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ABSTRACT 
 

Infiltration processes are not well understood in fire-affected soils because soil hydraulic 

properties and soil-water content are altered by the heat impulse from the fire. This study uses 

intact soil cores, which should maintain preferential flow paths, that were collected in the field to 

explore the impacts of fire on soil properties and infiltration processes during rainfall. 

Three soil scenarios are presented here: unburned control soils, and low- and high-severity 

burned soils.  Fire severity was simulated in the laboratory using a heating gun, and established 

based on soil temperature and duration of heating.   Soil moisture and temperature were recorded 

at approximately 2.5 cm and 7.5 cm in soil cores as was the cumulative volume of water exiting 

the core during rainfall simulations.  Soil properties pre- and post-burn were measured using 

laboratory techniques including: Mini Disk Infiltrometer tests, Water Drop Penetration Time 

(WDPT) Tests, and measurements of dry bulk density and total organic carbon (TOC).  Mini Disk 

infiltration experiments suggest a decrease in both cumulative infiltration and infiltration rates 

from unburned to low-severity burned soils.   High-severity burned soils saw an increase in 

cumulative infiltration.  We interpret these changes as a result of the burning off of organic 

materials, enabling water to infiltrate more instead of being stored in the organics.  The field 

saturated hydraulic conductivity did not vary from unburned to low-severity burned soils, but 

increased in high-severity burned soils due to the lack of organics that help inhibit water 

movement.  During rainfall simulations, soil-water storage decreased from when soils were 

burned, likely because of the inability to store water within organic materials since they were 

burned.  Vulnerability to raindrop impact also increased with fire severity.  Together, these results 

indicate that fire-induced changes in soil physical properties from low-severity wildfires were not 

as drastic as high-severity wildfires, and that high-severity burned soils can infiltrate more water, 

but not necessarily store it. Quantifying soil properties affected by wildfire, which can be gained 

through controlled laboratory simulations like this study, will aid in predicting post-wildfire 

behavior on the watershed scale. 
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CHAPTER 1 
GENERAL INTRODUCTION 

 

Vadose zone hydrology, specifically infiltration processes, controls whether water will 

become ground or surface water.  Studying the field saturated hydraulic conductivity of a soil is 

complicated, as both air and water fill pores in the vadose zone.  The complexity of the 

arrangement of air and water depends on the geometry of the soil structure and available water 

content, which are impacted by wildfire. Wildfire frequency and severity have been increasing 

since the mid- to late-1980s, making quantification of soil property changes with fire particularly 

important (Westerling et al. 2006).   

Because of the difficulty in measuring properties in field settings before wildfires, which 

are generally unexpected, there is a need for controlled laboratory measurements to resolve the 

effects of wildfire on soil-hydraulic functions (Ebel and Moody, 2013).  Burgy and Scott (1952) 

performed some of the first laboratory and field experiments studying the effects of burning and 

ash deposition on water-intake characteristics of soils.  Since Burgy and Scott’s 1950s experiment, 

we saw a lull in laboratory-based experiments on post-burned soils, but interest grew again in the 

1990s as numerous researchers focused on trying to understand the complexity of hydrological 

responses in burned soils.  Currently, there remains a shortage of research focused on laboratory 

experiments studying the effects of changes in wildfire severity on soil hydraulic properties in a 

realistic way.  Here, we explore the changes in soil hydraulic properties with fire severity, and 

introduce a new approach that involved: 

1. Utilizing intact soil cores collected in the field; 

2. Using laboratory burning methods that accurately represented hydrological changes in soils 

from heating; 

3. Evaluating soil property changes with fire severity. 

Representing what happens in our natural environment in the laboratory can, however, be 

difficult. For example, oven heating soil samples has been a common method for wildfire 

simulation, but does not take into account the direct effect of flames from burning (Stoof et al., 

2010). Heating from the surface and interactions as heat propagates with depth into soil will likely 

not be correctly represented by oven heating, which heats soil uniformly. Using disturbed soils in 
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laboratory experiments is also common, but do not preserve in-situ field conditions, including soil 

structure, as intact soil cores do. 

 In this work, I measure four properties before and after wildfire: 1) soil-water storage 

characteristics, based on dry bulk density, and total organic carbon (TOC), 2) soil moisture, 3) 

water repellency, and 4) hydraulic conductivity at different levels of fire severity.  Knowing how 

soil properties change with fire severity helps us predict watershed-scale hydrological changes and 

forecast erosion and runoff issues post-wildfire.  Here, I outline these properties and how they are 

expected to be impacted.   

 Soil bulk density is defined as the ratio of oven-dried mass weight to its bulk volume (Askin 

and Ozdemir, 2003). Results from Xue et al. (2014) indicate that wildfire impacts bulk density, 

increasing significantly and then decreasing with time after the fire (Figure 1.1).  The increase in 

bulk density relative to the unburned soil was attributed to the collapse of organic-mineral 

aggregates and clogging of soil pores by the ash or freed clay minerals.  Collapsing the soil 

structure and clogging soil pores can lead to reduced soil water retention characteristics (Ebel, 

2012). 

 

 

Figure 1.1: Physical soil properties along a wildfire-induced time span from Xue et al. 2014 
where o = burned soil, Δ = unburned soil. A) Bulk density, B) capillary porosity, C) non-

capillary porosity, D) capillary water.  Note: Each point represents N=24 with the standard error 
of the mean indicated by vertical bars.  

 

Wildfire-affected soil can have enhanced soil-water repellency, which in turn also affects 

water retention.  When soils are burned, a water repellent layer is formed that can be responsible 
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for post-wildfire floods and debris flows (DeBano 1981). Before a fire occurs (Figure 1.2A), upper 

soil layers are water repellent due to the intermixing of partially decomposed organic matter and 

mineral soil, and due to leachate from brush and decomposing plant parts (DeBano 1981).  When 

a fire occurs, the litter and upper soil layers are exposed to intense heating (Figure 1.2B).  After 

the fire, a water repellent layer remains beneath a wettable layer (Figure 1.2C).  This wettable layer 

was created due to temperature gradients that move vaporized substances downward into the 

underlying soil by condensation onto soil grains (DeBano 1981).  Temperatures generally do not 

reach above 150°C at 5 cm depth below the soil surface (DeBano et al., 1977), and this research 

will focus on covering most of that highly impacted area near the soil surface. 

 

 

Figure 1.2: Soil-water repellency as altered by fire from DeBano (1981). A) Unburned scenario 
before fire, B) during fire scenario, C) after fire scenario. 

 

The severity of the wildfire matters.  Water repellency increases in low-severity burned 

soils, but at very high temperatures, water repellency decreases (Figure 1.3).  In high-severity 

burned soils, reduction of water repellency is attributed to the decomposition of organic material 

(Bisdom et al., 1993).  This process is similar to a self-cleaning oven, when high temperatures are 

used with the intent to breakdown leftover materials.  
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Figure 1.3: Conceptual models of how water repellency changes from low- to high-severity fires. 

 

Infiltration is composed of two time-scaled components, sorptivity and hydraulic 

conductivity (Figure 1.4).  Wildfires induce water repellency as previously discussed, which can 

affect the sorptivity component of infiltration.  Sorptivity was found to decrease with increasing 

burn severity in Moody et al. (2015) based on burned soil cores collected in the field in the 

Colorado Front Range and comparison studies from Moody et al. (2009) and Ebel et al. (2012) 

(Figure 1.5).    
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Figure 1.4: The two-phases of infiltration: sorptivity and hydraulic conductivity. 

 

Figure 1.5: Relations between sorptivity and fire severity for a variety of comparable studies 
(Moody et al. 2015). 
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CHAPTER 2 
QUANTIFYING SOIL HYDRAULIC PROPERTY CHANGES WITH FIRE 

SEVERITY BY LABORATORY BURNING 

 

A paper to be submitted to the International Journal of Wildland Fire 

Celeste Wieting, Brian Ebel, Kamini Singha 

2.1 Abstract 
Infiltration processes are not well understood in fire-affected soils because soil hydraulic 

properties and soil-water content are altered by the heat. This study uses intact soil cores, which 

should maintain preferential flow paths, that were collected in the field to explore the impacts of 

fire on soil properties and infiltration processes during rainfall. 

Three soil scenarios are presented here: unburned control soils, and low- and high-severity 

burned soils.  Fire severity was simulated in the laboratory using a heating gun, and established 

based on temperature and duration of heating.    Soil properties pre- and post-burn were measured 

using laboratory techniques including: Mini Disk Infiltrometer tests, Water Drop Penetration Time 

(WDPT) Tests, and measurements of dry bulk density and total organic carbon (TOC). Soil 

moisture and temperature were recorded at approximately 2.5 cm and 7.5 cm in soil cores as was 

the cumulative volume of water exiting the core during rainfall simulations. Mini Disk infiltration 

experiments suggest a decrease in both cumulative infiltration and infiltration rates from unburned 

to low-severity burned soils.   High-severity burned soils saw an increase in cumulative infiltration.  

We interpret these changes as a result of the burning off of organic materials, enabling water to 

infiltrate more instead of being stored in the organics.  The field saturated hydraulic conductivity 

did not vary from unburned to low-severity burned soils, but increased in high-severity burned 

soils due to the lack of organics that help inhibit water movement.  During rainfall simulations, 

soil-water storage decreased from when soils were burned, likely because of the inability to store 

water within organic materials since they were burned.  Vulnerability to raindrop impact also 

increased with fire severity.  Together, these results indicate that fire-induced changes from low-

severity wildfires were not as drastic as high-severity wildfires, and that high-severity burned soils 

can infiltrate more water, but not necessarily store it. Quantifying soil properties affected by 

wildfire, which can be gained through controlled laboratory simulations like this study, will aid in 

predicting post-wildfire behavior on the watershed scale. 
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2.2 Introduction 
Soil hydraulic property changes from wildfires are an increasing area of concern as the 

number of wildfires are increasing (Westerling et al. 2006).  Wildfire severity is the heat impulse 

from a wildfire, combined with the duration of heating.  Wildfire severity impacts in post-burned 

soils are believed to be an important indicator of the potential for increased water runoff and 

erosion (Robichaud and Hungerford 2000; Keeley 2009).  Low-severity prescribed burns, for 

example, are being used to reduce the threat of high-severity wildfires, but lead to variable 

hydrologic responses depending on factors such as fuel loading and season (Hatten and Zabowski 

2010).  Evaluating post-fire effects on soil hydraulic properties can provide key information 

regarding the variability of streamflow and watershed response to fires, and these issues are 

expected to be growing in significance due to a changing climate (Parra et al. 2012). 

 Physical soil properties that are affected by wildfires include bulk density �� and the 

amount of total organic carbon (TOC).  These properties affect the soil water retention capability, 

which describes the amount of water that can be stored in a soil, and together with infiltration, 

determine the fate of precipitation (Stoof et al. 2010).  It is consequently important to quantify 

how wildfires affect organic materials not only at the surface but with depth.  Soil water repellency 

is induced in soils upon burning, due to the heating of organic matter and subsequent condensation 

of hydrophobic substances (DeBano 1981).  Doerr (2004) suggested that post-fire water repellency 

may be used as an indicator to determine whether or not a fire exceeded certain repellency 

threshold temperatures.  Soils that have been affected by wildfires generally have less organic 

matter and higher �� than those that have not been impacted; these changes increase a soil’s 

vulnerability to saturated overland flow (Stoof et al. 2010).  Runoff and erosion can be partly 

attributed to increased soil water repellency post wildfire.   

 Wildfires also affect the amount of water that is able to infiltrate into a soil.  Sorption and 

hydraulic conductivity are short- and long-scale components of infiltration that change with fire 

severity.  These properties consequently control runoff and erosion potentials of soils.  Infiltration 

processes are, however, still not well understood in fire-affected soils (Ebel and Moody 2013), and 

quantitative approaches linking burn severity with changes in soil hydraulic parameters are lacking 

(Moody et al. 2015). 

