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Abstract 

The fate of belowground regenerative tissues is important to the survival of 

grasses during a wildfire. We looked at the potential of fires to impact the bud 

distributions of three taligrass species (Andropogon gerardil, Sorghastrum nutans, and 

Panicum virgatum). Soil heating is described by physical processes of heat and water 

transport and combined with bud distributions to determine the proportion of buds 

expected to be heated to lethal temperatures. We considered factors including soil 

moisture, texture, mineral thermal conductivity, maximum soil surface temperature and 

fire residence time. Our results show that lethal temperatures are only reached to depths 

of 1 or 2 cm, and at least 30% of buds remain below lethal temperature. It takes several 

hours of heating at a high temperature to kill all buds, which is an unrealistic condition in 

a grass fire. This implies that grasses are expected to survive direct heat effects from a 

fire. 
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USING A SOIL HEAT AND WATER TRANSPORT MODEL TO PREDICT 

SOIL TEMPERATURES AND GRASS MORTALITY DURING A FIRE 

1.1 Introduction 

Grasslands are characterized by surface fires which occur annually or every few 

years (Bond and van Wilgen 1996). This is a result of the morphology of grass: leaves 

are produced and die throughout the season, providing a fine fuel with a high surface area 

to volume ratio (Bond and van Wilgen 1996, Cheney and Sullivan 1997). There is very 

little organic matter (duff) at the soil surface (Cheney and Sullivan 1997). Grass leaves 

can lose moisture rapidly and allow the fire to spread quickly with very little smoldering 

combustion occurring (Cheney and Sullivan 1997). 

Grasses contain regenerative tissues (buds) in the crown, on aboveground stems 

called stolons, at the base of crowns (located at or just below the soil surface), and on 

underground organs called rhizomes (Figure 1). Not all species have stolons and 

rhizomes, although rhizomes are a common feature of many species (Mueller 1941, 

Volland and Dell 1981). Aboveground matter (crowns and stolons) is consumed during a 

fire (Bragg 1982), and the grass' survival depends on the ability to resprout from 

surviving tissues. The buds from which the grasses regrow must be affected in order to 

bring about a change in the population (Reyes 2004), since the seed bank is not a 

significant contributor to post-fire regrowth (Benson et al. 2004). In this study we focus 

on buds that are on rhizomes. The buds on the rhizomes have a few centimeters of soil 

directly above them (Weaver 1958, Kucera and Dahlman 1968). Heat transfer through 

soil has been studied extensively and an existing model can be readily applied. Grasses 
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can also resprout from other surviving buds (at the base of the crown, or aboveground), 

but the process of how these buds die is a much more complicated problem and will not 

be addressed in this study. We chose to study big bluestem (Andropogon gerardii), 

indiangrass (Sorghastrum nutans), and switchgrass (Panicum virgatum) because the 

Andropogon-Panicum-Sorghastrum system is considered some of the most common 

community type in the North American taligrass prairie (Risser et al. 1981, Howe 1994). 

These species have a widespread geographic range and high rate of occurrence (Schaffner 

1913, Curtis 1959, Vogel et al. 1985), and are rhizomatous (Sims et al. 1971, 

McKendrick et al. 1975). 

There are many reports of changes in grassland species composition following a 

fire (e.g. Kucera 1981, Gibson et al. 1993). Plant response to a fire can be due to either 

the fire itself or due to the postfire conditions (Robberecht and Defossé 1995), and while 

most studies do not differentiate between the two, in this study we are only concerned 

with direct fire effects. Although fires typically heat only the top few centimeters of the 

soil (Kucera 1981), it has been estimated that 90% of rhizome mass is found in the top 

2.5 cm of the soil (Kucera and Dahlman 1968), which means that soil heating could be 

crucial to the survival of buds. Furthermore, when the upper 2 cm of soil and plant 

matter were manually removed, grass recovery was greatly hindered (Ramsay and Oxley 

1996), again suggesting that the fate of the top soil layers is important. 

Grasslands contain varying soil textures (Hole 1976, USDA 1978), mineral 

contents (Vázquez de Aldana et al. 1996, Alonso and GarcIa-Olalla 1997), and moisture 

regimes (Barnes and Harrison 1982, Umbanhowar Jr. 1992). Given that previous studies 

deemed soil properties to be important in determining temperatures (Peter 1992, Balatsos 
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1994), and that heating in soils is often variable (Balatsos 1994, Reyes 2004), we need 

to investigate how soil properties affect grass mortality. 

