despite the 

clear pattern of there being large amounts of surface area burned at low to moderate severity as 

discussed in section 6.4 Burn severity. 

     Summarising the above, it appears that the mean slope angle of a basin can be a deciding factor in 

the occurrence of post-wildfire debris flows, if prerequisite conditions are met regarding the water-

repellent layer related to the burn severity and spread, and potentially also the soil texture although this 

could not be tested in this case study. However, this is based on an extremely small sample size, and 

thus requires further research involving the monitoring of a number of burned basins. 

 

Figure 26. Chart showing the relative amounts of surface area of the basins that did and did not experience 

post-wildfire debris flows in Arizona. Classification of the burn severity after Lutes et al., 2006. 

 

6.8 Co-occurrence of characteristics 

Several of the characteristics described above showed a tendency that might be used to predict at-risk 

basins (i.e. the HI, the mean slope angle, the soil texture, and the burn severity) and some showed spatial 

trends (e.g. the timing of the flows). However, the conclusion was for each of these that they could not 

be used as a sole indicator for at-risk basins, since despite a concentration around a certain value of a 

characteristic, a spread was still visible in the data. Meanwhile, the influence of the bedrock remained 

unresolved. If a correlation or relationship would exist between the different characteristics that 

influence the generation of post-wildfire debris flows, the basins that are at risk could be better defined. 

     The mean slope and HI are both related to the geomorphology of the basin, and thus affect mass 

movement downslope in the basins through gravitational forces in debris flows. Meanwhile, the soil 

texture has been found to potentially influence the generation of post-wildfire debris flows as well, since 
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only coarse textured soils were found. This might be related to coarse grained soils forming stronger 

water-repellent layers (DeBano, 1981) or the potential of ash to clog their porosity (Woods & Balfour, 

2010) (see section 6.3 Soils). It can then be hypothesised that shallower slopes that do not reach the 

mean of 25-30o or basins with a HI lower than 0.50 and thus with relatively small amounts of high 

elevation could potentially still generate post-wildfire debris flows if their soil texture is very coarse 

such that the effects of the fire on the soil are greatest in terms of increasing runoff.  

     Figure 27 provides a scatter plot of these three variables. This however shows that the coarsest soils 

do not occur in low HI basins, and overall the different gradations of coarse soils occur throughout the 

spectrum of slope-HI combinations. Thus, contrary to the above reasoning, a low HI basin with some 

of the coarsest soil textures is not more susceptible to post-wildfire debris flows based on this dataset. 

However, these low HI basins do have a high mean slope angle, while more variability is present in the 

mean slopes for basins with higher HI values. Thus, the combination of HI and slope angle might be 

used to exclude most low mean slope – low HI combination basins as high-risk basins, while influence 

of the gradation of the coarseness of the soil remains tentative.  

 

 

Figure 27. Scatter plot of the HI against the mean slope angle for the dominant soil texture. The datapoint with 

the lowest mean slope and HI represents the basin OR001.  
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     The generation of post-wildfire debris flows is strongly related to the water repellency of the soils, 

and was thereby found to be strongly related to the time since the fire and the weather conditions 

throughout the year. Another hypothesis that can be tested is whether basins that experience post-

wildfire debris flows shortly after the fire and thus with high burn-induced water repellency can occur 

in less steep basins compared to debris flows that occur after a longer period in time. The latter would 

thus occur in primed basins with only remnants of burn-induced water repellency. These could require 

steeper slopes to make up for the lower water repellency compared to shortly after the fire. Meanwhile, 

basins with low mean slopes might be affected by water repellency to such a high degree shortly after 

the fire that they generate debris flows despite their gentle topography. 

     Figure 28 shows the timing of the flow after the wildfire plotted against the average slope of the 

basins. A notable gap is present between 4 and 8 months after a wildfire. This might be explained by a 

lack of the right conditions to initiate debris flows 4-8 months after a wildfire as seasons change (see 

6.1 Timing of flows after wildfire). Meanwhile, the figure shows that a wider range of slope angles 

experiences debris flows shortly after the wildfire, while basins that experience flows later after the 

wildfires have a smaller range of average slope angles. When a Wilcoxon rank sum test is performed, 

it cannot be rejected that the two groups have equal medians at p=0.299. However, the Bartlett test with 

the null hypothesis that the two groups have the same variance does show that the two groups have a 

statistically different variance at p=0.0246. Therefore, it appears that as the time between the fire and 

the flow passes, the potential debris flow might occur in basins with a less wide range of mean slopes. 

