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CHAPTER 1 

INTRODUCTION 

Wildfire is an uncontrolled fire that can cause extensive damage, causing not only 

anthropogenic effects but environmental impacts as well. In the late 1960’s, scientists 

studying erosion and runoff processes in chaparral-covered watersheds in southern 

California discovered the presence of hydrophobic or water repellent soils after such 

watersheds were burnt by wildfires (Krammes and DeBano, 1965; DeBano, 1999).  

Hydrophobic soils are a concern for watershed managers because such water repellent 

soils have the ability to alter the hydrology and geomorphology of the landscape.  Fire 

induced hydrophobic soils exist due to a combination of the vaporization of organic 

material, heat-related travel mechanisms in the upper part of the soil horizon, and a 

process whereby organic material solidifies around soil particles at or below the soil 

surface creating a horizontal water repellent (hydrophobic) layer.  The depth to which 

heat travels is important in the formation and location of a hydrophobic layer, and in turn 

the depth of formation may significantly impact the hydraulic properties of the soil 

creating hydrological and geomorphological changes.  The actual process and transfer 

mechanisms of heat and the hydrophobic organic substances downward into the top 

portion of the soil column by wildfires are poorly understood.   However, the intensity of 

a wildfire is thought to be a major factor in the creation of hydrophobic soils and the 

depth at which they reside.  In general, it is understood that higher fire temperatures will 

result in a greater temperature gradient that will allow heat to penetrate deeper into the 

soil profile.  Past research has determined the temperature criteria that are optimal for the 

formation of fire-induced water repellency (Savage, 1974; DeBano, 1981; March et al., 

1994; Giovannini and Lucchesi, 1997).  In addition, a number of factors are known to 

affect the heat flow and therefore the creation of hydrophobic soils (DeBano, 2000).  Soil 

particle size distribution is one of the key factors that control the location and depth to 
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which heat travels.  Most past research involved the use of native soils to investigate 

relationships between specific properties such as particle size and heat flow and 

hydrophobicity.  However, each native soil has a variety of soil properties (organic matter 

type, soil water content, soil particle size distribution) and an initial degree of water 

repellency, that may alter the heat flow pattern and thereby the translocation of 

hydrophobic substances. 

This thesis studied the impact of soil particle size on heat flow by: (a) simplifying 

past experiments by using different distinct homogenous soil types to help isolate the role 

of particle size with respect to heat flow characteristics; (b) simulating wildfire conditions 

in a laboratory setting; and (c) using higher intensity temperature values more in keeping 

with measurements made in chaparral wildfires. The experiments evaluated the thermal 

response of a range of different soil particle sizes; specifically, homogenous sand, silt, 

clay, and heterogeneous clay loam made of equal portions of the same sand, silt, and clay 

size fractions.  These materials were subjected to different heat intensities and durations 

similar to those found in actual chaparral fires.  In addition, the effect of slope on heat 

transfer was also investigated because of the known influence of slope on surface fire 

behavior.  In summary, soil temperatures were evaluated in terms of fire intensity, fire 

duration, slope, and most importantly soil particle size.  The actual temperature dynamics 

were measured using a wildfire simulator system that consisted of an array of propane 

burners and a thermocouple sensor array designed to collect real-time temperature data 

before, during, and after the experimental burns.      
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CHAPTER 2 

LITERATURE REVIEW 

 

Understanding and conceptualizing heat flow into the subsurface from wildfires is 

complex and challenging. But such knowledge is crucial to the development of a better 

understanding of the processes occurring during the formation of hydrophobic soils and 

subsequent rainfall runoff processes.  To that end, our understanding of the nature of 

hydrophobic soils, the hydrological significance of hydrophobic soils, the role of fire in 

creating hydrophobic soils, and our understanding of heat flow dynamics in soil was 

undertaken.  The focus was on these questions as they relate to the formation of 

hydrophobic soils in chaparral-covered watersheds.        

 

Fire-Induced Hydrophobic Soil 

A hydrophobic soil is a porous medium that tends to resist interaction with a 

liquid, whereas a wettable material draws liquid to its surface by adsorbing the fluid.   

The introduction of waxy plant material into the soil horizon can cause hydrophobicity.  

Potential sources of such substances are: lipids (waxy material) released from 

decomposing litter; plants roots that can provide lipid-rich organic matter; surface waxes 

mechanically eroded from plant leaves; and fungal hyphae that can contain hydrophobic 

compounds.  Fire can vaporize and alter such organic matter, some of which may 

condense deeper in the soil profile (Doerr et al., 2000). 

A hypothesis describing the formation of such fire-induced water repellent layers 

in soils was first developed by DeBano during the mid to late 1960’s (DeBano, 1981).  

He suggested that fire caused a hydrophobic layer due to the combustion and heat 

assisted transfer of hydrophobic compounds into the soil subsurface.  Burning of 

vegetation vaporizes specific organic compounds, and heat drives those vaporized 

compounds into the soil.  As the heat dissipates in the subsurface the vaporized organic 
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substances (waxy plant material) condense and solidify around soil particles, creating an 

impermeable layer below the surface.  DeBano suggested that the formation depth of 

such layers was largely due to the initial thermal intensity and duration of the wildfire.  

The range of temperatures found in a wildfire can create, alter, or even destroy 

hydrophobic substances and layers there by modifying the water repellency effect.  

Figure 1 illustrates and explains the conceptual model for the creation of hydrophobic 

soils.    

 
 
 

   
 

Figure 1:  A model for the creation of hydrophobic Soils. (A) Soil water repellency in 

unburned brush is found in the liter, duff, and mineral soil layers immediately beneath the 

shrub plants. (B) When fire burns, hydrophobic substances are vaporized, moving 

downward along the temperature gradient. (C) After the fire has passed, a water repellent 

layer is present below and parallel to the soil surface on the burned area.   