 The most controlled way to evaluate and quantify changes in physical properties of soils 

as a result of burning is through laboratory experiments.  Laboratory approaches allow for the 
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adjustment of environmental conditions, control of the studied factors, as well as the isolation of 

several sources of variability not available in the field (Llovet et al. 2008). Previous laboratory 

studies have tried to simulate the effects of wildfires on soils through different heating methods, 

observing changes in properties such as hydraulic conductivity, water repellency, and soil moisture 

and processes such as infiltration (e.g. Badía and Martí 2003; Doerr et al. 2004; Stoof et al. 2010).  

Most studies use sieved or disturbed soils, which do not represent realistic water movement 

through preferential flow paths (e.g. Fernández et al. 1997; Moody et al. 2009; Stoof et al. 2010; 

Bodí et al. 2012). 

Burgy and Scott (1952) performed some of the first laboratory and field experiments 

studying the effects of burning and ash deposition on water-intake characteristics of soils.  These 

field studies included burning chaparral brush and grass to observe soil moisture and temperature 

changes.  Their laboratory studies used hand-packed soil columns with varying amounts of ash to 

determine infiltration rates and depths of water penetration.  On the basis of both field and 

laboratory work, they concluded that ash on the soil surface did not render the soil impervious and 

that the soils in the burned, ash-covered plots were wetted as readily as that in natural-covered 

plots.  They also showed that burned soils saw reductions in infiltration rates, suggesting that 

burning influences soil hydraulic properties.  Forgeard and Frenot (1996) performed studies on 

soils burned in the laboratory using an epiradiator to evaluate the effects of ash leaching.  Ash 

solutions were drip percolated onto intact field-collected soil cores, followed by water to simulate 

precipitation.  Major changes in soil characteristics were observed with higher temperature 

treatments whereas modifications were very light at lower temperatures (Forgeard and Frenot 

1996). 

Finding the correct way to burn a soil core to represent wildfire is a challenge.  Stoof et al. 

(2010) compared different soil heating techniques by replicating fire severities using propane 

burners and a muffle furnace.  They found that heating soils in a muffle furnace to 300°C and 

above for 30 minutes can result in similar soil physical effects as burning the soil for 5 minutes 

with a propane burner.  Several laboratory studies have shown that heating soils in a muffle 

furnace, however, does not address the movement of hydrophobic substances into the soil profile, 

and clearly does not allow for the direct effect of the flames on the soil (Badía and Martí 2003b; 

Doerr et al. 2004; Glass et al. 2008; Stoof et al. 2010). 
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To investigate runoff, infiltration and erosion potential of soils post wildfire, rainfall 

simulators have been used.  Llovet et al. (2008), for example, heat treated samples in the laboratory 

and then used a rainfall simulator to examine changes in field saturated hydraulic conductivity 

from pre- to post-burning and rain events. They found that changes in hydraulic conductivity in 

pre- to post-burn soils that had been rained on were attributed to raindrop impacts on the soil 

surface (Llovet et al. 2008).  Furthermore, WDPT testing that was also conducted showed similar 

results for unburned and high-severity burned soils, whereas low-burned soils exhibited more cases 

of stronger water repellency (Llovet et al. 2008).  Raindrop impact also led to a significant decrease 

in hydraulic conductivity, independent of the burning treatment, suggesting soil sealing is 

important.  Bodi et al. (2012) conducted rainfall events with a two-layer system of ash and soil, 

concluding that with the exception of extreme runoff and erosion events, ash reduced the amount 

of runoff and protected the soil from sheet and splash erosion, especially for water-repellent soils.  

Imeson et al. (1992) measured infiltration and runoff in unburned and burned soils using a rainfall 

simulator, observing reduced storage capacities in burned soils due to loss of surface litter and 

organics.  Their study concluded that the main effect of fire is to eliminate the storage of water in 

the organic horizons. 

While important conclusions have been made from these previous laboratory studies, little 

research has been conducted on intact soil samples to study fire and rain effects.  Previous studies 

have primarily used disturbed and homogenized samples, which show clear directionality of the 

impact of both heating by fire and rainfall from soil surface to deeper layers (Llovet et al., 2008).  

Homogenized soil samples modify the soil structure and destroy the arrangement of the soil profile.  

Consequently, the uses of intact soil cores collected from the field was a fundamental piece of this 

research, with the aim to represent in-situ field conditions as accurately as possible for each 

experiment. We focus on preserving natural preferential flow paths that may be present in soils, 

providing more realistic approximations of wildfire impacts on water movement, especially with 

depth.  We also explore fire severity: Ebel (2012) suggested that wildfire may induce a landscape-

scale “homogenization” of some physical and hydraulic properties, which removes landscape-

scale differences in soil-water retention.  Furthermore, he states that the high-severity fires likely 

impact the level of homogenization.   

Here, we conduct controlled burning of soil core from the Boulder Creek Critical Zone 

Observatory to quantify hydrologic property changes in burned cores at different fire severities, 
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defined by a measure of heat intensity and duration of exposure (Certini 2005). Soil burn 

classifications were made through controlled thermal inputs and resulting soil temperatures 

combined with duration of heating.  Our experiments comprise of wildfire simulations using a heat 

gun, and subsequent rainfall simulations using a rainfall simulator.  The objective of this work is 

to quantitatively explore relations between different levels of fire severity and physical soil 

properties including 1) soil-water retention characteristics based on dry bulk density �� and TOC, 

2) soil moisture, 3) water repellency, and 4) hydraulic conductivity.  

2.3 Background 
In this section, we discuss previous research about how burned soils affect infiltration 

processes due to changes in physical soil properties.  We start with an overview of the four 

properties we are concerned with: 1) soil-water retention characteristics based on �� and TOC, 2) 

soil moisture 3) water repellency, and 4) hydraulic conductivity at different levels of fire severity. 

2.3.1 Physical Soil Properties 

2.3.1.1 Organic Matter and Bulk Density 
Organic matter and clays are crucial to the formation of structure in the surface soil, which 

provides the macropore spaces needed for water movement and storage (Xue et al. 2014).  Because 

fires consume soil organic matter, they have detrimental impacts on soil physical properties, 

including increased ��, reduced porosity (n), and decreased storage capacity (Xue et al. 2014). 

Hatten and Zabowski (2010) used a propane torch and heat gun to simulate burning from wildfires, 

and concluded that the effects of fire on soil organic matter depend on fire severity, based on 

sieved, reconstructed, soil cores.  Fernández et al. (1997) noted a considerable decrease in organic 

matter content with burning: soils heated at 150°C did not exhibit a significant loss of carbon, 

whereas at 490°C almost all of the organic matter had disappeared.  The loss of organic matter 

results in: 1) loss of infiltration pathways, 2) increased bare-ground exposure to rainfall impacts 

and sediment runoff, and 3) creation of volatile compounds that can condense on soil particles, 

increasing their natural water repellency (Moody et al. 2015).  Organic matter can induce water 

repellency in coarse-textured soils by coating onto adjacent mineral soil grains, which severely 

restricts water movement (DeBano 1981), discussed in more detail below.   

2.3.1.2 Soil Water Repellency 
Fire-affected soils contain both natural and induced water repellency, making changes in 

hydrologic properties difficult to predict.  A direct effect of fires on soil properties is the creation 
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of a discrete water-repellent layer of variable thickness and spatial continuity, found on the soil 

surface or a few centimeters below (DeBano 2000a).  This layer is parallel to the surface and 

decreases soil permeability (Imeson et al. 1992; Certini 2005), which in turn has been attributed 

to a decrease in infiltration (Certini 2005; Stoof et al. 2010; Ebel 2012; Moody and Ebel 2014).  

Doerr et al. (1988) found that water repellency after fires increases due to the gasification of the 

hydrophobic substances, which move downwards in response to temperature gradients to condense 

on aggregates and single grains as a uniform coating (Letey et al. 2000).  As seen in DeBano 

(1981), grain-size distributions affect water repellency; soils with coarser grain-size distributions 

are more prone to developing soil-water repellency.  DeBano (1981) suggests water repellency 

induced in unburned coarse-grained soils is contributed by organic substances leached from plant 

litter.  Furthermore, Ebel and Moody (2013) found that initial soil-moisture conditions dictated the 

degree of water repellency where lower soil-water repellency was found in wet soils than dry soils.   

 Reduction and elimination of water repellency with high-temperature burning is likely 

associated with the volatilization and oxidation of organic compounds (Das and Das 1976).  

DeBano (2000) found that hydrophobic substances decompose irreversibly at high temperatures 

(280°C).   Krammes and DeBano (1965) found that heating soils up to 175°C resulted in little to 

no change in water repellency, heating between 175°C and 200°C considerably increased water 

repellency, and at higher temperatures (between 280°C and 400°C), repellency was destroyed. 

Others have also agreed that repellency disappears in higher temperature ranges (e.g. DeBano 

2000; Doerr et al. 2004, 2005). 

2.3.2 Infiltration Processes 
Infiltration is divided into short- and long-timescale responses, where the short-time 

response is dominated by capillary potential, and the long-time response is dominated by gravity 

potential (Moody et al. 2009).  The capillary component is represented by sorptivity, while the 

gravity component is represented by the hydraulic conductivity of the soil.   Other characteristics 

of fire-affected soils include: 

 the uptake of water is slow at the beginning of infiltration and increases over time, which 

is contrary to infiltration into a wettable soil where the converse is true (Letey et al. 

1962). 
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 faster infiltration rates occur in moist soils compared to dry soils due to the initial soil 

moisture content, which affects the severity of the water-repellency of the soil (Ritsema 

and Dekker 1994). 

Based on previous conceptual models showing a reduction in water repellency at high 

temperatures (Doerr et al. 2005), we also hypothesize that sorptivity will increase in high-severity 

burned soils.  

 

2.4 Methods 
Eighteen soil samples were collected in the field within sections of polyvinyl chloride 

(PVC) pipe measuring 10 cm in height and 20 cm in diameter.  Three scenarios were considered 

with these cores: unburned, low-severity burned, and high-severity burned.  Three replicates were 

considered for each unburned, low-severity burned, and high-severity burned scenario to explore 

variability. Prior to burning, Munsell soil color and vegetation descriptions were made to compare 

to changes post-burning. Mini Disk Infiltrometer experiments were also conducted before burning 

to see how hydraulic properties such as field saturated hydraulic conductivity (Kfs), water 

sorptivity (Sw), ethanol sorptivity (Se), and water repellency index (R) change post-burn. 

Given the three scenarios, we carried out rainfall simulation experiments on each core to 

quantify the effects of fire severity on the soil’s water storage potential and examine changes in 

volumetric water content (VWC) through the length of the soil core.  A qualitative approach to 

water repellency was also employed through the water-drop penetration time (WDPT) test, to give 

initial estimates of water repellency as a comparison to the Mini Disk Infiltrometer repellency 

observations.  Measurements of �� and TOC were made through use of an oven and a muffle 

furnace, using the loss on ignition (LOI) method for TOC. Details on all procedures are below and 

a summary is shown in Table 2.1. 

 

Table 2.1: Summary of Methodologies. 

Soil Property Method 

Soil color Munsell soil color chart 

Particle size distribution Grain size analysis using sieves 

Bulk density �� Mass loss by oven heating 
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Table 2.1: Continued 

Total organic carbon Mass loss by LOI 
 

Sorptivity of water and ethanol Sw 

and Se 
Mini Disk Infiltrometer 

Water repellency R WDPT, Mini Disk Infiltrometer 

Field saturated hydraulic 

conductivity Kfs 
Mini Disk Infiltrometer 

Soil-water storage Rainfall simulations 

 

2.4.1 Soil Sample Collection 
Undisturbed soil samples were collected in the Boulder Creek Critical Zone Observatory 

outside Boulder, Colorado.  A low-lying area of approximately 50 m2 on the north-facing slope 

near Gordon Creek (40.011976, -105.462776) served as the sample location due to ease of access, 

lack of large trees, and flat slope, which made for ease of core removal.  Soil cores were collected 

from 0-10 cm depth using PVC pipe.  Sheet metal was used to slide under the PVC, obtaining an 

intact soil core that was held in place with plastic wrap, cheesecloth, and hose clamps.  Soil samples 

were transported back to the laboratory in coolers where they were placed in the freezer.  