     However, it can be seen that the early debris flows not only occur in basins with lower, but also with 

higher mean slope angles than the later flows, which is in contrast to the above hypothesis. This could 

be explained if basins with very steep slopes are very vulnerable to debris-flow formation, such that 

they are more likely to generate debris flows during rain shortly after the wildfire, while a less steep 

basin might require more heavy precipitation which is less common. Additional precipitation analyses 

are required to support this theory. However, this empirical data already shows that shortly after the 

wildfire, basins with a larger variety of mean slope angles is susceptible to post-wildfire debris flows, 

while as time passes, the conditions regarding the required mean slope angle become more concentrated 

in the 20-30o range. 
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Figure 28. Scatter plot showing the mean slope angle of the basins plotted against the number of months that 

passed between the wildfire and the debris flow. 

 

6.9 Limitations and future research suggestions 

Below, the sources of error and limitation of the analyses for the different basin characteristics are 

outlined, as well as some general limitations. Those regarding the basin characteristics will be discussed 

in the same order as in which they are listed in the previous chapters. 

6.9.1 Timing of flows after wildfire 

While the timing of the flow is often accurately known to the day and sometimes even to the minute, 

the timing of the wildfires that preceded them is more difficult to define. The fire is not a static 

phenomenon that remains in one place with a sudden end. Instead, reported fire start and end dates often 

refer to the start at a specific place and the moment at which it is considered under control respectively. 

Therefore, the exact dates on which the basin was on fire are not easily constrained.  

     As a solution, the fire end date which was needed to calculate both the timing of the flow after the 

wildfire, as well as determine the dates for which Landsat imagery was necessary for the burn severity 

analysis, was set around one month after the reported start date of a fire. Since the time between the fire 

and the flow is given in months rather than days, this provides the required information without causing 

a potential for drastically over- or underestimating the time between the two events. 

     Additionally, further research involving precipitation data is required to solidify the conclusions 

drawn in this study regarding the seasonal as well as short-term precipitation patterns that contribute to 

the generation of post-wildfire debris flows. Difficulties however exist with collecting this data. A basin 
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affected by a wildfire had to be continuously monitored, while it is not guaranteed a debris flow will be 

produced. Furthermore, the area might be hard to access complicating on-site monitoring, while radar 

data is not yet accurate enough for the collection of precipitation data on the basin-scale used in this 

study. Thus, while more research is required on this aspect of the generation of post-wildfire debris 

flows, this is a costly matter and technology might be required to first advance in spatial and temporal 

resolution. 

6.9.2 Bedrock 

The scale of the geologic maps that were used for this study were of varying scale and resolution. 

However, since only the dominant bedrock type was recorded in terms of it being igneous, 

metamorphic, or sedimentary, the scale of the geological maps that were used might be variable, but 

suitable for this purpose.  

     On the other hand, by recording only this general classification, potential trends might have been 

lost in terms of more detailed rock classifications being prominent across the basins, e.g. rocks with 

bedding, foliation, or another type of layering. Further detail might have revealed certain features like 

the dominance of certain minerals. However, this is all speculation and suggestions, since this was not 

researched in this study, and no direct evidence of how this could influence the formation of post-

wildfire debris flows was found through literature studies. Some studies have however identified that 

debris flows in their study area predominantly occur in basins with a certain type of bedrock (e.g. Melo 

& Zêzere, 2017), while the bedrock also influences the soil and vegetation, which in turn have an 

influence on the formation of debris flows (see the discussion in section 2.2 Bedrock and soils). 

Therefore, future research could focus on analysing the bedrock of these basins in more detail and 

analyse this data for trends. This could shed light on the role of bedrock in generating post-wildfire 

debris flows, since this was unresolved in this project. 