Source: DeBano, L.F. 2000. The Role of Fire and Soil Heating on Water Repellency in 
Wildland Environments: a Review. Journal of Hydrology 231-232: 195-206. 

 

DeBano also studied the general relationship between water repellency and soil 

temperatures.  He found that little change in water repellency occurred below 175˚C.  

Repellency tends to occur when temperatures reach the 175˚C to 200˚C range, and the 
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incineration (destruction) of hydrophobic substances and layers takes place in the range 

from 280˚C to 400˚C (DeBano, 2000).  Therefore, fire intensity is a major factor 

controlling not only the formation but the location of a water repellent layer.  In fact, a 

higher intensity burn can destroy the hydrophobicity near the surface creating an upper 

wettable layer, while insuring the formation of the hydrophobic layer at depth.  

Typically, the hydrophobic layer is found near the surface or within a few 

centimeters of the surface (DeBano, 1981).  A wettable zone may exist above the water 

repellent layer due to the incineration of hydrophobic substances from higher 

temperatures.  After a fire has passed, the continued heat movement downward through 

the soil can re-volatilize some of the hydrophobic substances resulting in thickening of 

the water repellent soil layer or fixing the hydrophobic substance in situ (Savage, 1974).  

Soil characteristics and fire patterns are highly variable spatially and temporally.  

Consequently, a water repellent layer may be highly variable with respect to the 

thickness, depth, severity, and longevity.              

The Hydrologic Impact of Hydrophobic Soils 

 The degree or severity of water repellency can dramatically alter the hydraulic 

properties of a soil and change the hydrologic and geomorphic response of a burnt 

watershed to subsequent rainfall events.  Since fire-induced water repellency has the 

capacity to significantly alter runoff and erosion dynamics in burnt watersheds by 

dramatically increasing runoff and erosion rates, hydrophobicity has been a continuous 

concern of watershed managers since its identification in the early 1960’s (Kammes and 

DeBano, 1965; DeBano, 2000).  Indeed, a hydrophobic soil layer’s influence on 

infiltration, runoff, and streamflow parameters is among one of the most studied fire 

related hydrological processes (DeBano, 2000; Doerr et al., 2000; Letey, 2001).  Figure 2 

shows the influence of hydrophobic soils on hydrological processes.   
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Figure 2: A water repellent layer impedes infiltration and causes surface runoff  

Source:  DeBano, L.F., Rice, R.M., Conrad, C.E., 1979. Soil heating in chaparral fires: 
effects on soil properties, plant nutrients, erosion, and runoff. USDA Forest Service 
Research Paper PSW-145, 21p.  

 

As reflected in Figure 2, an impermeable layer changes the balance between 

surface runoff and infiltration.  Conceptually, infiltration rates should decrease with 

existence of a water-repellent layer.  As water percolates downward and reaches the 

hydrophobic layer, infiltration should stop or decrease.  DeBano in 1975, observed a 

depressed infiltration rate until the wetting front passed through the water repellent layer 

into the underlying wettable soil, and then the rate began to increase again. For example, 

the infiltration capacity of a water-repellent soil was found to be 25 times lower than for a 

similar soil that was determined to be hydrophilic (DeBano, 1971).  Other studies show 

that infiltration rates of hydrophobic soils depend on the initial water content, depth of 

water-repellent layers, and the heterogeneity of soils (Letey et al., 1962; DeBano, 1975; 

Gilmour, 1968; Dekker and Ritsema, 1994; Mansell, 1969, DeBano, 2000).  While 

infiltration rates are affected by many factors, the consensus is that hydrophobic layers do 



 

 

7 
 

alter infiltration rates.  Moreover the strength of the hydrophobic layer is considered to be 

a critical factor in infiltration processes. 

   There are a number of techniques that are used to quantify the strength of a 

hydrophobic soil.  First, and the most common method used to measure the degree of 

hydrphobicity is the water drop penetration time or WDPT.  This is simply the time it 

takes for a drop of water to penetrate the surface.  Therefore, a higher severity results in a 

larger WDPT.  The WDPT is an indicator of the stability of the surface to resist change 

after contact with water (Letey, 2001).   

 Determining the liquid-surface contact angle is another indication of the severity 

of a water repellent soil.  When a liquid is placed on a hydrophobic surface it builds up 

into a ball-like formation.  The contact angle is the angle at which a liquid interface meets 

the solid surface.  A larger angle infers a higher degree of water repellency, and it is 

strongly dependent on the surface tension of a liquid.  The molarity ethanol drop or MED 

test uses a mixture of water and ethanol to estimate the surface tension.  The relationship 

between surface tension and volume fraction of ethanol is used in the MED test to 

determine the contact angle (Roy and McGill, 2002).  This relationship is used to infer 

the liquid surface tension of the mixture from the percentage of ethanol in the mixture.  

The higher the surface tension, the higher the contact angle, and the stronger the 

hydrophobic effect.       

Contact angle can be calculated by knowing the surface tension of the ethanol mixture 

and water (Eq.1). 

 

cos α = (γc/γw)-1    (Eq. 1) 

Where  

 cos α = contact angle 

   γc = liquid surface tension of ethanol mixture 

   γw = liquid surface tension of water    
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Contact angles greater than 90˚ are considered to be a good indication of water repellency 

and hydrophobic soils, and angles greater than 130˚ indicate a highly hydrophobic 

condition.  

There are number of classification schemes for water repellency based on the 

WDPT time and percentage of ethanol in MED test.  In Table 1 below, the degrees of 

water repellency for the WDPT and MED test (Bisdom et al., 1993; Doerr, 1998; 

Rodriguez-Allerers, 2007) is used to recognize 6 to 8 levels or classes of hydrophobicity.  

The degree of hydrophobicity will undoubtedly alter the hydrologic/hydraulic properties 

of a soil causing dramatic changes in the hydrology and geomorphology of a landscape. 