Although numerous soil heat transfer models are available (Albini et al. 1996), a 

general assessment of the potential of fire to kill grass buds has not been performed. Soil 

heating studies that address wildfires only model the conditions that exist during a limited 

number of heating experiments performed in the laboratory (e.g. Dimitrakopoulos and 

Martin 1990, Peter 1992, Campbell et al. 1995). The heating at the soil surface is not 

usually representative of a grass fire (e.g. Dimitrakopoulos 1988), extreme conditions are 

not addressed, and combinations of various factors are not often studied. Lastly, none of 

these studies examine the proportion of buds expected to survive the fire. 

The soil temperature profile needs to be combined with a vertical bud distribution 

to determine what proportion of buds will be exposed to lethal temperatures. Information 

on belowground buds is not commonly found in the literature due to difficulty in 

obtaining such data (Pecháková et al. 1999). Most studies either count the total number 

of buds in a sample without looking at their vertical distribution (e.g. Noble et al. 1979, 

Benson et al. 2004), or they look at root, rhizome, or total plant biomass with depth (e.g. 

Rodriguez et al. 1995, see Titlyanova et al. 1999 for summary). These studies divide the 

soil profile into layers which are 10 or more centimeters thick, which is too coarse of a 

resolution for looking at buds during a fire, given that only the top few centimeters of the 

soil experience any temperature increase. 

The objective of this research is to look at the potential of fire to directly affect 

grasses by heating the buds found on rhizomes. This involves modeling heat transfer 

through the soil and comparing temperature distributions to rhizome bud distributions. 
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We bound the problem by selecting realistic inputs to represent a range of grass fire and 

soil conditions that can be expected in the field. Specifically, we chose to vary maximum 

surface temperature, fire residence time, soil moisture, texture, and mineral content 

(represented by thermal conductivity). Based on the above summary of the literature, we 

hypothesized that fire and soil properties have the potential to affect depths of lethal heat 

penetration, and the resultant bud death. Higher surface temperatures, longer fire 

residence times, increased soil moistures, finer soil textures, and higher thermal 

conductivities should result in greater depths of lethal heat penetration, and hence higher 

percentages of bud death. Soil moisture in particular is an important factor to consider 

because water is twenty times more conductive than air (Balatsos 1994) and previous 

studies emphasized differences between the heating of a dry versus a wet soil (e.g. 

Dimitrakopoulos 1988, Peter 1992, Balatsos 1994). Additionally, we also wanted to 

establish the amount of heating required to kill all the buds. We thus modeled soil 

heating at a constant rate to obtain lethal temperatures throughout the soil profile. 

1.2 Soil heat transfer model 

The model by Campbell et al. (1994, 1995) was tested by Balatsos (1994), 

Campbell et al. (1995), and Albini et al. (1996), and was shown to perform well in a 

range of conditions. The model is based on a previous model by Aston and Gill (1976) 

and it also incorporates concepts from a model by de Vries (1963). It is more physically 

based than other soil heat transfer models. In particular, it includes changes in soil 

moisture, unlike other models that assume a dry soil (e.g. Richon 1987). Various soil 

types can be represented by changing inputs such as mineral thermal conductivity, soil 
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density, and fraction of silt and clay. Furthermore, the numerical simulations are stable 

over many conditions. 

The model divides the soil profile into horizontal layers, and predicts the heat and 

water budget for each layer for a given number of time steps (Figure 2). Modeling soil 

heat transfer also requires modeling water concentration and movement, because water 

has a large heat of vaporization and hence can strongly affect heat transfer (Albini et al. 

1996). The model is one-dimensional, which means it only considers vertical heat and 

water transport. Richon (1987) found that expansion to a two-dimensional model does 

not significantly improve predictions. 