6.9.3 Soils 

As with the bedrock, a more detailed analysis of the soils could have potentially revealed more 

relationships. Local variations may be present in soil characteristics that were not included in this study 

such as its composition, but also in the soil texture throughout the basin, even within a certain soil 

formation. These are however not included in this study, since that would require field research. This 

does reveal a future research possibility, since it could be tested whether or not the debris flows initiate 

in those areas of basins that do indeed have a coarse soil texture as would be expected from the results 

in this study and due to the greater water repellency and effects of ash clogging the soil’s pores.  

     However, despite its limitations, the results of this study strongly suggest that the soil texture on 

basin scale can be used to assess whether or not a basin is at risk of post-wildfire debris flows. This is 

a simple method to assess the risk in contrast to more detailed analyses, and thus provides a useful 

measure of the potential hazard. 
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6.9.4 Burn severity 

The burn severity that is obtained using the NIR and SWIR bands of Landsat data is based on the 

reflectance of these bands, mainly but not only influenced by the vegetation of an area. This means that 

while the burn severity index is based on the vegetation damage which is obtained through these bands 

as a proxy, it might also be affected by other factors than the fire, such as wetting and drying (Lutes et 

al., 2006). To reduce the influence of such factors, the pre-fire Landsat images were used for around 12 

calendar months before the flow date. This limits the effects of vegetational change through seasonal 

loss of leaves or wetting and drying of the vegetation that remains after the fire. However, there will 

still be residual effects as naturally the weather circumstances are not exactly equal each year. 

Additionally, cloud cover can require that the dates for pre- and post-fire Landsat imagery are not 

exactly 12 months apart, but with a gap of a few weeks, which increases the potential of seasonal 

variability between the two image dates. 

     Ideally, the results should therefore be compared with ground observations to assess the burn damage 

(Lutes et al., 2006). This was not possible within the scope of this project, but future research could 

include field studies for further accuracy of the burn severity. This would also provide the opportunity 

to further study e.g. the strength of the water-repellent layer at the sites shortly after the fire and around 

the time of the debris flows. 

6.9.5 Hypsometry 

This project has revealed a tendency of the HI to be above the general value of 0.50, and a split was 

found in the hypsometry curves between the southern and the northern basins. However, a clear 

explanation of why this occurred was not found. Previous research has listed the hypsometric 

characteristics as potential indicators of risk regarding the generation post-wildfire debris flows (e.g. 

Cui et al., 2019). However, the exact reason behind the relevance of e.g. the HI remains unclear. If this 

is identified in future research, it could provide further insight into the formation of post-wildfire debris 

flows and aid mitigation against this type of natural hazard. 

6.9.6 Slope angle 

A limitation in the use of the slope angle as an indicator of at-risk basins in this project is the use of the 

mean slope angle of the entire basin area, rather than the angle of the slope on which a debris flow was 

initiated and propagated. However, this information was not available, and therefore the mean slope 

angle of the basins was used. Despite this limitation, this did however show a potential to be used as an 

indicator for at-risk basins. Thus, while the mean slope angle provides an indicator as to in which basins 

post-wildfire debris flows can occur, further research could include the analysis of the slope angle on 

which the debris flows occurred only. Thereby, different locations within basins could be pinpointed as 

having the potential to generate a post-wildfire debris flow. This could aid mitigation and prevention of 

such flows if pathways can thereby be better predicted.  
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7. Conclusion 

The aim of this research was to identify if basins that experience post-wildfire debris flows share certain 

characteristics, and thereby create a risk-profile that might be used in future risk analyses both in current 

as well as in future situations as the occurrence of wildfires and their resulting debris flows will likely 

increase due to climate change. 

     The timing of the debris flows was found to be linked to the weather conditions. Basins tended to 

either experience debris flows in response to summer storms shortly after a wildfire, or during the 

following year’s summer storms under the influence of a water-repellent layer generated by the wildfire 

and priming of the soil during dry summer months. This is however not the case for debris flows that 

follow wildfires outside the general fire season. Fires in the fall and winter months tend to lead to debris 

flows during the winter, since the effects of the water-repellent layer are not mitigated sufficiently by 

increased winter soil moisture to avoid the generation of debris flows in response to heavy precipitation 

during winter storms. Thereby, climate change resulting in lengthening of the wildfire season can result 

in more debris flows during the winter months, which is not when they used to occur. The risk of post-

wildfire debris flows therefore shifts from mostly late summer, to year-round. 