Table 1: Classification of water repellency severity using the WDPT and MED tests   
 

 
 

Source: Rodriguez-Alleres, M., de Blas, E., Benito, E. 2007. Estimation of soil water 
repellency of different particle size fractions in relation with carbon content by 
different methods. Sci. of the Total Envir. 378: 147-150 

 
  

Infiltration rates also directly impact surface runoff and/or overland flow 

whenever the influx of water is greater than the infiltration rate, the excess water goes to 

the surface as runoff.  Burch et al. (1989) documented a threefold increase in overland 
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flow, from 5% to 15%, in water repellent soils in an Australian eucalyptus forest.  

Dyrness (1976) reported a similar threefold increase in overland flow after a fire in a pine 

forest in Oregon.  Walsh et al. (1994) found a 5 – 25% higher overland flow response 

from burnt versus unburnt eucalyptus and pine forest in Portugal.  These studies all 

documented an increase in overland flow on burnt watersheds. However, there continues 

to be some debate as to whether water repellency is the major factor or only a minor 

factor influencing surface runoff on a watershed scale.  Not only is water repellency 

highly spatially and temporally variable, but the removal of vegetation by fire decreases 

plant cover and facilitates overland flow.  Therefore, hydrophobic soil is one of a number 

of factors that may contribute to an increase of overland flow on a previously-burnt plot 

of land.  

Due to the enhancement of surface runoff, changes in streamflow parameters 

should occur as well.  White and Wells (1982) showed hydrophobic soils ability to 

increase streamflow and degree of storm peaks as well as reducing peak flow response 

times.  Scott and Van Wyk (1990) studied water repellency effects on streamflow 

responses on burnt watersheds in South Africa.  Total streamflow, quick flow volumes, 

peak flow rates, and the watershed response ratio all increased following the fire.  Two 

experimental catchments yielded a 290 - 1110% increase in discharge, 201 - 92% 

increase in quick flow volume, and 242 - 319 % increase in storm flow ratio (Scott, 

1993).  A decrease in infiltration, increase in surface runoff, and an increase in 

streamflow parameters in turn facilitates erosion.  

Once water assembles on the surface it can entrain soil particles, resulting in 

erosion.   Rill formation and rain-drop splash are two erosive processes that commonly 

occur in watersheds with hydrophobic soils (Wells, 1981; DeBano, 2000).  Rill formation 

occurs when overland flow forms a channel creating rills.  Large volumes of sediment are 

transported when rills form as a result of increased pore pressure above the water-
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repellent layer, this in turn reduces the intergranular stress and shear strength of the soil 

mass, and ultimately leads to failure in the form of a small debris flow (Wells, 1981).   

Rain-drop-splash erosion from the loss of vegetation is a particularly notable 

process that occurs after wildland fires.  Hydrologically, raindrop detachment becomes 

more effective on hydrophobic soils compared to wettable soils because soil surfaces 

having an affinity for water become sealed and compacted during a rainfall event making 

them increasingly resistant to splash detachment (Debano, 2000).  Laboratory studies of 

the impact of fire on splash erosion indicated erosion varied according to initial grain size 

with greater splash erosion occurring on finer fractions of newly created hydrophobic 

soils than the control with the same size fraction (Fox et al., 2007).    

In general, sediment transport rates tend to increase with the presence of 

hydrophobic soils.  Osborn et al. (1964) investigated different degrees of water repellent 

soils on bounded plots, and found that sediment yields were thirteen times higher on 

untreated (higher degree of water repellency) plots than treated. Terry and Shakesby 

(1993), also found that hydrophobic soils produce larger sediment amounts than similar 

wettable sandy clay loam soils when they are exposed to variable rainfall intensities, 

durations, and soil surface inclinations.  

The hydrologic and geomorphologic alternations that occur due to the presence of 

hydrophobic soils underscore the importance of developing and understanding the 

mechanisms that control the formation and location of a water repellent layer.  

Obviously, a major factor that influences this process is wildfires.  

Wildfires 

Wildland fires have the ability to consume large areas of vegetation while 

supplying the waxy plant material they drive into the ground to cause a water repellent 

layer.  Not only does fire vaporize hydrophobic substances, but it provides the thermal 

energy and gradient for them to travel to the subsurface.  A wildland fire is an 
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uncontrolled and unbounded sprawl of combustion which uses natural fuels such as trees 

limbs, trunks, litter, duff, roots, grass, or any organic material.  In fact wildfires are 

classified based on the type of fuel being consumed.  Surface, ground, and crown are the 

three primary types of wildland fires and each is dependent on where combustion takes 

place.  Surface fires typically burn rapidly at a low intensity and consume light fuels 

while presenting little danger to mature trees.  Ground fires are the most infrequent type 

of fire and are very intense blazes that destroy all vegetation and organic manner.  Crown 

fires generally result from ground fires and occur in the upper sections of trees.  Different 

wildfires produce a variety of thermal intensities that provide energy for combustion, 

vaporization, and the travel mechanisms to produce hydrophobic soils.  However, 

regardless of the type of fire, the simultaneous presence of heat, fuel, and oxygen are 

required for combustion to occur and in fact any one of the three can limit the rate and the 

actual occurrence of combustion.     

Fire Dynamics  

The strength of a wildland fire maybe described in different ways and recent 

publications have identified a number of problems with the terminology used (Keeley, 

2009; Certini, 2005).  Here, we use the term “intensity” to describe the rate of energy 

release by fuel, and fire “severity” to describe how fire intensity affects ecosystems due 

to the level of consumption of vegetation, i.e how much burns up.  In reality, many 

physical, chemical, mineralogical, and biological soil properties can be affected by both 

burn intensity and severity, particularly burn severity, which tends to incorporate both the 

impact of peak temperatures and the duration of fire. 

In the case of hydrophobic processes both intensity and severity are consider to be 

significant factors controlling the formation, degree, and location of hydrophobic soils.    