Information collected in the field included: soil type, vegetation and cover/duff details, elevation 

and slope, Munsell color, and soil classification.  A total of 18 soil cores were collected with the 

intention to have three replicates for rainfall experimentation for each scenario: unburned, low-

severity burned, and high-severity burned, plus another three for each for destructive sampling.  

Nine soil cores would thus be used for rainfall simulations and nine soil cores used for the 

remaining laboratory methods (Mini Disk Infiltrometer, WDPT, ��, and TOC measurements).  

2.4.2 Wildfire Simulation by Laboratory Burning 
The fire severity for the low- and high-burned samples was distinguished by the duration 

and temperature of the simulated wildfire. Temperatures for burned areas were established by 

Doerr et al. (2004) and were used as temperature guidelines for low- and high-severity wildfire 

simulations (Table 2.2), and applied using a digital heating gun (Wagner HT3500) with 

programmed temperature settings. Temperature was monitored at the surface using a laser 

thermometer and at 1-2 cm depth with a Type K thermocouple connected to a Campbell Science 

CR1000 data logger.  Soils were burned until temperatures defined in Table 2.2 were reached, or 
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after an hour for practical purposes if desired temperature ranges were not achieved.  The average 

burn time was approximately 40 minutes. 

 

Table 2.2: Temperature goal ranges for wildfire simulation using heating gun. 

 

2.4.2.1 Soil Color 
The Munsell soil color chart is a well-known tool for classifying soil colors.  Changes in 

Munsell colors can represent indicators of fire severity (Certini 2005).  The Munsell color 

classification is based on hue (H), value (V), and chroma (C).  The Munsell nomenclature HV/C 

thus allows one to quantify a color (Munsell Color 1994).  Color changes caused by fire may be 

significant, and are caused by accumulation of ash, alteration of the iron oxides, or combustion of 

organic matter (Zavala and Celis 2014).  In general, soil color increases in redness or becomes 

orange with increasing temperature and fire severity (Parsons et al. 2010).  Ketterings and Bigham 

(2000) found that in iron-rich soils, Munsell hues became more yellow at 300-600°C, and that at 

600°C reddening did not occur until after 45 minutes of exposure.   

2.4.3 Physical Soil Properties – Bulk Density and TOC 
Soil cores collected in the field were sub-sampled in the laboratory to evaluate �� with 

depth.  The sub-samples were collected in thin-walled brass cylinders (5 cm in diameter and 10 

cm in height), with one sub-sample taken per field-collected soil core.  Each sub-sample was then 

sub-cored with depth every 2.5 cm, resulting in four samples that were placed into soil-moisture 

cups for oven drying. Sub-samples were weighed, placed into an oven at 105°C for 24 hours, then 

cooled in a desiccator and weighed again (ASTM D7263-09 2009).  �� calculations were 

performed before and after wildfire simulations to examine mass differences with fire severity 

according to: 

 �� = �/                (2.1) 

 Low Fire Severity High Fire Severity 

Soil Surface Temp. (°C) 200-250 450-500 

Temp. at 1-2 cm depth (°C) > 100 ~ 200 



15 
 

 

where ��= bulk density of the soil (dry) sample, (g/cm3), � = mass of the dry soil sample (g), V 

= volume of the soil sample (cm3). 

TOC was determined by the loss-on-ignition (LOI) method, which involves the heated 

destruction of all organic matter in the soil or sediment (Schumacher 2002).  Based on the soil 

texture and sample size after extrusion, the LOI method was conducted using an exposure time of 

two hours at 550°C.  Samples were then cooled in a desiccator and weighed.  The LOI was 

calculated using: 

 ��55 = � 5 − � 55 /� 5 ∗                   (2.2) 

 

where LOI550 represents LOI at 550°C (as a percentage of organic matter), DW105 represents the 

dry weight of the sample before combustion and DW550 the dry weight of the sample after heating 

to 550°C (Heiri et al. 2001).  The weight obtained after the �� experiment was utilized as the 

DW105 weight in LOI calculations.   

2.4.4 Water Drop Penetration Time Test 
An initial estimate of water repellency was obtained using the WDPT method.  This method 

is used widely as a simple indicator for determining the persistence of water repellency (Doerr et 

al. 2004).  A 80 µL droplet of distilled water was placed onto the soil surface, and the amount of 

time needed to completely infiltrate the soil was recorded; this time determines the soil’s 

repellency rating (Table 2.3).  The WDPT method was repeated three times on different areas of 

the soil surface, using the median time as the final WDPT.  

 

Table 2.3: WDPT class increments and corresponding  
descriptive repellency rating (Doerr et al. 2004). 

WDPT classes (sec) ≤ 5 > 5, 20,40, 60 80-600 > 600-3600 > 3600 

Repellency rating Wettable Slight Strong Severe Extreme 
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2.4.5 Mini Disk Tension Infiltrometer 
The Decagon Model S Mini Disk Infiltrometer was used to estimate cumulative infiltration, 

infiltration rates, soil Kfs, sorptivity of water Sw, sorptivity of ethanol Se, and an index of water 

repellency (R).  Infiltration was quantified using parameters related to Kfs and Sw, the two time-

scaled phases of infiltration.  Kfs was estimated using the MDI according to: 

�� = �1�          (2.3) 

 

where C1 is the slope of the curve of the cumulative infiltration versus the square root of time, and 

A is the value relating van Genuchten parameters based on the specific soil type to the suction rate 

and radius of the infiltrometer disk (Decagon Devices 2014).  Lichner et al. (2007) proposed that 

R could be estimated using the relative sorptivity of ethanol and water according to: 

            � = .95 ���� .        (2.4) 

Procedures for Mini Disk Infiltrometer experiments with ethanol were the same as those used for 

water.   

 Mini Disk Infiltrometer experiments can have issues with the contact between the 

instrument makes and the soil surface.  Reynolds and Zebchuk (1996) analyzed how different 

contact materials such as contact sand or Spheriglass No. 2227 glass spheres affect pressure head 

and water content, concluding that there is variability in data using contact materials, depending 

on the thickness, saturated hydraulic conductivity, and water entry value of the contact material. 

To eliminate this uncertainty, contact materials were not used.  The Mini Disk Infiltrometer was 

placed on the soil surface by first removing loose litter and duff material on unburned soil cores, 

and approximately 1-2 cm of charred material from burned cores.  Material removed for these 

experiments on burned soil cores varied slightly due to the need to obtain a flat surface to ensure 

good contact between the infiltrometer and the soil surface.  Mini Disk Infiltrometer experiments 

were conducted for three replicates of the unburned control soil as well as for each burn severity. 

Water infiltrated into the soil by applying a negative pressure head of 2 cm at the soil surface. 

Measurements of volume over time were recorded initially every 10 s for the first minute to try 

and capture the sorptivity-dominated stage of infiltration. Measurements were then recorded every 

30 s until at least 15 mL of water had infiltrated into the soil.  Infiltration rates from the Mini Disk 

Infiltrometer experiments were compared to results from the preliminary WDPT test to compare 

water repellency classifications. 
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2.4.6 Rainfall Simulation 
A Colorado Front Range precipitation event was simulated based on the average rainfall 

intensity specified by the Urban Drainage and Flood Control District’s Urban Storm Drainage 

Criteria Manual   A storm event with a two-year recurrence interval that has a one-hour duration 

delivers approximately 2.5 cm of rainfall in the Front Range area (District 2008).  We used a 

simulator nozzle to achieve a consistent rainfall intensity that simulated a typical (the 2-year 

recurrence storm) one-hour precipitation event in Colorado.  The rainfall simulator was supplied 

by a sink faucet, which was attached with tubing that led to a nozzle (Figure 2.1).  Plastic sheeting 

was attached to PVC pipe that prevented water from splashing, and led to a plastic basin to collect 

excess water.   

 

 

Figure 2.1: Rainfall simulator set-up. 

 

The soil core was placed within the simulator atop a Texas Instruments TE525 tipping 

bucket precipitation gauge (Figure 2.1) to record the volume of water passing through the length 

of the soil core over time.  This volume of water was interpreted as outflow, which related to the 

amount of water the soil was able to store.  The tipping-bucket rain gauge measures 0.25-cm 

rainfall increments per tip.  Soil moisture probes and temperature thermocouples were inserted 

horizontally into the soil to measure VWC and temperature over time using a CR1000 and the 

computer program LoggerNet.  The upper soil moisture probe and temperature thermocouple were 

inserted at a depth of approximately 5 cm from the surface, while the lower soil moisture probe 
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and temperature thermocouple were inserted at a depth of approximately 5 cm from the bottom of 

the soil core. 

2.5 Results and Discussion 

2.5.1 Wildfire Simulations by Laboratory Burning 
Surficial soil color changed during wildfire simulations (Table 2.4).  There was some 

uneven surficial burning indicated by the presence of portions of the soil core changing to different 

colors than the rest of the core.  This was especially the case for the high-severity burned cores, 

where some of the soil color would increase in redness due to alteration of iron oxides. 

 

Table 2.4: Munsell soil colors for representative unburned, low, and high-severity burned soils.  
Soil colors for unburned soil cores were derived from the soil surface beneath the litter and duff 

layers. Burned soil colors are from surficial soil color changes.  Values are given as HV/C. 

Sample Unburned 
Low-severity 

Burned 
High-severity Burned* 

Soil Core 1 
2.5Y 2.5/1 

Black 

10YR 3/2 Very Dark 

Greyish Brown 

5 YR 7/6 Reddish Yellow; 

7.5 YR 3/1 Very Dark Grey 

Soil Core 2 
10YR 2/1 

Black 

7.5YR 3/1 

Very Dark Grey 

7.5 YR 8/2 Pinkish White; 

5 YR 6/6 Reddish Yellow 

5 YR 3/1 Very Dark Grey 

Soil Core 3 
10YR 2/2 

Very Dark Brown 

7.5YR 3/1 

Very Dark Grey 

7.5 YR 8/2 Pinkish White; 

5 YR 7/6 Reddish Yellow; 

5 YR 3/1 Very Dark Grey 

* Multiple colors were observed in high-severity burned soils. 

 

The amount of organic material on the soil surface also changed with fire severity.  As 

severity increased, the amount of litter and duff on top of the soil decreased.  Initially, on the 

unburned soil samples, there was an average of about 2 cm of duff and 3 cm of litter.  Litter material 

consisted of pine needles, leaves, twigs, grass, moss, and pollen cones.  When samples were burned 

to low-severity, either 1 cm of duff or no duff remained, and most samples had only minor amounts 

of charred litter (pine needles) left.  Soil samples burned to high-severity resulted in no remaining 

litter or duff layer. 
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 Low-severity burned soil reached a temperature of approximately 95°C at 1-2 cm depth 

after about 35 minutes of burning, at which point heating was discontinued (Figure 2.2).  Reaching 

high-severity burned temperatures with depth was a bit more challenging.  Soil temperatures did 

not significantly change until 35 minutes into the burning.  Temperatures then climbed steadily for 

approximately 15 minutes, and then a sharp increase in soil temperature was seen after 50 minutes 

due to complete burning of surficial organic materials. 

 

 

Figure 2.2: Temperature measurements collected at 1-2 cm depth from two representative cores 
during wildfire simulation. 

 

During wildfire simulations, smoke was produced after a few minutes for all low- and high-

severity burn experiments.  Combustion would occur after approximately 20 minutes for low-

severity burned soils, and approximately 3 minutes for high-severity burned soils.  Since the 

Wagner heat gun blows air using an internal fan, the majority of ash that could have been created 

during wildfire simulations blew off and did not remain on the soil core.  Ash accumulation was 

therefore not considered using this heating method. 

 

2.5.2 Physical Soil Properties – �� and TOC 
Soil �� varied with depth and fire severity (Figure 2.3).  Average �� increased with depth 

in unburned soils from approximately 0.4 g/cm3 at the surface to 1.0 g/cm3 at 9-cm depth, likely 

due to an increase in compaction from the collapse of organo-mineral aggregates.  Low-severity 

burned soil replicates exhibited a more variable trend in �� with depth, although average �� was 
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0.4 g/cm3 at the surface and 0.7 g/cm3 at 9-cm depth.  At high-severity, burned soils became 

homogenized with depth; �� varied less compared to unburned and low-severity burned soils.  A 

decrease in the amount of litter and duff led to a smaller sampling volume in the first subsection 

for some burned soils. The change in average �� was 0.7 g/cm3 at the surface to 0.9 g/cm3 at 9 cm 

depth for high-severity burned soils.  Overall, the �� increased as the level of fire severity 

increased, suggesting that high-severity fi res lead to soil structure degradation.  The ��  results for 

low-severity burned soils were more variable, but in general, values increased from the first 

subsection to the second subsection (Figure 2.3).   