     Several characteristics of the basins were however identified to be linked to the generation of post-

wildfire debris flows, which allows for mitigation of this hazard despite its longer duration of risk. First, 

several conditions must be met in order for a basin to be able to generate post-wildfire debris flows. 

While no conclusions can be drawn on the influence of the bedrock, the soil texture is potentially of 

importance. A coarse-grained soil texture might be required to be able to generate a strong water 

repellent layer in the fire, and to decrease the porosity through clogging of pores by ash and thereby 

increase runoff during rainstorms. Additionally, a large extent of the basin has to be burned at low to 

medium severity to generate a widespread and strong water-repellent layer. High severity burn is not 

necessary and might even act against the formation of a water repellent layer and thereby against the 

generation of post-wildfire debris flows. 

     Next, several characteristics of a basin also appear to increase risk. The Hypsometric Integral tends 

to fall within the higher end of the mature stage, around 0.50-0.60. This is however not a strong indicator 

on its own, since many basins in this study had a HI outside this range as well. Likewise, the mean slope 

angle of the basins was found to be mostly around 25-30o. The slope angle of the basin might be the 

determining factor on small spatial scales whether or not a debris flow will occur in a specific basin in 

a burned area. However, since the mean slope angle is variable across all basins in this study, this cannot 

be used as a determining factor to decide whether or not a basin is at risk on a large regional scale. 

     The slope angle can however be compared to the HI and the amount of time that has passed between 

the wildfire and the flow. This showed that basins with low HI values require steep slope angles, while 

higher HI values can be accompanied by a wider range of mean slopes. Additionally, basins with a 
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larger range of mean slope angles are susceptible to debris flows shortly after the fire, compared to the 

year after the fire when a narrower range of only around 20-30o mean slopes can produce debris flows. 

     In summary, basins with a coarse soil texture need to be burned at a large extent at low to medium 

severity to generate a strong water-repellent layer which is required for the formation of runoff initiated 

debris flows. The basin does not necessarily generate a post-wildfire debris flow if these conditions are 

met. The basin also needs to have the right combination of hypsometry expressed through the HI and 

the right mean slope angle. If these conditions are all met, a post-wildfire debris flow may be generated 

in response to heavy rain either following shortly after a wildfire, or a year later after priming of the 

soil during summer months such that a weakening burn-induced water-repellent layer is enhanced by 

the reduced infiltration capacity of a dry soil. In the case of such a debris flow a year later, the range of 

slope angles for which a debris flow can be expected is reduced. Future risk assessments can take these 

characteristics of the basins as well as the weather conditions under which they occur into account to 

assess the risk in basins that will become increasingly affected by wildfires under the influence of a 

changing climate. 
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Appendix A: Detailed study area maps 

Maps of all detailed locations of the debris flow basins used in this study. References for these DEMs 

are listed in the table in appendix B. 

Arizona: Globe, Pinal Fire 

 

British Columbia: Kuskonook, nameless fire 
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California: Montecito, Thomas Fire 

 

California: Santa Barbara, Jesusita Fire 
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California: La Cresenta-Montrose, Station Fire 

 

Colorado: Glenwood Springs, Coal Seam Fire 

 

CA011 
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Colorado: Durango, Missionary Ridge Fire 

 

Montana: Sleeping Child Creek, Valley Complex Fire 
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Oregon: Black Crater, Milli Fire 

 

Utah: Santaquin, Mollie Fire 
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Appendix B: Geodata references 

Below is a table detailing the sources of the DEM and the Landsat tiles used for the analyses in this project. The full reference including a link to the page 

with metadata for the DEM tiles can be found in the references. The Landsat tiles can be found using the EarthExplorer portal by the USGS 

(https://earthexplorer.usgs.gov/). The date of the Landsat imagery is stated in the file name (e.g. LE07_L1TP_036037_20160713_20200902_02_T1) and is 

relevant for the burn severity analysis since the burn damage at the time of the flow is needed. 