Intensity is the amount of thermal energy released and used in the vaporization of 

hydrophobic substances and travel mechanisms in water repellent soils.  More severe 
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fires can consume a greater amount of the hydrophobic substances potentially used to 

create water repellent soils.  In this study the effect of fire intensity on subsurface heat 

flow will be explored with respect to chaparral fires.  

Fire severity can be classified as low, moderate, and high.  Low severity fires are 

characterized by the following effects on vegetation: canopy trees still retaining green 

needles although stems are scorched, surface litter, mosses, and herbs are charred or 

consumed, soil organic layer largely intact and charring limited to a few mm depth (Ryan 

and Noste, 1985; Ryan, 2002; Turner et al., 1994, Keely, 2009).  Temperatures of low 

severity fires normally do not exceed 100°C near the surface, and 50°C at 5cm depth 

(McNabb and Cromack, 1990).  Moderately severe fires show the following changes to 

vegetation: trees with some canopy cover killed, but needles are not consumed, all 

understory plants are charred or consumed, fine dead twigs on soil surface consumed and 

logs are charred, pre-fire soil organic layers are largely consumed (Ryan and Noste,1985;  

Ryan, 2002; Turner et al., 1994, Keely, 2009).  Moderate fires have surface temperatures 

ranging from 250-500°C (McNabb and Cromack, 1990).  High severity fires show signs 

of both low and moderately severe fires but also exhibit canopy trees killed and needles 

consumed, surface litter of all sizes and soil organic layer largely consumed, and white 

ash deposition occurs and organic matter is charred to several cm depth (Keely, 2009).  

Higher severity temperatures reach about 850˚C at the surface-litter interface, but 

temperatures at 5 cm in the mineral soil probably do not exceed 150˚C because dry soil is 

a good insulator (DeBano et al., 1979).  A larger temperature gradient results from higher 

intensity and severity allowing for ideal thermal conditions for water repellency to travel 

deeper.  For example, moderate to high severity fires often had strong hydrophobicity at 

0, 3, and 6cm depth, whereas a low severity fires resulted in water repellency on the 

surface from wildfire in the Colorado Front Range (Huffman et al. 2001).   
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Fire Behavior and Soil Heating 

Fire behavior describes how a fire travels across a landscape.  The primary 

influences on fire behavior consist of fuel type, weather conditions, and topographical 

features of a specific area.  Flame length, fire intensity, and rate of spread are considered 

to be fundamental characteristics of fire behavior (Latta, 2006).  Fuel not only provides 

energy for combustion to occur but its nature and configuration can also greatly impact 

fire behavior.    

 The more combustible material a specific fuel contains the greater potential for 

ignition and spread of a fire.  Moisture content, size and shape, quantity, and the 

arrangement over the landscape will also influence fire behavior.  For example, in general 

lighter and dryer fuels promote the spread of fire better than does a wetter and heavier 

alternative.  If fuel is uniformly arranged throughout a catchment it can also aid the 

spread of the fire.  Weather conditions such as wind, temperature, and humidity can 

dramatically affect fire behavior.  Winds can redirect flames to new or better fuel sources 

and also can deliver fresh oxygen to the fire. Wind also causes flames to lean closer to 

unburned fuel (in a head fire), decreasing the distance between the fire and the unburned 

fuel (Latta, 2006).  Warmer air temperatures remove moisture in the vegetation ultimately 

decreasing the energy needed for ignition.  Humidity, a measure of the amount of 

moisture in the air, also affects how dry or wet the fuel is. A higher humidity will 

increase the fuel moisture thereby increasing the amount of energy required for 

combustion.   

 Lastly, topographical features of a landscape will also impact fire behavior.  The 

two major topographical factors are slope and aspect.  Steeper slopes will increase the 

spread of fire by pushing flames closer to the fuel source.  A closer flame can then 

dehydrate the fuel allowing for faster ignition.  The aspect of a slope is the direction the 

slope faces and determines the amount of solar heating for a particular area.  Duration of 

solar heating affects the weather conditions, i.e. temperature and humidity.  For example, 
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the northern hemisphere receives more solar heating on south facing slopes.  The longer 

exposure to solar energy increases air temperatures while decreasing humidity.  If these 

primary components affect fire behavior can they control heat transfer in to the soil?  One 

aspect of the current study involves an investigation of the ability of slope variation to 

effect heat flow and soil heating.   

 
 

Soil Heating and Combusiton 

Heat, oxygen, and fuel are the three essentials for fire and combustion to occur.  If 

not enough heat is generated to sustain the process, if the fuel is removed, or if sufficient 

oxygen is not available then fire as we know it cannot exist.  A heat source supplies 

thermal energy (e.g. lighting) to start ignition, the atmosphere supplies oxygen, and 

vegetation or organic matter is the fuel.   Together all components promote combustion 

and create a release of thermal energy for soil heating.  Radiation and convection can 

push most of the heat back into the atmosphere, allowing only a small portion of energy 

for soil heating.  It has been estimated that about 8 percent of the total energy released 

during a chaparral fire is transmitted into the underlying soil (DeBano, 1974) but this 

amount is significant for the soil heating processes.             

Debano (1990) reviewed the sequence of reactions and temperatures in a fire that 

produce soil heating.  Reactions occurring at temperatures below 200˚C are endothermic 

(reactions that require the absorption of heat), once soil temperatures exceed 280˚C, 

exothermic reactions (those reactions that produce heat) predominate and organic matter 

is ignited.  When the surface temperature of soil organic matter reaches 500 to 600˚C, 

glowing combustion occurs if oxygen is not excluded from the char surface.  Flaming 

then occurs and boosts temperatures from 800 to 1,500˚C.  The initial temperatures or 

thermal energy used for soil heating mainly depends on the fire intensity, and soils 

transfer heat through a number of different processes.  The combustion of above ground 

fuels, and more important, duff, may heat the mineral soil surface significantly, and as a 
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result substantial amounts of heat can be transferred downward into the soil, at least 

potentially by conduction, convection, and by vaporization and condensation processes.  