Two major equations make up the Campbell et al. model: heat transport and 

storage, and water transport and storage. The equation of soil heat transport and storage 

in a soil layer is 

C11 ae --Hp1--(., aeat at aae a  8z 

where Cj, is the volumetric specific heat, 6' is soil temperature, t is time, H is the latent 

heat of vaporization, PW is the density of water, 0 is the volume fraction of soil water, z is 

the thickness of soil layer, and A is the thermal conductivity of soil. The first term in 

equation 1.1 represents the heat that is stored by the soil layer, the second term is the heat 

that is used to evaporate water, and the third term is the heat that is conducted to the soil 

layer. 

The equation for water transport and storage is 

ae a  K  ap 
P1Và1\1 p /p az) (1.2) 
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where K is the vapour conductivity,p is the partial pressure of water vapour in the soil, 

and P is the atmospheric pressure. Water flow is caused by a vertical pressure gradient. 

As the water vaporizes, it creates pressure which causes the vapour to rise upwards. 

The remainder of the equations in the Campbell et al. model relate various soil 

and water properties to temperature and water content, and are given in Appendix A. 

1.3 Surface temperature 

The Campbell et al. soil model requires a surface time-temperature curve to be 

inputted as the upper boundary condition. We modeled a variable surface temperature 

curve, as would be expected in a grass fire, and a constant surface temperature curve, as 

an attempt to find a treatment that would kill all the buds in the soil. 

A typical curve observed during a fire is right skewed, and we used equations 

described by Mercer and Weber (2001) to represent it. See Appendix B for a model 

description. The highest recorded maximum surface temperatures in grass fires are in the 

order of 700 °C (Daubenmire 1968, McPherson 1995). Typically, maximum 

temperatures are reached within seconds after the temperature begins to increase from 

ambient, while the cool-off period lasts several minutes (e.g. Archibold et al. 1998, 

Morgan 1999, Mabli 2001). Although the Mercer and Weber model was designed for 

depicting temperatures above a source of heat, the resultant curves have the same shape 

as those observed in grass fires. 

Additional constant surface temperature simulations were conducted to establish a 

boundary for killing all buds throughout the soil profile. This is not necessarily a realistic 

representation of a grass fire, although it can be used to represent conditions when high 
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residence times may exist, e.g. during slash burning or artificial heating. We allowed 

for 10 minutes of soil heat-up, during which the temperature of the soil surface increased 

at a constant rate from ambient to the selected maximum temperature. Following the 

heat-up period, continued heating at a constant maximum surface temperature was 

simulated to occur for several hours. 

1.4 Bud mortality 

Since we assume that aboveground buds will be consumed by the fire, only the 

fate of belowground buds needs to be considered, It is commonly accepted that plant 

cells die when exposed to a temperature of 60 °C due to protein denaturation (Byram 

1948, 1958, Heber and Santarius 1973; but see Dickinson and Johnson 2004). We 

assume that the buds will be the same temperature as the soil, and will respond 

instantaneously to changes in soil temperature due to their small size. We measured the 

lengths of the longest and shortest axes of buds using a digital calliper, and found these to 

be 3.8 ± 0.15 mm and 1.6 ± 0.06 mm for big bluestem (n = 121), 2.2 ± 0.10min and 1.1 ± 

0.04 mm for indiangrass (n= 96), and 2.4 ± 0.13 mm and 1.1 ± 0.05 min for switchgrass 

(n = 96). Although heat transfer from the soil to the bud could be modeled, given our 

findings that soil only heats up to depths of 1 or 2 cm during fires and that buds are found 

below those depths (see Results), such an analysis would not make much difference to 

our conclusions (see Discussion). 
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1.5 Methods 

1.5.1 Approach 

We simulated 48 different fire conditions (referred to as "Variable surface 

temperature") using the Mercer and Weber (2001) model for surface temperature and the 

Campbell et al. (1994, 1995) model for soil temperature. See Table 1 for summary. 

Conditions were selected to cover the expected range encountered in the field (see 

below). We conducted 24 further simulations using the Campbell et al. model with a 

constant temperature at the surface (referred to as "Constant surface temperature") to 

establish a boundary for killing all buds throughout the soil profile. See Table 2 for 

summary. 

Temperature profiles were combined with vertical bud distributions for big 

bluestem, indiangrass, and switchgrass. For variable surface temperature simulations, the 

proportion of buds subjected to lethal temperatures is reported. For constant surface 

temperature simulations, the total heating time required to kill 100% of buds is reported. 