 

Figure 2.3: Measured �� with depth for (a) unburned control, (b) low-severity burned, and (c) 
high-severity burned soils, and (d) the average for each.  Three replicate samples used for each 
scenario shown: solid line = first replicate, dotted line = second replicate, dashed line = third 

replicate. 
 

Similar trends are seen in each the unburned, low-severity, and high-severity burned cases 

(Figure 2.4), with higher coefficients of variation in �� near the soil surface, then decreasing with 

depth.  The variation was highest at the soil surface due to the variation in the amount of organic 

litter and duff materials. With depth, we see that low-severity burned soils have the highest 

variation in ��.   



21 
 

 Percent weight loss values from the LOI method were used to estimate TOC loss in 

unburned, low-severity burned, and high-severity burned soils (Figure 2.5).  Unburned soils used 

as the control samples lost an average of 16% of their mass between 0 and 2.5 cm of soil, and then 

mass loss decreased with depth to 6% near the bottom of the soil core.  This trend in mass loss 

reflects a decreasing TOC content with depth, as more organics were present near the surface and 

lost on ignition. Low-severity burned soils displayed a similar trend with depth, as mass loss near 

the top of the soil core averaged 35%, and 9% near the bottom.  High-severity burned soils became 

homogenized in terms of percent weight loss.  Average percent weight loss from the near surface 

to the bottom of the core were 9% to 7%, respectively, with an increase in mass loss between 2.5 

and 5 cm depth measuring 11%. Increases in �� in fire-affected soils could lead to decreases in 

infiltration as there is less available pore-space for downward water movement.  The LOI data 

resulted in variable coefficients of variation (Figure 2.4), as the amount of organics burned were 

most variable in low-severity burned soils in the second subsection.  Unburned and high-severity 

burned soils behaved similarly in the upper subsection. 

A bootstrapped analysis was performed to test the validity of the two-way ANOVA results, 

since the ��  does not abide by standard parametric statistical method requirements (normal data 

with large sample sizes).  In the ANOVA for �� data, the null hypothesis that the mean �� was the 

same with changing fire severity level was not rejected.   The frequency of p-values obtained from 

the bootstrapped analysis of �� data displayed p-values much greater than the significance level 

of 0.05.  This confirms our decision to not reject the null hypothesis from the two-way ANOVA.  

The ��  was found to change significantly with depth from ANOVA testing (p-value = 0.0048).  

The null hypothesis that the mean �� was the same for the interaction between fire severity and 

depth should be rejected was also confirmed using the bootstrapping analysis (average p-value = 

0.6823).  The null hypotheses that the mean TOC was the same with changes in depth, and the 

interaction between the two were also rejected in a bootstrapped two-way ANOVA test (average 

p-values = 0.34, 0.6455).  TOC changed significantly however with an average p-value of 0.0447 

as seen in the bootstrap analysis.   
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Figure 2.4: Coefficient of variation of (a) ��and (b) percent weight loss from LOI with depth 
using standard deviations and means for all three replicates for unburned, low-severity burned, 

and high-severity burned soils. 
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Figure 2.5: Percent weight loss measurements with depth for (a) unburned control, (b) low-
severity burned, and (c) high-severity burned soils, and (d) the average for each.  Three replicate 
samples used for each scenario shown: solid line = first replicate, dotted line = second replicate, 

dashed line = third replicate. 
 

2.5.3 Water Drop Penetration Time Test 
Based on WDPT class ranges (Table 2.5), repellency ratings were assigned to unburned, 

low-severity burned, and high-severity burned soils as wettable to strongly repellent, strongly 

repellent to extremely repellent, and wettable to slightly repellent, respectively.  Five drops were 

used on each soil core to estimate this variable repellency on the soil surface.  The WDPT test 

provides preliminary insight of fire severity impacts on water repellency by simple testing.  

 

Table 2.5: Summary of WDPT test measurements, in seconds. 

 Drop 1 Drop 2 Drop 3 Drop 4 Drop 5 

Unburned      

1 <5 <5 225 80 <5 
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Table 2.5: Continued 

2 39 164 12 <5 5 

3 6 <5 25 64 33 

Low-severity      

1 >3600 >3600 >3600 440 >3600 

2 >3600 2100 570 >3600 >3600 

3 1990 >3600 >3600 >3600 680 

High-severity      

1 35 75 <5 <5 <5 

2 <5 <5 <5 <5 <5 

3 <5 <5 <5 20 <5 

 

Unburned soils ranged in WDPT measurements from less than 5 seconds to 225 seconds.  

This variability could exist due to the presence of organic materials prohibiting water infiltration.  

The variable water repellent behavior of the unburned soils was thought to be a product of the 

higher presence of organics in some parts of the soil core. Low-severity burned soils also saw some 

variability, but were either strongly or extremely repellent.  Burning-induced water repellency due 

to the condensation of organic hydrophobic coatings caused the long WDPTs for low-severity 

burned soils.  WDPT test measurements were discontinued after 3600 seconds for the sake of time.  

High-severity burned soils were mostly wettable, with some slightly repellent characteristics.  This 

was as expected, since repellency has been seen to decrease or even become destroyed at 

temperatures between 280°C and 400°C (Krammes and DeBano 1965).  Since burning was 

performed with a hand-held heat gun, there could have been inconsistencies across the surface of 

the soil core, resulting in heterogeneities at the soil surface.  This could attribute to variability in 

WDPT test measurements in low- and high-severity burned soils. 

 

2.5.4 Mini Disk Infiltrometer Experiments 
The volume of water that infiltrated over time for each sample replicate was plotted as 

cumulative infiltration (Figure 2.6).  Durations of Mini Disk Infiltrometer experiments varied 

depending on the wildfire severity, but generally ran for approximately 30 minutes to one hour.  
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Unburned and low-severity burned soil replicates behaved similarly with respect to each other; 

however, we saw more variability in high-severity burned soils.  Less than 1 cm of water infiltrated 

into unburned and low-severity burned soils.  Approximately 2 cm of water infiltrated into high-

severity burned samples 1 and 2, but the third replicate saw close to 4 cm of infiltrated water. This 

variability in infiltration between cores may be attributed to uneven burning at the surface, possibly 

due to higher soil moisture content, or denser soil materials, which would allow for easier heat 

propagation (Hausenbuiller 1972).  Low-severity burned soils infiltrated less water than the 

unburned control soils, which was as expected due to induced water repellency upon burning at 

lower temperatures.  The low-severity burned samples also behaved differently than the unburned 

ones in that their cumulative infiltration was more step-wise than steady.  Water would infiltrate 

into the low-severity samples periodically, rather than consistently.  Subsequently, a suction 

magnitude of 1 cm was tested on the Mini Disk Infiltrometer to experiment with whether or not 

this step-wise behavior was due to issues within the Mini Disk Infiltrometer.  At each tested suction 

magnitude, cumulative infiltration remained step-wise. 

 

  

Figure 2.6: Cumulative infiltration curves measured using Mini Disk Infiltrometer for (a) three 
replicates of unburned, low-severity burned, and high-severity burned soils and (b) averages for 

each. 
 

Approximations of Kfs, Sw, Se, and R were made using the Mini Disk Infiltrometer (Table 

2.6).  Values of field saturated hydraulic conductivity estimated from Mini Disk experiments 

ranged from 8 x 10-7 to 5 x 10-5 cm sec-1 for unburned soils, 2 x 10-5 to 4 x 10-5 cm/s for low-

severity burned soils, and 1 x 10-4 to 2 x 10-4 cm sec-1 for high-severity burned soils.  Estimates of 
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field saturated hydraulic conductivity for unburned soils may be lower than expected due to high 

amounts of organic materials on the soil surface creating natural water repellency, and inhibiting 

the flow of water. Kruskal-Wallis, a nonparametric method to compare medians, indicated we 

could reject the null hypothesis that the median field saturated hydraulic conductivity is the same 

for unburned, low-severity, and high-severity burned soil (p-value =0.817).  

Due to compaction that occurs in fire-affected soils, an increase in �� should be related to 

a subsequent decrease in hydraulic conductivity (Assouline 2006); however, this was not the case 

in high-severity burned soils.  In some compaction ranges and at low water contents, compaction 

may increase the hydraulic conductivity (Assouline 2006).  The increase in hydraulic conductivity 

in high-severity burned soils was thought to be primarily due to lateral spreading of water on the 

surface that was neither seen in low-severity burned soils nor unburned soils.  This would suggest 

these results are not applicable to actual rainfall, since rainfall should fall over a broad area.   

Approximately 2 cm of soil additional to the material removed for standard Mini Disk 

Infiltrometer experiments was removed for one Mini Disk Infiltrometer experiment to see how 

infiltration might change in high-severity burned soils with depth.  The removal of additional soil 

led to a similar cumulative infiltration curve as an unburned soil, implying that there was a depth, 

in this case less than 2 cm, to which the effects of burning were unseen.   

In contrast to high-severity burned soils, low-severity burned soils did not infiltrate water 

as effectively.  A wetted area remained after Mini Disk Infiltrometer experiments for low-severity 

burned soils, similar in size to the porous disk on the Mini Disk Infiltrometer.  The Sw decreased 

from unburned to low-severity burned soils, with the lowest value for all experiments to 6 x 10-3 

cm sec-0.5.  At high severity, Sw was higher than soils burned to low-severity.  A decrease in water 

sorptivity suggests an increase in soil water repellency, which was expected for low-severity 

burned soils.  Soils burned at low-severity levels contained organic compounds that when heated, 

volatilize and then condense around soil grains.  This condensation of hydrophobic organic 

compounds causes induced water repellency upon burning at low temperatures. 

 

Table 2.6: Summary table of experimental results. 

Physical Soil Properties MDI Experiments 
Rainfall 

Simulations 
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Table 2.6: Continued 

Sample 
Replicates* 

��  

(g/cm3) 

LOI 

(%) 

n 

(%) 

K fs 

(cm/sec) 

Sw  

(cm sec-0.5) 

Cumulative 
Outflow 

(mL) 

Unburned       

1 0.61 7.5 77 8x10-7 1x10-2 6.7x102 

2 0.80 13 70 5x10-5 1x10-2 7.5x102 

3 0.91 9.6 66 3x10-5 2x10-2 8.8x102 

Average 0.77 10 71 3x10-5 1x10-2 7.7x102 

Low-severity       

1 0.76 17 72 2x10-5 1x10-3 1.2x103 

2 0.59 23 72 4x10-5 5x10-3 1.8x103 

3 0.85 7.9 68 3x10-5 6x10-3 6.7x102 

Average 0.73 16 71 3x10-5 4x10-3 1.2x103 

High-severity       

1 0.89 9.7 67 1x10-4 2x10-2 1.5x103 

2 0.71 9.2 71 1x10-4 1x10-1 2.0x103 

3 0.86 7.8 68 2 x10-4 3x10-2 1.8x103 

Average 0.82 8.9 69 1x10-4 6x10-2 1.7x103 

* Different soil cores were used for different experiments. 