These heat transfer principles will be discussed in the next section.     

Heat Transfer Principles as Related to Soils  

Temperature is a measure of thermal energy, the hotter the object the more 

thermal energy it has to transfer and the heat moves from hotter to cooler objects. The 

transfer of heat from one place to another is known as heat flow.  Fuel from organic 

matter used in combustion provides the thermal energy that transfers to the soil surface 

and to depth.  Heat transfer mechanisms involved in wildland fires and soils include: 

conduction through soil grains, liquid, gases, evaporation-condensation, vapor and liquid 

diffusion, convection, and radiation in the gas-filled pores (Enninful, 2006).  Conduction, 

convection, radiation, and vaporization/condensation will be reviewed in the following 

sections.     

Conduction 

Conduction is the transfer of thermal energy by direct particle to particle contact.  

Obviously, conduction plays more of a role in solids than in gases or liquids. It is thought 

that conduction is the main mechanism or process involved in the transfer of heat from 

wildland fire to the soil (Mitchell, 1993).  The interaction between the soil particles are 

thought to be the driving conduction heat transfer mechanism because the greater 

connectivity between the solid soil particles will tend to enhance the process.  For 

example, as the bulk density of a sample increases so does the conductivity, possibly 

allowing greater temperatures at depth.   

There are a number of characteristics of materials, in addition to bulk density that 

impact or control conduction heating processes such as: thermal conductivity, volumetric 

heat capacity; and thermal diffusivity.  Thermal conductivity is a property that reflects a 

material’s ability to conduct heat and, as noted above, it is of special importance in 
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materials where molecules are closer together (i.e. solids).  The solid soil mass provides 

the medium for heat transfer in soils.  Thermal conductivity values for air, water, ice, and 

soil are 0.024, 0.60, 2.25, and 0.25-2.5 (≈ 1.7) (Mitchell, 1993) respectively.   Conductive 

heat flow indicates a material’s ability to transfer heat along a temperature gradient and is 

express by Fourier’s Law equation (Eq. 2). 

  

qt = - kt it    (Eq. 2) 

Where 

qt  = conductive heat flow 

kt = thermal conductivity  

it = temperature gradient 

 

Conductive heat flow (W) is the product of thermal conductivity (kt ,W/m·°C) and 

temperature gradient (it , ∆°C/m).  According to DeBano (1989) dry soil is an excellent 

insulating material, and heat is conducted into the underlying soil slowly.      

  The volumetric heat capacity measures a material’s ability to store thermal 

energy.  Different from specific heat, volumetric heat capacity depends on the volume 

rather than just the mass.  It can be calculated by multiplying specific heat (cp, J/ kg/°C) 

by the material density (kg/m
3
) (Eq. 3).  Volumetric heat capacity has units of J/m

3
/°C 

  

VHC = ρcp    (Eq. 3) 

Where 

VHC = volumetric heat capacity 

ρ = material density 

cp = specific heat  
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Thermal diffusivity (α, m
2
/s) is the ratio of thermal conductivity to volumetric 

heat capacity equation (Eq. 4).  It is a measure of the rate at which a temperature 

disturbance travels from one point to another. 

  

α = k / ρcp      (Eq. 4) 

Where 

α = thermal diffusivity 

k = thermal conductivity 

ρ = material density 

cp = specific heat  

 

As indicated above, conduction, based heat transfer is considered to be the 

dominant mechanism governing fire related heat flow into soil and the resulting 

hydrophobic processes.     

Convection 

Convection is the transfer of heat energy by temperature currents or fluids.  Warm 

air rises because it is less dense, cool dense air sinks creating a current. It can occur 

within the fluid itself or between a solid surface and the nearby fluid.  Basically, a warm 

fluid moves away from the source of heat and is replaced by cooler denser air.  It is 

thought that convection in soils occurs in the pore spaces (DeBano, 1989). Natural 

convection is formed by buoyancy forces that result from density variations created by 

temperature differences.  While important in terms of surface fire behavior it is not 

viewed as of great significance in terms of soil heating and hydrophobic soil formation.       

Radiation  

Thermal energy radiates from all materials.  Heat transfer from an object to empty 

space is dependent on their temperatures.  Radiative flux between objects occurs when 
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temperatures are not uniform, creating a temperature gradient allowing transfer from 

higher surface energies to lower surface energies. It becomes a major factor in heat 

transfer when objects are at higher temperatures.  The emissivity is another factor that 

controls radiative heat transfer, and is a measure of a material’s ability to radiate 

absorbed energy.  It is a ratio of energy radiated by a particular material to energy 

radiated by a black body at the same temperature.  Wildland fires produce extremely high 

temperatures allowing heat transfer by radiation. While soils can radiate thermal energy 

through their void space (DeBano, 2000), as with convection, radiation is not considered 

to be a important factor in soil heating dynamics.  

Vaporization/Condensation 

Latent heat of vaporization must be absorbed by water for it to become vapor.  

Conversely, condensation occurs when the latent heat of vaporization is released from 

water vapor resulting in a liquid.  Water vapor is able to move through soil particles more 

easily than its liquid counterpart.  On condensing the amount of thermal energy required 

to vaporize the water vapor is released into its surroundings and this raises the 

temperature of the soil or organic layer (Enninful, 2006).  According to DeBano (1989) 

heat transfer in wet soils is mainly by vaporization and condensation.  All these heat 

transfer processes can transfer thermal energy to depth resulting in changes in soil 

temperatures.   