Basin name DEM source Landsat pre-fire tile Landsat post-fire tile 

AZ001_GL USGS, 2013a LE07_L1TP_036037_20160713_20200902_02_T1 LE07_L1TP_036037_20170630_20200831_02_T1 

AZ002_GL USGS, 2013a LE07_L1TP_036037_20160713_20200902_02_T1 LE07_L1TP_036037_20170630_20200831_02_T1 

AZ003_GL USGS, 2013a LE07_L1TP_036037_20160713_20200902_02_T1 LE07_L1TP_036037_20170630_20200831_02_T1 

BC001_KC_a Government of Canada, 2017 LE07_L1TP_043026_20030727_20200915_02_T1 LE07_L1TP_043026_20040729_20200915_02_T1 

BC001_KC_b Government of Canada, 2017 LE07_L1TP_043026_20030727_20200915_02_T1 LE07_L1TP_043026_20040814_20200915_02_T1 

BC002_JC Government of Canada, 2017 LE07_L1TP_043026_20030727_20200915_02_T1 LE07_L1TP_043026_20040729_20200915_02_T1 

CA001_Mont USGS, 2019b LE07_L1TP_042036_20170131_20200901_02_T1 LE07_L1TP_042036_20180118_20200830_02_T1 

CA002_Mont USGS, 2019b LE07_L1TP_042036_20170131_20200901_02_T1 LE07_L1TP_042036_20180118_20200830_02_T1 

CA003_Mont USGS, 2019b LE07_L1TP_042036_20170131_20200901_02_T1 LE07_L1TP_042036_20180118_20200830_02_T1 

CA004_Mont USGS, 2019b LE07_L1TP_042036_20170131_20200901_02_T1 LE07_L1TP_042036_20180118_20200830_02_T1 

CA005_Mont USGS, 2019b LE07_L1TP_042036_20170131_20200901_02_T1 LE07_L1TP_042036_20180118_20200830_02_T1 

CA006_Mont USGS, 2019b LE07_L1TP_042036_20170131_20200901_02_T1 LE07_L1TP_042036_20180118_20200830_02_T1 

CA007_JE USGS, 2019b LE07_L1TP_042036_20090210_20200912_02_T1 LE07_L1TP_042036_20100213_20200911_02_T1 

CA008_ST_a USGS, 2019c LE07_L1TP_041036_20081201_20200912_02_T1 LE07_L1TP_041036_20091204_20200911_02_T1 

CA008_ST_b USGS, 2019c LE07_L1TP_041036_20090102_20200912_02_T1 LE07_L1TP_041036_20100105_20200911_02_T1 

CA008_ST_c USGS, 2019c LE07_L1TP_041036_20090102_20200912_02_T1 LE07_L1TP_041036_20100105_20200911_02_T1 

https://earthexplorer.usgs.gov/
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Basin name DEM source Landsat pre-fire tile Landsat post-fire tile 