 

Water repellency was quantified using the two Se datasets, along with the average Sw for 

unburned, low-severity burned, and high-severity burned soils (Figure 2.8). Two replicates for 

these experiments were performed. Measurements of R ranged from 4.6 to 5.4 in unburned soils, 

14 to 23 for low-severity burned soils, and 2.9 to 4.5 in high-severity burned soils (Figure 2.8).  R 

increased for low-severity burned soils due to a decrease in Sw.  High-severity burned soils 

exhibited the highest average Sw and Se values.  We infer the high Sw to be a result of the soil’s 

hyper dry condition, absorbing more water easier.  A larger amount of water was able to infiltrate 

quickly into the high-severity burned soils.   
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The infiltration of ethanol was much more rapid than water in unburned and low-severity 

burned soils.  Unburned soils infiltrated an average 0.5 cm of water compared to an average of 1.9 

cm of ethanol over 15 minutes.  Low-severity burned soils infiltrated an average of 0.3 cm of water 

compared to an average of 1.4 cm of ethanol over the same time period.  In contrast, high-severity 

burned soils infiltrated an average of 2.9 cm of water and 2.8 cm of ethanol over 15 minutes.  The 

difference in cumulative infiltration of water versus ethanol in unburned soils would suggest that 

water-repellent conditions were present simply due to the presence of organic materials.  This is 

similar to what was seen in DeBano (1981), who noted that organic matter induces water 

repellency by several means, including leached organic substances from plant litter into sand and 

coarse-grained soils. 

 

Figure 2.8: Comparison of replicate experiments for water repellency index values measured 
using the average Sw and Se for each replicate experiment. 

 

2.5.5 Rainfall Simulations 
We achieved average rain intensities of approximately 2.3 cm/hr for all rainfall 

simulations, the rainfall intensity approximately equal to that of 2-year recurrence precipitation 

event. For unburned soils, the top 5 cm of soil began with higher initial VWCs, as both the low- 

and high-severity burned soils had initially lower VWC due to the burning process (Figure 2.9).  

Slower increases in VWC over time were seen in the unburned soils within the top 5 cm, due to 
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the presence of litter and duff (organic materials) on the soil surface.  The organics inhibited rapid 

movement of water percolation through the soil from the surface. 

  

Figure 2.9: Breakthrough curves showing VWC over time during rainfall simulations within the 
upper 5 cm and bottom 5 cm for (a) unburned control, (b) low-severity burned, and (c) high-

severity burned soils, and (d) the average for each.  Shaded regions represent standard 
deviations.  Three replicate samples used for each scenario shown: solid line = first replicate, 

dotted line = second replicate, dashed line = third replicate. 
 

We can identify wetting fronts by the timing of increases in VWC from the top soil-

moisture sensor to the bottom one (Figure 2.9).  First occurrences of increasing VWC at both 

sensors were quantified by finding the changes in slope for each average VWC plotted line; 

breakthrough was defined as when the change in slope was greater than 10% of the initial VWC.  

High-severity burned soils saw the first breakthrough of VWC in the top soil-moisture sensor after 

10 minutes of raining.  Low-severity burned soils saw a VWC breakthrough in the top soil-
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moisture sensor at around 12 minutes.  Unburned soils were slightly delayed due to the presence 

of organic materials on the soil surface; their first occurrence of VWC increase occurred after 16 

minutes. The bottom soil moisture sensor in the high-severity and low-severity burned soil cores 

saw the first breakthrough of water after 13 minutes.  Unburned soils once again saw breakthrough 

in the bottom soil moisture sensor later than burned soils, after approximately 23 minutes of 

raining.  

Despite the lower initial VWCs in burned soils compared to the unburned, wetting occurred 

more rapidly in the burned soils as water moved from the surface throughout the soil core.  Some 

ponding occurred in all three of the high-severity burned rainfall simulations, as well as erosion 

from raindrop impact.  In the high-severity experiments, soil was ejected from the surface upon 

raindrop impact, leaving minor amounts of soil at the bottom of the rainfall simulator.  Low-

severity rainfall simulations did not display signs of raindrop impact because some organic 

materials remained on the soil surface, hindering erosion.  Ultimately, vulnerability to raindrop 

impact increased with fire severity. 

High-severity burned soils also had the highest outflow volumes measured by the 

precipitation gauge within the rainfall simulator (Figure 2.10).  Outflow volumes were considered 

to be related to the soil water retention characteristics of the soil, with more outflow volume for 

soils with lower soil-water retention.  The amount of water stored in unburned cores was much 

higher than in the burned cores due to organic material’s water storage capability. This supports 

the direct correlation between the amount of soil organic material with the amount of water stored 

in the soil (e.g. Stoof et al. 2010; Ebel 2012).  The Kruskal-Wallis test rejects the null hypothesis 

that the median cumulative outflow volume is the same for unburned, low-severity, and high-

severity burned soils (p-value = 0.1479), meaning that there is an impact on storage characteristics 

with fire.  

 

Table 2.7: Measured VWC during rainfall simulations and changes in VWC during rain event. 

  Unburned Low-severity High-severity 

Initial VWC Top 5 cm 0.12 0.05 0.05 

 Bottom 5 cm 0.13 0.08 0.08 

Final VWC Top 5 cm 0.31 0.25 0.30 
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Table 2.7: Continued 

 Bottom 5 cm 0.30 0.24 0.27 

∆VWC Top 5 cm 0.19 0.20 0.25 

 Bottom 5 cm 0.17 0.16 0.19 

 

Figure 2.10 – Cumulative outflow volumes collected from precipitation gauge during rainfall 
simulation experiments, where blue indicates unburned controls, yellow indicates low-burned 

soils and red indicates high-burned soils. 
  

2.5.6 Applicability of Results to Field Burning 
Because of the difficulty in measuring properties in field settings before wildfires, which 

are generally unexpected, there is a need for controlled laboratory measurements to resolve the 

effects of wildfire on soil-hydraulic functions (Ebel and Moody, 2013).  The implications based 

on the data presented here however may not align with some field observations, due to the 

simplification of variables for laboratory purposes.  The role of vegetation in this research was 

strictly on the soil surface, whereas in the field, trees and other shrubs play an important part in 

evaluating post-burned areas since vegetation can help distinguish fire severity.  When trees and 

other vegetation are burned, ash accumulates on the soil surface.  The lack of trees in the laboratory 
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setting ultimately allowed this research to solely focus on the soil hydraulic property changes.  

There may have been some ash accumulation and intermixing with the soil post-wildfire 

simulations given the effects of using the heat gun, which could lead to the unexpected increases 

in TOC in low-severity burned samples. 

Mini Disk experimental data and data from rainfall simulations imply possible outcomes 

for field scenarios.  Low-severity soils saw the least infiltration of water, which could suggest a 

heightened potential for overland flow after a precipitation event.  High-severity burned soils 

allowed the most water to infiltrate based on Mini Disk experiments, and the lowest soil-water 

storage capacity based on rainfall simulations.  These results may imply that during a post-fire 

precipitation event, interflow may dominate as water would be able to infiltrate easily, but it would 

not be stored effectively.  Erosion potential based on slope and higher rainfall intensities would 

also be important factors for these implications, however these variables were also removed from 

the laboratory experiments conducted for this research.  Furthermore, we generally expect to see 

a decrease in baseflow in post-wildfire areas due to increased runoff (Moody and Martin, 2001; 

Jung et al., 2009) , however some research have seen increases in baseflow (Kinoshita and Hogue, 

2015).  The data presented here may highlight one hypothesis to explain the increases in infiltration 

in high-severity burned soils: the creation of macro-pores within the soil.  Upon burning at high 

temperatures, roots and other organic materials are destroyed, possibly leaving voids in the soil 

that could be responsible for the increased infiltration and decreased soil-water storage seen in the 

high-severity burned soils here. 

 

2.6 Conclusions 
Intact soil cores were collected for laboratory experiments on the impacts of wildfire on 

soil hydraulic properties.  Because sieved soils used in previous laboratory experiments do not 

preserve in-situ field conditions such as soil structure and preferential flow paths, intact soil cores 

were used. Wildfire simulation was accomplished using a Wagner heat gun, which burned the soil 

surface to different levels of fire severity.  The burning resulted in changes in organic matter, ��, 

water repellency, and water storage potential.   

Physical soil properties, including �� and TOC, helped give insight into the changes soil 

cores undergo during burning.  The ��  did not change significantly with changing fire severity, 

but it did change significantly with depth in all cores. High-severity burned soils became 
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homogenized across all depths, suggesting the collapse of soil structure and subsequent decrease 

in soil water retention capacity.  Organic matter loss from LOI changed significantly with fire 

severity, and was responsible for soil hydraulic property changes such as decreasing soil-water 

retention as seen during rainfall simulations. 

Low-severity burned soils had some organic materials remaining on the soil surface, 

whereas all organics were burned off the surface of high-severity burned soils.  This loss in 

surficial organics resulted in a loss of water storage as was seen in rainfall simulation experimental 

results for both low- and high-severity burned soils.  The timing of initial volumetric water content 

breakthrough in burned soils was faster than unburned soils due to the lack of the surficial organic 

“buffer” layer.  Furthermore, loss of organics was responsible for a decrease in water repellency 

in high-severity burned soils.  When soils were burned at low-severity, hydrophobic substances 

likely condensed around soil grains after burning, increasing soil water repellency.  Infiltration 

increased in high-severity burned soils due to the destruction of soil water repellency that occurs 

in highly burned soils and three-dimensional lateral spreading of infiltrating water.  This spreading 

implies the translocation of repellency to depth in the high-severity burned soils, facilitating lateral 

spreading.  Low-severity burned soils contained more water repellent soil characteristics at the 

surface, inhibiting the spreading of water. 

This research provides significant insight into how soil hydraulic properties change, both 

with depth and fire severity.  Watershed responses such as runoff and erosion are dependent on 

the severity of the fire. Rainfall simulations showed vulnerability to raindrop impact increased 

with fire severity, suggesting erosion and debris flow risks could increase with high-severity fires.  

Laboratory-based experiments, such as the work performed here, could increase the predictive 

capabilities of forecasting post-wildfire models.  Quantifying changes in soil hydraulic properties 

in soils with changes in fire severity can help identify potential areas of concern, as fire-induced 

changes affect infiltration, runoff, and erosion potential.  With the increasing occurrence of 

wildfires and particularly the increasing number of high-severity fires, these data provide a look 

at improving prediction of watershed-scale runoff and erosion responses. 
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CHAPTER 3 

FUTURE WORK 

 

3.1 Wildfire Simulations 

 In this study we simulated the heat induced from wildfires using a heat gun, measuring 

temperatures on the surface with a laser thermometer, as well as at 1-2 cm depth with a Type K 

thermocouple.  Expanding on this work, inserting multiple Type K thermocouples at various 

depths within the soil core would record temperature changes with depth.  This would estimate the 

downward heat propagation from the heat gun, allowing us to see how deep temperatures increase 

with changes in fire severity.  A better understanding of how temperatures change with depth 

during wildfire simulation could help approximate the location of the hydrophobic layer that is 

created from wildfires (DeBano 1981).  This work would correlate possible changes in infiltration 

to depths of heat propagation, linking to the work proposed in section 3.2. 

3.2 Mini Disk Infiltrometer 

 Mini Disk Infiltrometer experiments could be performed at various depths by removing 2 

cm of soil from the surface, then removing 3 cm of soil, 4 cm of soil, etc.  Observing possible 

changes in infiltration at different depths could potentially reveal the location of the discrete layer 

of water repellency that is typically found parallel to the mineral soil surface after burning (DeBano 

2000b).  Infiltration would theoretically decrease at a certain depth, where the effects of burning 

have induced hydrophobicity.  This research would ultimately aim to quantify the depth of the 

hydrophobic (water repellent) layer in undisturbed soils burned to different levels of fire severity. 

3.3 Rainfall Simulations 

Soil surface sealing and water repellency are two of the primary physical explanations to 

lower infiltration rates in fire-affected soils (Larsen et al. 2009; Moody and Ebel 2014).  In this 

research, we used rainfall simulations to quantify volumetric water content breakthroughs in soils 

burned to different levels of fire severity, as well as estimate the soil-water storage of burned soils.  

To further explore how raindrop impact and soil surface sealing affects infiltration processes, soil 

cores that were used in rainfall simulations could be used in Mini Disk Infiltrometer experiments 

following the simulated rainfall events.  Furthermore, a GoPro camera could be set up pointed at 
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the surface of the soil core in the rainfall simulator to observe raindrop impact on the soil surface.  

This would help predict erosional effects of soils burned to different levels of fire severity. 