Soil Temperatures and Hydrophobicity  

Temperature levels within the soil column determine if the thermal conditions are 

ideal for the existence of hydrophobicity.  The initial temperature rise caused by the 

arrival of the flaming front of a wildfire is an important factor in soil heating.  Higher 

initial temperatures have the potential to produce higher subsurface temperatures at 

greater depths resulting in a thermal regime that may promote a increase in water 

repellency at greater depth. As reported in the literature, in chaparral fires, temperatures 
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can reach about 850˚C at the surface-litter interface, but temperatures at 5 cm in the 

mineral soil probably do not exceed 150˚C because dry soil is a good insulator (DeBano 

et al., 1979), and no heating occurs below 20-30cm (DeBano, 2000).  DeBano and 

Krammes (1966), DeBano (1981), and DeBano (1976) using oven heater systems 

performed a series of laboratory experiments and determined that the temperature ranges 

for the formation and alternation of hydrophobic soils were as follows: 

- Little change in water repellency occurs when soils are heated to less than about 

175˚C 

- Intense water repellency can be formed when soils are heated between 175˚C  and 

200˚C 

- Destruction of water repellency occurs when soils are heated to between 280˚C 

and 400˚C     

As a result of their work it is generally accepted that at low fire intensities (<175ºC) no 

fire related hydrophobic soil will form.  At moderate temperatures (175˚C to 280ºC) 

stronger hydrophobic layers may form and at higher temperatures (>280ºC) destruction 

of the hydrophobic layer will likely begin.  

A number of researchers have measured soil temperatures under different fire 

conditions.  Temperatures at depth were observed by DeBano (1989) during fires with 

varying fuel, fire intensity, and durations.  Figure 3 shows the temperature curves of the 

three different fires.  The heating curve shown in (A) in Figure 3 represents a cool 

burning forest fires.  Of note is the role of the duff layer in such situations.  The litter 

layer tends to ignite first, but the secondary combustion of duff provides the majority of 

the thermal energy to the soil.  In such situations the soil surface temperatures leveled off 

around 100ºC, and the 5cm temperature may have reached as high as 50ºC.   

In contrast, the two observed temperature profiles of chaparral fires both depict 

quite different intensity and duration patterns.  The low intensity fire (B) had maximum 

surface temperature around 225ºC that peaked approximately 10 minutes into the event.  
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Importantly, the 2.5 and 5cm depths slowly reached their maximum temperatures of 

approximately 90ºC and 60ºC about 30 minutes after the peak in surface temperature.  A 

high intensity fire (C) reached a maximum surface temperature of approximately 700ºC 

about 10 minutes into the burn.  Consistent with the low intensity burn, the temperature 

profiles for the 2.5 and 5cm depths peaked 25 and 35 minutes after the peak in surface 

temperatures.  The maximum temperatures at the 2.5 and 5cm are near 150˚C and 80ºC.  

This slow movement of heat through the soil medium is consistent with the view that the 

major process of heat moving through the soil is via conductive heating.   

DeBano et al. (1979) did a comprehensive study collecting all maximum surface 

and soil temperatures measured at different burn sites from 1968-1975.  For the chaparral 

data the surface and soil temperature ranges are: surface  382˚C to 843ºC; 1cm 222˚C to 

499ºC; 2cm 219˚C to 410ºC; 2.5cm 91˚C to 132ºC; 4.0cm 82˚C to 204ºC; 5.0cm 43˚C to 

66ºC (Table A1in the Appendix).  In addition, Debano et al. (1979) modeled the soil 

temperature profiles of two different chaparral fire types (Figure 4) from the collection of 

surface and soil temperature data.  Even though taking place at different intensities, both 

of the temperature profiles show this slow heating into the subsurface validating the 

conduction as the main processes in soil heating.    

Field experimental work on higher intensity prescribed fires in chaparral, done by 

Weirich (unpublished), depicts a somewhat different pattern than suggested by DeBano’s 

work.  Instead of a slow moving conduction heat transfer process, a heat pulse was 

observed in some cases, where within the first 10 minutes of a fire’s arrival all 

temperatures at the litter, soil-mineral, 1cm, and 5cm reached their maximum temperature 

with soil/litter interface at a maximum temperature near 800ºC, and observed 

measurements for 1and 5cm were equally high around 800˚C to 500ºC (Figures 5 & 6).  

These findings suggest that under at least some circumstances conduction heating may 

not be the only or even the dominant heating mechanism to account the initial flow of 

heat downward into the soil.  Moreover, DeBano et al. (1979) does state that heat 
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impinging on surface of a dry soil; in addition to being transferred by particle-to-particle 

conduction, may also move by convectional heating through soil pores.  He also 

acknowledges higher temperatures found in some previous studies (Sampson, 1944; 

Bentley and Fenner, 1958) suggesting that that other means of heat transfer may be 

operating under the high surface temperature conditions that may exist during some 

wildfires (DeBano and Krammes, 1966).   

Overall, the experimental data provided by Weirich (unpublished) suggest that in 

chaparral fires there may be significantly higher temperatures at depth and much faster 

movement of the heating front downward into the soil then previous findings have 

indicated.   
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Figure 3: Soil temperature profile models for three different fires.(A), a cool-burning 
prescribed forest fire; (B), a low-intensity prescribed fire in chaparral; and (C), a 
chaparral fire approaching wildfire intensities  

Source: DeBano, L.F. 1989. Effects of fire on chaparral soils in Arizona and California 
and postfire management implications. In: Berg, N., ed. Fire and watershed 
management: symposium; 1988 October 16-28; Sacramento, CA. Gen. Tech. Rep. 
PSW-109. Berkeley, CA: US Department of Agriculture, Forest Service, Pacific 
Southwest Forest and Range Experiment Statoin: 55-62. 
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Figure 4: Soil and surface temperatures during an intense and moderately intense 
chaparral fire.  