CA008_ST_d USGS, 2019c LE07_L1TP_041036_20090219_20200912_02_T1 LE07_L1TP_041036_20100222_20200911_02_T1 

CA009_ST_a USGS, 2019c LE07_L1TP_041036_20090102_20200912_02_T1 LE07_L1TP_041036_20100105_20200911_02_T1 

CA009_ST_b USGS, 2019c LE07_L1TP_041036_20090102_20200912_02_T1 LE07_L1TP_041036_20100105_20200911_02_T1 

CA010_ST_a USGS, 2019c LE07_L1TP_041036_20081201_20200912_02_T1 LE07_L1TP_041036_20091204_20200911_02_T1 

CA010_ST_b USGS, 2019c LE07_L1TP_041036_20090102_20200912_02_T1 LE07_L1TP_041036_20100105_20200911_02_T1 

CA011_ST_a USGS, 2019c LE07_L1TP_041036_20081115_20200913_02_T1 LE07_L1TP_041036_20091102_20200911_02_T1 

CA011_ST_b USGS, 2019c LE07_L1TP_041036_20081201_20200912_02_T1 LE07_L1TP_041036_20091204_20200911_02_T1 

CA011_ST_c USGS, 2019c LE07_L1TP_041036_20090102_20200912_02_T1 LE07_L1TP_041036_20100105_20200911_02_T1 

CA011_ST_d USGS, 2019c LE07_L1TP_041036_20090102_20200912_02_T1 LE07_L1TP_041036_20100105_20200911_02_T1 

CO001_CS USGS, 2018a LE07_L1TP_035033_20010830_20200917_02_T1 LE07_L1TP_035032_20020902_20200916_02_T1 

CO002_CS_a USGS, 2018a LE07_L1TP_035033_20010830_20200917_02_T1 LE07_L1TP_035032_20020902_20200916_02_T1 

CO002_CS_b USGS, 2018a LE07_L1TP_035033_20010830_20200917_02_T1 LE07_L1TP_035032_20020902_20200916_02_T1 

CO002_CS_c USGS, 2018a LE07_L1TP_035033_20010830_20200917_02_T1 LE07_L1TP_035032_20020902_20200916_02_T1 

CO002_CS_d USGS, 2018a LE07_L1TP_035033_20010830_20200917_02_T1 LE07_L1TP_035032_20020902_20200916_02_T1 

CO003_CS_a USGS, 2018a LE07_L1TP_035033_20010830_20200917_02_T1 LE07_L1TP_035032_20020902_20200916_02_T1 

CO003_CS_b USGS, 2018a LE07_L1TP_035033_20010830_20200917_02_T1 LE07_L1TP_035032_20020902_20200916_02_T1 

CO003_CS_c USGS, 2018a LE07_L1TP_035033_20010830_20200917_02_T1 LE07_L1TP_035032_20020902_20200916_02_T1 

CO003_CS_d USGS, 2018a LE07_L1TP_035033_20010830_20200917_02_T1 LE07_L1TP_035032_20020902_20200916_02_T1 

CO004_MR_a USGS, 2018b LE07_L1TP_034034_20010706_20200917_02_T1 LE07_L1TP_035034_20020716_20200916_02_T1 

CO004_MR_b USGS, 2018b LE07_L1TP_034034_20010706_20200917_02_T1 LE07_L1TP_035034_20020716_20200916_02_T1 

CO004_MR_c USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_034034_20020826_20200916_02_T1 

CO005_MR USGS, 2018b LE07_L1TP_034034_20010706_20200917_02_T1 LE07_L1TP_035034_20020716_20200916_02_T1 
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Basin name DEM source Landsat pre-fire tile Landsat post-fire tile 

CO006_MR USGS, 2018b LE07_L1TP_034034_20010706_20200917_02_T1 LE07_L1TP_035034_20020716_20200916_02_T1 

CO007_MR_a USGS, 2018b LE07_L1TP_034034_20010706_20200917_02_T1 LE07_L1TP_035034_20020716_20200916_02_T1 

CO007_MR_b USGS, 2018b LE07_L1TP_034034_20010823_20200917_02_T1 LE07_L1TP_035034_20020817_20200916_02_T1 

CO007_MR_c USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_034034_20020826_20200916_02_T1 

CO008_MR_a USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_035034_20020817_20200916_02_T1 

CO008_MR_b USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_035034_20020817_20200916_02_T1 

CO009_MR_a USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_035034_20020817_20200916_02_T1 

CO009_MR_b USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_035034_20020817_20200916_02_T1 

CO010_MR_a USGS, 2018b LE07_L1TP_034034_20010823_20200917_02_T1 LE07_L1TP_034034_20020826_20200916_02_T1 

CO010_MR_b USGS, 2018b LE07_L1TP_034034_20010823_20200917_02_T1 LE07_L1TP_034034_20020826_20200916_02_T1 

CO011_MR_a USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_034034_20020826_20200916_02_T1 

CO011_MR_b USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_034034_20020826_20200916_02_T1 

CO011_MR_c USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_034034_20020826_20200916_02_T1 

CO012_MR USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_035034_20020817_20200916_02_T1 

CO013_MR_a USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_035034_20020817_20200916_02_T1 