Preferential flow variations in soils burned to different levels of fire severity could also be 

studied using the rainfall simulator.  Blue dye and a GoPro camera set up within the rainfall 

simulator could potentially show preferential flow patterns within the soil by pointing the camera 

towards the bottom of the soil surface, revealing potential blue dye patterns.  The rainfall simulator 

could also be used to collect runoff by tilting the soil core at a specified angle and cutting a weir 

out of the side of the PVC.  Runoff measurements could be used to calculate infiltration, but 

knowing the intensity of rainfall and the fraction of water that subsequently turns to runoff. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



36 
 

REFERENCES CITED 
 

Assouline S (2006) Modeling the relationship between soil bulk density and the water retention 
curve. Vadose Zone Journal 5, 554–563. 

Badía D, Martí C (2003a) Plant Ash and Heat Intensity Effects on Chemical and Physical 
Properties of Two Contrasting Soils. Arid L. Res. Manag. 17, 23–41. 
doi:10.1080/15324980301595. 

Badía D, Martí C (2003b) Effect of Simulated Fire on Organic Matter and Selected 
Microbiological Properties of Two Contrasting Soils. Arid L. Res. Manag. 17, 55–69. 
doi:10.1080/15324980301594. 

Bodí MB, Doerr SH, Cerdà A, Mataix-Solera J (2012) Hydrological effects of a layer of vegetation 
ash on underlying wettable and water repellent soil. Geoderma 191, 14–23. 
doi:10.1016/j.geoderma.2012.01.006. 

Certini G (2005) Effects of fire on properties of forest soils: A review. Oecologia 143, 1–10. 
doi:10.1007/s00442-004-1788-8. 

D7263-09 A (2009) Standard Test Methods for Laboratory Determination of Density (Unit 
Weight) of Soil Specimens. ASTM Int. http://compass.astm.org/download/D7263.17262.pdf. 

Das DK, Das B (1976) Water Repellency in Soils. 480–490. 

DeBano LF (1981) Water repellent soils: a state-of-the-art. General Technical Report PSW-GTR-
46 21. 

Debano LF (2000a) The role of fire and soil heating on water repellency in wildland environments: 
A review. Journal of Hydrology 231-232, 195–206. doi:10.1016/S0022-1694(00)00194-3. 

Debano LF (2000b) Water repellency in soils: A historical overview. Journal of Hydrology 231-
232, 4–32. doi:10.1016/S0022-1694(00)00180-3. 

Decagon Devices I (2014) Mini Disk Infiltrometer Model S Manual. 

District UD and FC (2008) Urban Storm Drainage. 1, 2008–2008. 

Doerr SH, Blake WH, Shakesby R a., Stagnitti F, Vuurens SH, Humphreys GS, Wallbrink P (2004) 
Heating effects on water repellency in Australian eucalypt forest soils and their value in 
estimating wildfire soil temperatures. International Journal of Wildland Fire 13, 157–163. 
doi:10.1071/WF03051. 



37 
 

Doerr SH, Douglas P, Evans RC, Morley CP, Mullinger NJ, Bryant R, Shakesby R a. (2005) 
Effects of heating and post-heating equilibration times on soil water repellency. Australian 
Journal of Soil Research 43, 261–267. doi:10.1071/SR04092. 

Ebel B a. (2012) Wildfire impacts on soil-water retention in the Colorado Front Range, United 
States. Water Resources Research 48, 1–12. doi:10.1029/2012WR012362. 

Ebel B a., Moody J a. (2013) Rethinking infiltration in wildfire-affected soils. Hydrological 
Processes 27, 1510–1514. doi:10.1002/hyp.9696. 

Fernández I, Cabaneiro  a, Carballas T (1997) Organic matter changes immediately after a wildfire 
in an Atlantic forest soils and comparison with laboratory soil heating. Soil Biology and 
Biochemistry 29, 1–11. doi:10.1016/S0038-0717(96)00289-1 

Forgeard F, Frenot Y (1996) Effects of burning on heathland soil chemical properties: An 
experimental study on the effect of heating and ash deposits. Journal of Applied Ecology 33, 
803–811. 

Glass D, Johnson D, Blank R, Miller W (2008) Factors affecting mineral nitrogen transformations 
by soil heating: A laboratory-simulated fire study. Soil Science 173, 387–400. 
doi:10.1097/SS.0b013e318178e6dd. 

Hatten J a., Zabowski D (2010) Fire severity effects on soil organic matter from a ponderosa pine 
forest: A laboratory study. International Journal of Wildland Fire 19, 613–623. 
doi:10.1071/WF08048. 

Hausenbuiller RL (1972) ‘Soil Science: Priciples and Practices.’ (McGraw-Hill Higher Education) 

Heiri O, Lotter AF, Lemcke G (2001) Loss on ignition as a method for estimating organic and 
carbonate content in sediments: Reproducibility and comparability of results. Journal of 
Paleolimnology 25, 101–110. doi:10.1023/A:1008119611481. 

Imeson AC, Verstraten JM, van Mulligen EJ, Sevink J (1992) The effects of fire and water 
repellency on infiltration and runoff under Mediterranean type forest. Catena 19, 345–361. 
doi:10.1016/0341-8162(92)90008-Y. 

Jung, Helen Y, Hogue, Terri, Rademacher, Laura K, Meixner, Tom (2009) Impact of wildfire on 
source water contributions in Devil Creek, CA: evidence from end-member mixing analysis. 
Hyrological Processes 23, 183-200. doi: 10.1002/hyp.7132. 

Keeley JE (2009) Fire intensity, fire severity and burn severity: A brief review and suggested 
usage. International Journal of Wildland Fire. doi:10.1071/WF07049. 



38 
 

Ketterings Q, Bigham J (2000) Soil Colour as an Indicator of Slash-and-Burn Fire Severity and 
Soil Fertility in Sumatra, Indonesia. Soil Science Society of America Journal 64, 7. 

Kinoshita AM, Hogue TS (2015) Increased dry season water yield in burned watersheds in 
Southern California. Environmental Research Letters 10, 014003. doi:10.1088/1748-
9326/10/1/014003. 

Krammes JS, Debano LF (1965) Soil wettability: A neglected factor in watershed management. 
Water Resources Research 1, 283. doi:10.1029/WR001i002p00283. 

Larsen IJ, MacDonald LH, Brown E, Rough D, Welsh MJ, Pietraszek JH, Libohova Z, de Dios 
Benavides-Solorio J, Schaffrath K (2009) Causes of Post-Fire Runoff and Erosion: Water 
Repellency, Cover, or Soil Sealing? Soil Science Society of America Journal 73, 1393. 
doi:10.2136/sssaj2007.0432. 

Letey J, Carrillo MLK, Pang XP (2000) Approaches to characterize the degree of water repellency. 
Journal of Hydrology 231-232, 61–65. doi:10.1016/S0022-1694(00)00183-9. 

Letey J, Osborn J, Pelishek RE (1962) Measurement of Liquid-Solid Contact Angles in Soil and 
Sand. Soil Science 93, 149–153. 

Lichner L, Hallett PD, Feeney D, Dugova O, Sir M, Tesar M (2007) Field measurement of soil 
water repellency and its impact on water flow under different vegetation. 537–541. 
file:///Z:/adit/Downloads/s11756-007-0106-4.pdf. 

Llovet J, Josa R, Vallejo VR (2008) Thermal shock and rain effects on soil surface characteristics: 
A laboratory approach. Catena 74, 227–234. doi:10.1016/j.catena.2008.03.017. 

Moody JA, Ebel BA (2014) Infiltration and runoff generation processes in fire-affected soils. 
Hydrological Processes 28, 3432–3453. doi:10.1002/hyp.9857. 

Moody JA, Ebel BA, Nyman P, Martin DA, Stoof C, McKinley R (2015) Relations Between Soil 
Hydraulic Properties and Burn Severity. International Journal of Wildland Fire, Available 
Online 2015. 

Moody J a., Kinner D a., Úbeda X (2009) Linking hydraulic properties of fire-affected soils to 
infiltration and water repellency. Journal of Hydrology 379, 291–303. 
doi:10.1016/j.jhydrol.2009.10.015. 

Moody, JA, Martin, Deborah A (2001) Post-fire, rainfall intensity-peak discharge relations for 
three mountainous watersheds in western USA. Hydrological Processes 15, 2981-2993. doi: 
10.1002/hyp.386. 



39 
 

Munsell Color (1994) Munsell Soil Color Charts. 
http://books.google.com.br/books?id=OosHfAEACAAJ&dq=intitle:Munsell+soil+Color+C
harts&hl=&cd=5&source=gbs_api\npapers2://publication/uuid/22CD2EEC-75CC-4A81-
A0D5-5554C70AA636. 

Parra A, Ramírez D a., Resco V, Velasco Á, Moreno JM (2012) Modifying rainfall patterns in a 
Mediterranean shrubland: System design, plant responses, and experimental burning. 
International Journal of Biometeorology 56, 1033–1043. doi:10.1007/s00484-011-0517-3. 

Parsons  a, Robichaud PR, Lewis S a, Napper C, Clark J, Jain TB (2010) Field guide for mapping 
post-fire soil burn severity. Water 49. 

Reynolds WD, Zebchuk WD (1996) Use of contact material in tension infiltrometer 
measurements. Soil Tech 9, 141–159. 

Ritsema CJ, Dekker LW (1994) How water moves in a water repellent sandy soil: 2. Dynamics of 
fingered flow. Water Resources Research 30, 2519. doi:10.1029/94WR00750. 

Robichaud PR, Hungerford RD (2000) Water repellency by laboratory burning of four northern 
Rocky Mountain forest soils. Journal of Hydrology 231-232, 207–219. doi:10.1016/S0022-
1694(00)00195-5. 

Schumacher B a (2002) Methods for the Determination of Total Organic Carbon in Soils and 
Sediments. Carbon 32, 25. 

Stoof CR, Wesseling JG, Ritsema CJ (2010) Effects of fire and ash on soil water retention. 
Geoderma 159, 276–285. doi:10.1016/j.geoderma.2010.08.002. 

Westerling  a. L, Hidalgo HG, Cayan DR, Swetnam TW (2006) Warming and earlier spring 
increase western U.S. forest wildfire activity. Science 313, 940–3. 
doi:10.1126/science.1128834. 

Xue L, Li Q, Chen H (2014) Effects of a Wildfire on Selected Physical, Chemical and Biochemical 
Soil Properties in a Pinus massoniana Forest in South China. Forests 5, 2947–2966. 
doi:10.3390/f5122947. 

Zavala LM, Celis RDE (2014) How Wildfires Affect Soil Properties . a Brief Review. 40, 311–
331. 

 
 

 



40 
 

APPENDIX A – SOIL CORE COLLECTION 
 

 Soil cores were collected in the field using PVC pipe that was 10 cm in height and 20 cm 

in width.  PVC sections were hammered into the ground using a rubber mallet.  Once the PVC was 

flush with the ground surface, a hole was dug adjacent to the soil core using a shovel.  The hole 

was dug large enough to fit a flat piece of metal (30.5 cm in width) beneath the soil core to cut it 

flat on the underside.  The metal was bent in half to push it underneath the soil core.  Once the soil 

core was sitting atop the metal, the soil was secured with plastic (and cheesecloth on the underside) 

and then clamped down with hose clamps.  Samples were transported back to the laboratory in 

coolers and then stored in the freezer for preservation.  The photo gallery below is from two trips 

of soil core collections in the field at the same location (40.011976, -105.462776) within the 

Boulder Creek Critical Zone Observatory. 

 

 

 

 

 

 

 

 

 

Figure A.1: Soil core PVC sections before and after hammering into the ground. 
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Figure A.2: Sequence of events for soil core collection: (1) PVC hammered into ground, flush 
with surface, (2) digging hole to allow room for sheet metal, (3) soil core ready to be removed, 

(4) sliding sheet metal underneath soil core to get a clean cut on the underside, (5) wrapping soil 
core for preservation. 
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APPENDIX B – SUB-SAMPLING METHOD FOR MEASUREMENT OF 

PHYSICAL SOIL PROPERTIES 

 

 Extrusion methods for soil sub-cores were created for sub-sampling of soil cores for bulk 

density and total organic carbon (TOC) measurements.  The methods are listed below: 

1. Take soil sub-core by first hammering in metal sub-core (Figure B.1) into larger soil core.  

Once metal sub-core is hammered all the way, place plastic cover on top of sub-core and 

then secure plastic wrap over entire top of larger soil core.  Carefully flip soil core upside 

down.  Remove bottom plastic wrap from large soil core, and then place plastic cover on 

bottom of sub-core.  Gently pull sub-core (Figure B.2) out of larger soil core by wiggling 

from side to side. 