Source: DeBano, L.F. 1989. Effects of fire on chaparral soils in Arizona and California 
and postfire management implications. In: Berg, N., ed. Fire and watershed 
management: symposium; 1988 October 16-28; Sacramento, CA. Gen. Tech. Rep. 
PSW-109. Berkeley, CA: US Department of Agriculture, Forest Service, Pacific 
Southwest Forest and Range Experiment Statoin: 55-62. 
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Figure 5: Temperature curve from an experimental chaparral wildfire 

Source: Weirich, unpublished data 

 

 
 

 
 
Figure 6: Temperature curve from an experimental chaparral wildfire    

Source: Weirich, unpublished data 
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Other Factors Affecting Heat Flow and Water Repellency in Soils 

In addition to the basic thermal characteristics of a soil other soil 

properties/characteristics can affect heat transfer and therefore influence water 

repellency.  These include: the amount and type of organic matter present; soil texture; 

soil water content; and the general soil-plant environment (DeBano, 2000).  All of these 

are able to affect the thermal properties of the soil such as thermal conductivity, 

volumetric heat capacity, and thermal diffusivity, and, in return will help determine the 

rate in which heat is transferred to depth.   

Soil Properties 

Organic matter, soil texture, and soil water content are recognized as the major 

soil properties that modify heat transfer and therefore control the formation and location 

water repellent soils (DeBano, 2000; Doerr et al., 2000, Letey, 2001, Campbell et al., 

1994, Huffman et al, 2001;).  Since it commonly held that conduction is the main process 

in heat transfer in soils, most soil thermal properties are examined based on their 

relationship to thermal conductivity.   

 
 

Organic Matter 

Vegetation provides the primary fuel necessary for combustion, but in some cases 

there is secondary combustion of the litter, duff, and the soil humus layer as well 

(DeBano, 1999).  Soil organic matter therefore can provide not only more thermal energy 

to the system but also hydrophobic substances. Duff layers have been observed to 

decrease surface temperatures by acting as an insulating layer (Valette et al., 1994).  In 

contrast, Harford and Frandsen (1992) saw smoldering combustion in a dry duff plot that 

produced long duration heating with nearly complete duff consumption resulting in 

elevated temperatures at the mineral soil surface.  All however agree that the moisture 

content of the duff layer is a key variable for determining the impact of the fire on soil 

heating.  Increasing the amount of soil organic matter is also known to decrease thermal 
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conductivity (Abu-Hamded and Reeder, 1999; Ekwue et al., 2006).  For example, thermal 

conductivity declined significantly, 1.49 to 1.04 W/m^2 · Cº, with increasing peat content 

(Ekwue et al., 2006).           

 
 

Soil Moisture 

Soil moisture content also affects thermal properties. Water has a high volumetric 

heat capacity, about four times that of air, and the overall volumetric heat capacity of soil 

is proportional to water content (Enninful, 2006; Abu-Hamdeh, 2003).  Not only can 

water store more energy than air, but it also has a larger thermal conductivity allowing it 

to transfer heat better.  For example, thermal conductivity rose from 1.2 to 1.9 W/m K 

with a increase of water content from 1.4% to 3.3% in the same sandy soil (Abu-Hamdeh 

and Reeder, 1999) 

  Heat applied to a system is used to evaporate water before it can transfer heat to 

the solid soil particles.  Where heating is sufficient, the temperature at each depth rises to 

a value approaching the boiling point of water and remains there until that layer is almost 

completely dry, and then a rapid temperature increase occurs (Robichaud and 

Hungerford, 2000).  A time lag in temperature rise often is due to soil water, so 

temperatures close to the surface increase even more quickly for dry soils, but heat 

transfer to lower depths is slower for dry soils than for wet soils (Campbell et al., 1995).  

As a result dryer soils heat up faster and can have higher near surface temperatures than 

wetter soils.  But for the wetter soils the thermal conductivity is enhanced, letting heat to 

penetrate deeper in wetter soil.   

The temperature and depth of heat transfer is important in the formation and 

location of hydrophobic substances.  For instance, Robichaud and Hungerford (2000) 

investigated this effect. For the dry soil, the low-temperature heat treatment gave the 

most repellent layer 10-20mm below the soil surface.  In wet soils a water-repellent layer 

was generally detected 30-50mm below the soil surface.  A higher heat treatment was 
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needed in the wet soil to evaporate water and then heat up hydrophobic substances for 

translocation.  The wet soils had a deeper water repellent layer because of the increasing 

thermal conductivity.        

  In 1976, DeBano tested the transfer of heat and hydrophobic substances in wet 

and dry sand and found that heating for different temperatures and durations, as well as 

soil properties, intensified water repellency.  The thickest and most intense water 

repellent layer was produced by a 5 minute burn over dry sand.   

Soil Texture  

Soil texture also influences thermal properties. Soil texture describes the relative 

grain-size distribution in a soil, and it will impact the heat transfer and translocation of 

the hydrophobic substances.  In addition, bulk density, packing arrangement/ratio, 

porosity, and soil specific surface area are physical properties related to the grain-size 

distribution that affects a soil’s thermal properties.   

The bulk density is the mass of a material divided by the volume it occupies.  

Soils with higher bulk densities tend to have greater thermal conductivities.  In addition, 

the density of a material is proportional to its volumetric heat capacity (Eq. 3), and 

inversely proportional to thermal diffusivity (Eq. 4).  The packing arrangement of 

particles will either increase or decrease the bulk density of a material, in turn either 

promoting or inhibiting thermal conductivity.  It can also affect the porosity of a soil, 

which is the measure of volume of void spaces divided by the total volume.  The greater 

the volume of void spaces the less interaction between the solid particles, thus deceasing 

the bulk density and thermal conductivity.   

Porous materials that are composed of larger particles tend to have greater bulk 

densities and lower porosities, enhancing thermal conductivity for air filled voids.  The 

opposite is true of smaller particle sizes they typically have lower bulk densities and 

higher porosities resulting in a smaller thermal conductivity.  For instance, the thermal 
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conductivities increased from 0.58 to 1.94 W/mk for sand, and 0.36 to 0.69 W/mk for 

clay at densities from 1.23 to 1.59 g cm^-3 (Abu-Hamdeh, 1999).  Convective heating is 

thought to move through interconnected pore spaces in the soil, and perhaps larger 

particles with greater pore spaces can induce some convection in soil heating.   