CO013_MR_b USGS, 2018b LE07_L1TP_035034_20010830_20200917_02_T1 LE07_L1TP_035034_20020817_20200916_02_T1 

MT001_SC USGS, 2016a; USGS, 2016b LE07_L1TP_040028_20000713_20200918_02_T1 LE07_L1TP_041028_20010707_20200917_02_T1 

MT002_SC USGS, 2016a; USGS, 2016b LE07_L1TP_040028_20000713_20200918_02_T1 LE07_L1TP_041028_20010707_20200917_02_T1 

MT003_SC USGS, 2016a; USGS, 2016b LE07_L1TP_040028_20000713_20200918_02_T1 LE07_L1TP_041028_20010707_20200917_02_T1 

MT004_SC USGS, 2016a; USGS, 2016b LE07_L1TP_040028_20000713_20200918_02_T1 LE07_L1TP_041028_20010707_20200917_02_T1 

MT005_SC USGS, 2016a; USGS, 2016b LE07_L1TP_040028_20000713_20200918_02_T1 LE07_L1TP_041028_20010707_20200917_02_T1 

MT006_SC USGS, 2016a; USGS, 2016b LE07_L1TP_040028_20000713_20200918_02_T1 LE07_L1TP_041028_20010707_20200917_02_T1 
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Basin name DEM source Landsat pre-fire tile Landsat post-fire tile 

MT007_SC USGS, 2016a; USGS, 2016b LE07_L1TP_040028_20000713_20200918_02_T1 LE07_L1TP_041028_20010707_20200917_02_T1 

OR001_MDF USGS, 2014 LE07_L1TP_045029_20170715_20200831_02_T1 LE07_L1TP_045029_20180702_20200829_02_T1 

UT001_SQ USGS, 2019d LE07_L1TP_038032_20000816_20200918_02_T1 LE07_L1TP_038032_20020822_20200916_02_T1 

UT002_SQ USGS, 2019d LE07_L1TP_038032_20000816_20200918_02_T1 LE07_L1TP_038032_20020822_20200916_02_T1 

UT003_SQ USGS, 2019d LE07_L1TP_038032_20000816_20200918_02_T1 LE07_L1TP_038032_20020822_20200916_02_T1 

UT004_SQ USGS, 2019d LE07_L1TP_038032_20000816_20200918_02_T1 LE07_L1TP_038032_20020822_20200916_02_T1 

UT005_SQ USGS, 2019d LE07_L1TP_038032_20000816_20200918_02_T1 LE07_L1TP_038032_20020822_20200916_02_T1 
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Appendix C: Slope angles 

This appendix contains histograms of the slope angles found using the DEM raster images in each of 

the studied basins, as well as their mean slope. The frequency represents the number of cells in the raster 

image with a certain slope angle. For lower frequencies reported for the basin in total, the basin had a 

smaller surface area resulting in a relatively lower resolution compared to large basins with high 

numbers of reported frequencies. 

Slopes Arizona 

  

AZ001_GL, mean=26.3o AZ002_GL, mean=26.0o 

 

 

AZ003_GL, mean=28.1o  

 



72 

 

Slopes British Columbia, Canada 

  

BC001_KC, mean=25.4o BC002_JC, mean=27.2o 

 

Slopes California 

  

CA001_Mont, mean=29.1o CA002_Mont, mean=29.1o 

  

CA003_Mont, mean=30.7o CA004_Mont, mean=31.2o 
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CA005_Mont, mean=32.5o CA006_Mont, mean=25.4o 

  

CA007_JE, mean=29.6o CA008_ST, mean=34.1o 

  

CA009_ST, mean=34.5o CA010_ST, mean=33.9o 
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CA011_ST, mean=37.5o  

 

Slopes Colorado 

  

CO001_CS, mean=23.9o CO002_CS, mean=29.3o 

  

CO003_CS, mean=34.0o CO004_MR, mean=13.9o 
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CO005_MR, mean=19.4o CO006_MR, mean=16.2o 

  

CO007_MR, mean=15.7o CO008_MR, mean=27.0o 

  

CO009_MR, mean=25.3o CO010_MR, mean=18.0o 
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CO011_MR, mean=24.2o CO012_MR, mean=25.0o 

 

 

CO013_MR, mean=28.0o  

 

Slopes Montana 

  

MT001_SC, mean=22.3o MT002_SC, mean=25.7o 
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MT003_SC, mean=26.6o MT004_SC, mean=25.3o 

  

MT005_SC, mean=24.5o MT006_SC, mean=25.2o 

 

 

MT007_SC, mean=19.8o  
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Slopes Oregon 

 

 

OR001_MDF, mean=13.2o   

 

 

Slopes Utah 

  

UT001, mean=26.7o UT002, mean=23.4o 

  

UT003, mean=27.1o UT004, mean=30.0o 
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UT005, mean=29.4o  
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