 

Figure B.1: Metal sub-core device, measuring 5 cm in diameter and 10 cm in height. 

 

Figure B.2: Representative soil sub-core with unburned soil. 
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2. Remove bottom cover of soil sub-core.  Place the sub-core on top of extruder and hold 

around extruder holding near the bottom of the sub-core.  Remove top cover of sub-core.   

3. Place an additional empty metal sub-core on top of sub-core that is being extruded, to hold 

soil as sub-core is sliding down extruder.  The extruder has marked locations for specified 

depths at which soil samples are taken.  Slide sub-core down extruder to the first desired 

sample depth. 

4. As the sub-core is pushed down the extruder, soil enters into the empty sub-core above.  A 

thin metal spatula can be used to slide between the two sub-core sleeves (Figure B.3), and 

then the sub-sampled soil can be placed into a soil moisture tin. 

 

 

Figure B.3: Soil sub-core after first sub-sample has been placed into a soil moisture tin.  The flat 
soil surface was created from the thin metal spatula. 
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APPENDIX C – MINI DISK INFILTRATI ON 
 

 Mini Disk Infiltrometer experiments were performed on unburned, low- and high-severity 

burned soil cores.  Cumulative infiltration plots for each are shown below.  Three replicates were 

used, shown in solid, dashed, and dotted lines.  Different soil cores were used for each replicate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1:  Mini Disk Infiltrometer (MDI) experiments for unburned, low severity burned, and 
high severity burned soil samples.  Three replicates were performed for the control (unburned) 

and each fire severity. 
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Table C.1: Measured values of ethanol sorptivity (Se ) and water repellency index (R) using the 
Mini Disk Infiltrometer.  Multiple measurements were taken for analysis of variability. 

 Unburned Low Severity High Severity 

Se 0.039 ; 0.033 0.048 ; 0.028 0.192 ; 0.085 

R 5.43 ; 4.60 23.4 ; 13.7 4.45 ; 2.91 
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APPENDIX D – GRAIN SIZE DISTRIBUTIONS 
 

 

 

 

 

 

 

 

 

 

 

 

Standard grain size analyses protocol were followed for determining grain size 

distributions in the laboratory (Harmon et al., 2014).  Samples were oven heated and subject to 

hydrogen peroxide prior to sieving for complete elimination of organic material.  This allowed for 

analyses of only the grains themselves.  The grain size distribution plot for an unburned soil core 

illustrates the highest percent of material was retained in Sieve #35, which corresponds to a grain 

size diameter of 0.5 mm.  There were a larger amount of fines remaining in the silt pan than found 

remaining in Sieves #230 and #5.  The low percentage of material remaining in Sieve #5 relates to 

the low abundance of coarse-grained material greater than 4 mm in diameter for this particular 

unburned sample.  There was however variability to this analysis, as some pebbles were found in 

other sample cores. 

 

 

 

 

 

Sieve 
Number 

Diameter 
(mm) 

5 4 

10 2 

35 0.5 

60 0.25 

120 0.13 

230 0.06 

Silt Pan 0.002 

Figure D.1: Grain Size analysis of unburned soil core. 
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APPENDIX E – RAINFALL SIMULATION 

 

 Volumetric water content (VWC) was measured during the length of rainfall simulations.  

Averages VWCs for upper and lower soil moisture sensors are plotted showing unburned, low- 

and high-severity burned scenarios (Figure E.1). To quantify breakthrough times of VWC from 

upper to lower soil moisture sensors, changes in slopes for each average VWC curve were plotted 

(Figure E.2).  These slopes changes allow us to accurately predict first-occurrence changes of 

VWC in the unburned and burned soils.  As seen in Figure E.2, high-severity burned soils had the 

quickest breakthrough in VWC seen in both upper and lower sensors.  Further explanation of these 

plots is found in Chapter 2, section 2.5.5. 

 

 

Figure E.1:  Average volumetric water content plots during rainfall simulations. 
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       (a) 

 

       (b) 

Figure E.2: Changes in slope of VWC over time for (a) top soil moisture sensor and (b) 
bottom soil moisture sensor. 
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APPENDIX F – PHOTO GALLERY 
 

 

Figure F.1: Sub-sectioned soils ready to be placed into drying oven for bulk density test. 

 

 

Figure F.2: High severity burned soil subsection within the large PVC core.  Picture shows 
material loss at soil surface that was taken into account during mass loss measurements of bulk 

density and TOC. 
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Figure F.3: Sub-sectioning of high severity burned soil shows the presence of organics remain 
with depth similar to unburned soil. 

 

 

Figure F.4: Water drop penetration time (WDPT) test on low severity burned soil.  Notice the 
beading of water due to water repellency. 
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Figure F.5: Low severity burned soils infiltrated a minimal amount of water (left) compared to 
high severity burned soils (right).  Lateral three-dimensional spreading occurred in proximity to 

the soil surface in high severity burned soils. 
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APPENDIX G – HYDRUS 3D MODELING 
 

 The four properties we are concerned with in this research were: 1) soil-water retention 

characteristics based on �� and TOC, 2) soil moisture 3) water repellency, and 4) hydraulic 

conductivity.  HYDRUS 3D simulates the movement of water in variably saturated media, and 

was used to simulate experimental rainfall simulations.  The intent was to inversely estimate 

properties, such as hydraulic conductivity, that were not able to be estimated during rainfall 

simulations. Soil moisture conditions established for the model were based on initial soil 

volumetric water contents seen prior to rainfall simulations.  HYDRUS modeling, however, does 

not account for water repellency, so this property was not used in the model—models differed only 

in their assume hydraulic conductivities.  For simplicity purposes, only unburned and burned 

scenarios were analyzed as opposed to distinguishing fire severity levels.  The model set up 

consisted of creating a cylindrical soil core with observation nodes along one side of the core.  The 

first boundary condition that was used was a constant flux of 2 cm/hr for the top of the soil core to 

represent the precipitation events achieved during rainfall simulations.  A no-flux boundary was 

used on the sides of the soil core, and a free drainage boundary on the bottom of the core.  The 

amount of drainage that would leave the soil core bottom could also be compared to the cumulative 

outflow volumes measured using the precipitation gauge during rainfall simulations.  Initial water 

content conditions varied depending on the scenario being tested (unburned or burned).  The 

unburned scenario consisted of a sandy loam soil overlain by a loam (Figure G.1).  The loam was 

intended to represent the rich organic layer comprised of litter and duff that is present on the soil 

cores collected from the BCZO.  Initial water content for the unburned scenario was 17%.  The 

burned scenario consisted of a sandy loam soil (Figure G.1) with a low initial water content of 

3.5%.  Hydraulic conductivity values for the loam and sandy loam soils were 1.04 cm/hr and 4.42 

cm/hr, respectively.  Observation nodes at similar locations to soil moisture sensors were used to 

compare modeled versus observed volumetric water content values over time.   
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Unburned        Burned 

Figure G.1: HYDRUS 3D model set ups for unburned and burned soil scenarios. 

 

 Simulation results for volumetric water content (VWC) over time were compared to 

observed results obtained from rainfall simulations.  Unburned soils were used to compare to 

unburned simulations, and low-severity burned soils were used to compare to the burned 

simulations.  The simulated HYDRUS model recorded VWC over time for multiple nodes, but for 

comparison purposes, the third node from the soil surface was used to compare to the upper VWC 

sensor installed in the soil core, due to its similar depth within the soil.  Figures G.1 and G.2 plot 

unburned and burned VWC over time, respectively.  As seen in Figure G.1, the modeled curve 

overestimates VWC until approximately 300 seconds, when the observed data increases surpassing 

the model.  This is not the case however in the burned scenario, where the model underestimates 

VWC until approximately 150 seconds, and then surpasses the observed data.  The burned scenario 

model is potentially overestimating VWC due to the absence of water repellency in the model. 
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Figure G.2: Unburned simulation comparison of results from HYDRUS 3D (modeled) and 
rainfall simulation (observed). 

 

Figure G.3: Burned simulation comparison of results from HYDRUS 3D (modeled) and rainfall 
simulation (observed). 
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APPENDIX H – RAINFALL SIMULATOR MANUAL 
 

This manual was written my Audra Agajanian, an undergraduate in the Geology & 

Geological Engineering Department at the Colorado School of Mines, in the Spring of 2014.  It 

outlines how to build and use the rainfall simulator used in this project.  

 

Parts Inventory 

Pressure Gauge: 
 Gauge displays the pressure of the water on the screen. 

 Range: 0-15psi 
 Max pressure: 30psi 

 Dwyer Instruments, Inc. MDL DPGW-05  
Spec. Sheet: 

http://www.dwyer-inst.com/PDF_files/DPGA-DPGW_iom.pdf 
 

Pressure Regulator: 
 Regulates the pressure of the water between 0 and 15 psi. 
 Max Inlet Pressure: 250 psig 
 Dwyer Instruments, Inc. MDL MPR 2-1 

Spec. Sheet: 

http://www.controlair.com/Joomla_1/downloads/Dwyer%20MPR2%20_860%20instr.pdf 
 
Small Parts: 

 3 Lechler Nozzles: Enpro, Inc. www.enproinc.com 303-740-6784  

 Nozzle 460608.17.BC is a 180 degree full cone nozzle that allows for intensity around 96 
mm/h at a pressure of approximately 5psi. 

 Nozzle 422488.30.BC is a 90 degree full cone nozzle that allows for intensity around 48 
mm/h at a pressure of approximately 10psi. 

 Nozzle 460368.30.BA is a 180 degree hollow cone nozzle that does not suit itself well to 
the sample. It may be more useful on large plots.  

            

http://www.enproinc.com/
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FROM LOWES: 
 ADAPTER: MODEL # SF0045X BRASSCRAFT 15/16-IN X 27 

THREAD X ¾-IN. 
 MALE HOSE THREAD CHROME: ATTACHES TO THE 

DIRECTLY TO THE FAUCET TO ALLOW FOR A GARDEN 
HOSE FITTING.  

 
 

FROM HOME DEPOT: 

 Tubing : Watts 3/8 in. O.D. x 1/4 in. I.D. x 20 ft. PVC Tubing  
  Coupling: Model # LF A117 Watts 3/8 in. x 3/8”: Allows PVC tubing to 

attach to the metal garden hose fitting on the faucet.  
                                        Bushing: Model # LF A738 Watts ¼ in. x 1/8 in. MIP x FIP: Allows 

Nozzle 460368.0BA to attach to the ¼ in coupling that attaches to the 
PVC tubing 

  Elbow: Model # PL-3029 Watts 3/8 in. 90 deg OD xMPT: Allows 
nozzle 460368.0BA and 460608.17BC to point downward onto the 
sample. 

  Coupling: Model # LF A765 Watts 3/8in. x ¼ in. FPT x FPT: Allows 
nozzle 460368.0BA and 460608.17BC to attach to the elbow.  

 
 Dishwasher Adapter: Model # A158A Watts 3/8in x ¾ in.: Attaches 

PVC tubing to the faucet.  
 

 Adapter: Model # PL-3025 Watts Quick Connect 3/8in. x  ¼ in. C x 
MIP: Attaches the 3/8 inch PVC tubing to the ¼ inch regulator.  

 
 Straight Valve: Model # PL-3041 Watts 3/8 in. OD Quick Connect: 

Attaches directly to the tubing in order to shut water off to the sample 
if necessary.  

 

 Tee: Model # PL-3023 Watts 3/8 in. OD Quick Connect: 
Attaches directly to the PVC tubing and allows a tee for the pressure 
gauge to attach.  
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 Adapter: Model # PL-3065 Watts 3/8in.x1/4 in.: Attaches to the 3/8 in 
tubing and allows for connection of the ¼ in pressure gauge.  