A soils specific surface area is the total surface area per unit mass. Smaller 

particles have a larger surface area per unit mass or specific surface area.  Coarse-

textured soils such as sand have lower specific surface area per unit volume, making 

them more vulnerable for hydrophobic substances to coat the soil particles (Giovannini 

and Lucchesi, 1983; DeBano 1981; Blackwell, 1993).  However, other research has 

shown that high clay content in soil, 25% - 40% or more clay, can also lead to severe 

water repellency (Dekker and Ritsema, 1996; Crockford et al., 1991; Chan, 1992).  

Aggregates of clay particles may have caused the severity of hydrophobicity.   

Giovannini and Lucchesi (1997), for example, observed an increase in aggregate stability 

by the fusion of clay particles to sand size fraction from high temperatures.  This could 

potentially influence the heat flow processes.  

Most past research used native soils to investigated heat flow and soil 

temperatures at depth.  While this approach offers the advantage of working with actual 

soils, it also makes it more difficult to isolate the impact of specific factors such as 

organic matter, soil moisture, and soil particle size on soil heating dynamics.  Moreover, 

many of the past attempts to understand soil texture using simulated laboratory fire 

focused on the relationship to particle size and the creation and/or severity of water 

repellency not on the actual heat transfer processes (DeBano et al, 1969; Savage, 1974; 

DeBano et al., 1976).   

More recently researchers have used a laboratory approach to revisit and 

investigate the validity of specific conduction models (Steward et al., 1990; Campbell et 

al., 1994; Preisler et al. 2000; Enninful and Torvi, 2008).  Overall, the view seems to be 

that these models work best under low fire intensities.  Campbell (1994) mentions the 
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need to simulate reliable soil temperatures over a range of temperatures from ambient to 

about 600ºC.  His numerical model agreed well with data at low temperatures, and 

provided an upper boundary for measurements at higher temperatures.  Although some of 

these experiments used a uniform soil medium (or slightly altered one) they were not 

subjected to the higher intensities seen in chaparral wildfires.  It has been determined, for 

example that chaparral brush can reach over 1100ºC in its canopy, and temperatures can 

reach about 850ºC at the soil litter interface (Countryman, 1964; DeBano, 2000).   

The previous comparison of chaparral heat profiles from DeBano and Weirich 

indicate high fire intensity may involve a different soil heating mechanism other than just 

conduction heating.  In contrast to the slow-moving low-temperature increases expected 

in conduction heating, a much faster heat pulse resulting in faster temperature rises and 

higher temperatures at depth can occur in chaparral wildland fires.  This suggests that a 

better understanding of the heat transfer processes that occur at extreme fire intensities is 

both important and needed.  The specific aim of this study was to observe heat flow 

under a variety of particle sizes using a laboratory-based wildfire simulator operating at 

intensities and durations similar to those experienced in chaparral wildfires.  
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CHAPTER 3 

RESEARCH DESIGN 

In order to address some of the questions raised in the literature review, a 

chaparral wildfire simulator system was built to allow real-time data to be collected. 

Using this system a series of heating experiments were carried out in order to evaluate the 

impact of peak intensity, heat duration, slope, and particle size on the process of heat 

transfer to depth in soils.   

 

Apparatus 

The use of a laboratory-based approach was intended to allow for the control of 

peak fire intensity and fire duration wildfire simulation and also allow for the recording 

of temperatures at varying depths and varying soil particle sizes with greater 

experimental control to isolate certain variables that are known to affect soil heat flow. 

Propane burners simulated the wildfire heating process and provided a range of flame 

temperatures consistent with temperatures measured in experimental chaparral fires in the 

field.  An array of thermocouples measured flame temperatures and temperatures at depth 

in an experimental soil plot.  The thermocouples were connected to a storage device and a 

CPU interface in the data collector system provided a real time data display capability.  A 

schematic diagram illustrating the apparatus used is shown in Figure 7.  

System Design 

The experimental fires were conducted in the laboratory in a 0.76m x 0.62m x 

0.20m steel box (Figure 8).  Insulation was place on the sides of box to prevent heat flow 

through the steel into the sample soil (Figure 9). Five single vdapor burners (GASECO) 

were used to simulate fire and create a heat source.  Each single vapor burner is capable 

of producing 200,000 BTUs and is equipped with a pressure regulator (Figure 10). The 

five burners were connected to a master pressure regulator (Figure 11) and an on/off that 
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temperatures were lower than DeBano’s model, but again the peak temperature time was 

significantly lower for the experimental clay loam burn (Table 43).  It took only 14.5 

minutes after the peak temperature in the surface for the maximum temperature at 5cm 

depth to reach a peak and DeBano’s soil temperature model had a peak temperature time 

of 35 minutes at 5cm depth.   

 

 

 
 
Figure 102: Clay loam soil temperature profile at Location D during the 900˚C H1 Clay 

loam burn 
 

 

 

Table 43: Location D 900˚C H1 clay loam burn maximum temperatures, peak 

temperature time, and change in peak temperature time 

 

  
Max. Temp 

(Cº) 
Time @ Max. Temp 

(min.) 
ΔT 

(min.) 

Surf. 626 11 0 

1 252 12 1 

2 112 16 5 

5 43 25.5 14.5 
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APPENDIX 

 

Table A1: Maximum surface and soil temperatures measured at different burn sites 

(1968-75)     

 

 
 

Source:  DeBano, L.F., Rice, R.M., Conrad, C.E., 1979. Soil heating in chaparral fires: 
effects on soil properties, plant nutrients, erosion, and runoff. USDA Forest Service 
Research Paper PSW-145, 21p.  
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Table A2: Maximum surface and soil temperatures measured at different burn sites 

(1968-75)    

 

 
 

Source:  DeBano, L.F., Rice, R.M., Conrad, C.E., 1979. Soil heating in chaparral fires: 
effects on soil properties, plant nutrients, erosion, and runoff. USDA Forest Service 
Research Paper PSW-145, 21p.  
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