 

 

Frame Parts: 
 PVC Tee: Model # 401-015HC Mueller 1-1/2in SlipxSlipxSlip 

           Quantity: 2  
 

 PVC Pipe: Model # 1727 JM eagle 1-1/2 in.  
 Lengths and quantities: 3.5ft x 8,   3ft x 4,   2ft x 5, 3ft x 2 
 
 
From FlexPVC 
www.flexpvc.com   1-888-PVC-FLEX 
 

 Model 413-015 1.5 in. side outlet 90s  
  Quantity: 4  
 

 Model 426-015FLO 1.5 in. 4 way  
Quantity: 2 

 
 
 
 
From Target: 

 Sterilite® ClearView Latch™ 60 Qt./15 Gal. Storage Bin - Purple 
 Collects water under the sample.  

 Horizontal Tie and Belt Hanger - Chrome/White 
 Allows for regulator and pressure gauge to set on the frame.  
 
 
 
 
From CSM Hydrology Lab 

 Chicken Wire Mesh 
 Attaches nozzles to the top of simulator in any location desired.  
 

Assembly 
1. Frame:  

 The 1.5” PVC tubes are numbered to correspond with the connector they fit into. Match 
the number on the tube to the number on the connector. After connecting all of the pieces 
the frame should stand over 7 feet high.  

http://www.flexpvc.com/
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2. Connect tubing to sink: 

 Connect Adapter Model # SF0045X to the sink itself.  

 Attach Dishwasher Adapter Model # A158A.  
 Attach Coupling Model # LF A117 to that adapter.  
 Attach 3/8” OD tubing.  

  
 
 

3. Connecting regulator, pressure gauge and valve:  

 Starting with the 3/8” OD tubing fed from the sink connection in step 2 (or 3/8” OD 
tubing from another source) attach 3/8” to ¼” Adapter Model PL 3025.  

 Attach that adapter to the Pressure Regulator.  
 Attach another 3/8” to ¼” Adapter Model PL 3025. 
 Attach more 3/8” OD tubing (length depends on specific 

needs) to adapter.  
 Attach 3/8” Tee connector Model # PL-3023 to tubing. 

 Attach very short 3/8” OD tubing to upper portion of tee 
connector.  

 Attach 3/8” to ¼” adapter Model # PL-3065 to tubing. 

 Attach the Pressure Gauge to adapter.  
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 Attach 3/8” OD Tubing (length depends on specific needs) 
to right (or remaining) side of tee connector. 

 Attach Valve Model # PL-3041 to 3/8” OD tubing.  
 Attach 3/8” OD Tubing (long enough to make it to the top 

of the simulator) to valve.  

 Wire hanger was attached to PVC frame firmly with zip 
ties. This is optional but allows a rack to place the Pressure 
Gauge and Regulator for easy viewing and access.  
 
 
 

 
4. Connecting the nozzles: 

 
Nozzle 460368.0BA 1/8” OD –  

 Attach Elbow Model PL 3029 to 3/8” OD tubing. 
 Attach Coupling Model LF A765 to elbow.  
 Attach Bushing Model LF A738 to coupling.  
 Attach Nozzle 460368.0BA. 

 

Nozzle 460608.17BC ¼” OD –  
 Attach Elbow Model PL 3029 to 3/8” OD tubing. 
 Attach Coupling Model LF A765 to elbow. 

 Attach Nozzle 460608.17BC. 
 

Nozzle 422488.30BC ¼” OD-  
 Attach Adapter Model PL 3062 to 3/8” OD tubing.  
 Attach Nozzle 422488.30BC.  

 
 
 

 

5. Plastic Sheeting:  

 The plastic sheeting is attached with Velcro in desired locations to protect surrounding 
area. Extra plastic sheeting and Velcro has been set aside for the simulator.  

 
6. Gauge Rack: 

 The metal gauge rack is attached firmly to desired tube with zip ties. Extra zip ties have 
been set aside for the simulator.  

7. Top Mesh: 
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 The top mesh is attached with zip ties to the top of the simulator; this creates a grid so that 
the nozzles can be moved to various positions above the sample.  The distribution is very 
even such that location of the nozzle does not appear to be of any consequence. 

 

 

 

Design Reasoning 
 

Goals: 
1. Simulation of near natural rainfall 
2. Simple Operation/Assembly 
3. Mobility  
4. For use in a lab setting 

 
1. Simulation of near natural rainfall: 

Terminal Velocity: The drops should reach terminal velocity by the time it hits the sample. 
In order to achieve this, the nozzle is elevated 2m above the sample [1].  

           
Uniform distribution: Natural rainfall has a uniform distribution across the sample. This 
was not a very large issue for our simulator because we are only working with one nozzle 
over a small space. Data taken on this are shown in Appendix A [Table 1 and Image 1].  
           
Drop Diameters: Drop diameters were a principal 
part of many of the studies that were found on 
similar simulators. [5, 4] The drop diameters 
should be as near natural as possible and the 
frequency of very large drops (>2mm) should be 
only around 30% of the sample for proper impact 
with the remaining drops ranging from 0.25 to 
1.5mm. [5]  
 
In experimentation using STP oil in a dish (see image right), produced 0.3mm to 2mm 
droplet sizes with Nozzle 60608.17 BC 00A, at a pressure of approx. 5psi, at a 2.1 meter 
vertical distance from nozzle to sample. Using Nozzle 422488.3 at a pressure of approx. 
10psi, at a 2.1 vertical distance from nozzle to sample we also produced 0.3mm to 2mm 
droplet sizes.  

 
Intensity:  Data taken in the Buffalo and Spring Creek area on the front range of Colorado 
shows 30mm/h, 50mm/h and 90mm/h intensities [7]. 

              This simulator presents two intensities near this range.  
  

1) 96mm/h with Nozzle 60608.17BC OOA, at approximately 5psi 
2) 48mm/h with Nozzle 422488.30BC OOO, at approximately 10psi 



61 
 

 [See Table 1, Appendix A for further details] 
                       

Nozzle Choice: Nozzle 60608.17 was chosen based on careful review of a few studies and 
their reports on the rainfall intensities achieved [2,5].  The nozzle was listed as achieving 
an intensity of 85mm/h under a pressure of 33kPa (approx. 4.8 psi), [2] and an intensity of 
40 mm/h under pressure of 0.25 bar (approx. 3.6 psi.)[5] in similar style simulators. This 
range of intensities and pressures are completely achievable in a laboratory setting.  
 
Nozzle 422488.30 was chosen based on the specifications of Lechler nozzles [6]. This 
nozzle achieves about half the intensity of the 60608.17. 
 
Using these two nozzles allows us to achieve the above distinct intensities. The intensity 
data from the studies and the manual was confirmed through testing [Appendix A]. 

 
2. Simple Operation/Assembly 

Frame: For the purpose of simple assembly, a PVC frame was used with slip – slip 
connectors. 
 
Quick Connect Fittings: Quick Connect fittings were used to connect the vinyl tubing. This 
allows for simple assembly and readjustment of the tubing length and connections. It also 
allows the tubes to be disconnected and reconnected without tools.  
                   

3. Mobility 
This simulator was designed with the intention of easy transportation to and from labs 
within Colorado School of Mines. The PVC is easily disassembled to allow access through 
doorways, elevators, and stairwells. Wood and metal was avoided to allow the simulator 
to remain light weight so it can be carried easily between labs.  
 

4. For Use in Laboratory Setting 
 This simulator was not designed for a large plot in the field, but for a small sample in the 
lab. The simulator can be attached to a typical laboratory faucet and/or a bucket and pump 
system if needed. The collection tub collects the water and avoids the necessity of a floor 
drain.  
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Rainfall Simulator Manual Appendix A  
 
Table 1: Tested at 2.1 meters vertical distance from nozzle to sample, where beakers were placed 

according to Image 1, below. 
4/17/2014 2:26 PM    

Nozzle 
60608.17 approx 5psi duration 10 min approx 10 psi duration 5 min 
 Beaker 1 16 mm Beaker 1 8 mm 
 Beaker 2 16 mm Beaker 2 8 mm 
 Beaker 3 15 mm Beaker 3 7 mm 
 Beaker 4 15 mm Beaker 4 8 mm 
 Beaker 5 20 mm Beaker 5 9 mm 

  Avg intensity 96 mm/h  
Avg intensity 96 
mm/h 

Nozzle 
422488.3 approx 10 psi duration 10 min approx 15psi duration 10 min 
 Beaker 1 8 mm Beaker 1 8 mm 
 Beaker 2 8 mm Beaker 2 7 mm 
 Beaker 3 8mm Beaker 3  5 mm 
 Beaker 4 8 mm Beaker 4 8 mm 
 Beaker 5 8 mm Beaker 5 8 mm  

  Avg intensity 48 mm/h  
Avg intensity 48 
mm/h 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Image 1: Locations of beakers within rainfall simulator. 
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APPENDIX I – PARAMETRIC STATISTICAL DATA ANALYSIS 
 

Inference testing was used by formulating null hypotheses for analysis of select soil-

property data.  These data should be analyzed with non-parametric methods due to the small 

sample sizes that are non-Gaussian.   However, here, we explore parametric methods not shown 

in the main document. Replicate data for �� and TOC were analyzed using a two-way ANOVA to 

test the effects of fire severity and depth, as well as the interactions between the two. Unsaturated 

hydraulic conductivity and cumulative outflow volume data were analyzed using one-way 

ANOVAs.  A significance level (alpha) of 0.05 was used for all statistical testing. 

Because ANOVAs compare overall differences in means between sample sets, multiple 

comparison methods were also used to understand differences among subgroups of �� and TOC 

data (i.e. unburned versus low-severity burned, unburned versus high-severity burned, and low-

severity burned versus high-severity burned).  Two-way ANOVAs examined the effects of 

increased burn severity and depth, as well as the interactions between burn severity and depth.  

The null hypotheses tested were that 1) the mean �� was equal among unburned soil samples and 

soil samples burned at different levels of fire severity, and 2) the mean �� was equal at each 

sampled depth interval.  The alternate null hypotheses were that the mean �� values were not equal 

with changes in fire severity or depth.  For �� data, the null hypothesis for fire severity was not 

rejected (p-value = 0.8336), suggesting the �� changes with fire severity are not statistically 

significant. Conversely, ��  changed significantly with depth (p-value = 0.0048).  The null 

hypothesis that the mean �� for the interaction between fire severity and depth were the same 

could not be rejected based on a p-value greater than alpha (p-value = 0.4364).  This suggests that 

there is no evidence of an interaction effect between fire severity and depth on mean ��. 

The percent weight loss data from LOI were also analyzed using a two-way ANOVA.  The 

null hypothesis that the percent weight losses upon LOI from pre-burned to post-burned soils were 

the same was rejected (p-value = 3 x 10-4).  The same applied for the null hypothesis that percent 

weight losses would be the same with depth (p-value = 4 x 10-5), as well as the interaction between 

fire severity and depth (p-value = 2 x 10-3).  These statistical results suggest that changes in mass 

loss upon LOI are independent of fire severity.  The bootstrap analysis resulted in the following 

histograms, plotting the frequency of p-values for �� and TOC data. 
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(a) 

 

(b) 

Figure I.1: Histograms showing frequency of p-values obtained from the bootstrapped 
analysis of (a) �� data, and (b) TOC data.  Subplots from left to right include: column-wise data 

(fire severity), row-wise data (depth), and the interaction between fire severity and depth. 
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A one-way ANOVA was performed to test the overall effects of fire severity on unsaturated 

hydraulic conductivity estimates.  The null hypothesis tested was that the means of the unsaturated 

hydraulic conductivity between unburned, low-severity burned, and high-severity burned soils 

were the same, and was not rejected (p-value = 0.0017).  This suggested that the means of all the 

samples are similar.   

A one-way ANOVA was also performed to test the overall effects of fire severity on 

cumulative outflow volumes obtained from rainfall simulations.  The null hypothesis was that the 

means of the cumulative outflow volume between the unburned, low- and high-severity burned 

soils were the same, which was not rejected (p-value = 0.046).    

 

 