1. 5.2 Inputs 

This section describes inputs selected for the simulations. Detailed lists are found 

in Appendices C and D for variable and constant surface temperature respectively. 

Simulations were conducted with a time step At of 0.005 s and a vertical depth 

node size 4z of 0.002 m to a total depth of 0.20 m. These values were found by repeating 

the simulations with increasingly smaller node sizes until consistent results were 

obtained. Results were considered "consistent" when the depth of lethal heat penetration 
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was constant between the simulations. A depth of 0.20 in is expected to contain most of 

the grass buds (Mueller 1941, Kucera and Dahlman 1968, Elder 2001). 

1.5.2.1 Variable surface temperature (Mercer and Weber model) 

Ambient air temperature was set to 20 °C and three maximum surface 

temperatures were selected: 60, 400, and 700 °C. The 60 °C was selected because it is the 

lowest temperature that can potentially cause the soil to heat up to 60 °C. The highest of 

these is what is usually cited as the upper boundary for grass fire temperatures 

(Daubenmire 1968, McPherson 1995). Given that there is a relationship between surface 

temperature and flame length (see Appendix B), the Solver feature in Microsoft Excel 

was used to solve for the chosen 4Tby changing flame length Lj. This yielded Ljvalues 

of 0.8, 3.6, and 5.3 m, which is consistent with flame length values observed in the 

tallgrass prairie (Trollope et al. 2002). 

For each 4T a short residence time (30 s heating, 180 s cooling) and long 

residence time (60 s heating, 600 s cooling) fire was simulated. These values were 

selected after reviewing time-temperature curves in the literature (e.g. Archibold et al. 

1998, Morgan 1999, Mabli 2001). Values of fire spread U= 0.5 in s and cooling 

constant y = 0. 1, and U = 0.01 m s' and  = 0.01 were used for short and long residence 

time fires respectively. Previous studies show that the mean fire spread in the tallgrass 

prairie is 0.54 in s in head fires and 0.01 in s in back fires (Trollope et al. 2002). The 

values used in this study were therefore consistent. 

Thej value (Appendix B equations B.1 and B.5) represents the height above the 

flame. Although ideally it would be set to a value close to zero to reflect soil surface 
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conditions, doing so caused the heating portion of the curve to be too sharp such that 

the desired period of heating would not take place. To reflect time-temperature curves in 

the literature (see references above)j was set to 3 in, which caused the shape of the curve 

to be more realistic. The resultant time-temperature curve was then used as the surface 

condition in the Campbell et al. model. 

Figure 3 shows the time-temperature curves used. 

1.5.2.2 Constant surface temperature 

We used maximum surface temperatures of 200 and 1000 °C, and allowed for 

heating to occur for 1, 2, 3, 4, 5, and 10 hours. Maximum surface temperature was 

reached after 10 minutes of heating at a constant rate from an ambient temperature of 20 

OC. 

1.5.2.3 Campbell et al. model - variable surface temperature (Mercer and Weber model) 

Initial soil temperature throughout the soil profile was set to 20 °C. Taligrass 

prairie soil temperature at depths of 10 and 20 cm was measured to have a temperature of 

about 20 °C throughout the summer (Hulbert 1969). 

Volumetric specific heat of the soil Ch was found by multiplying the specific heat 

of the soil (1849 3 kg' K 1; Incropera and DeWitt 2002) by the bulk density of the soil. 

Bulk densities of 1700 kg m 3 and 1000 kg m 3 were used for sand and clay respectively 

(Brady and Weil 1996). 

"Wet" soil was defined as the field capacity, and a "dry" soil was wilting point of 

plants. Initial volume fractions of soil water 0 throughout the soil profile were set to 0.06 
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m3 H2 0/m3 soil for wet sand, 0.37 m3 H20/m3 soil for wet clay, 0.01 m3 H20/m3 soil 

for dry sand, and 0.20 m3 H2 0/m3 soil for dry clay (Brady and Weil 1996). The latter 

two values were also used for the water content of air dry soil °a Fires are unlikely occur 

in saturated conditions because wet vegetation will impede fire spread (Cheney and 

Sullivan 1997), hence a saturated soil treatment was not included. 

Saturation water content O is given by 1 - (bulk density/particle density) 

(Vomocil 1965). Particle density was set to 2650 kg m 3, a value which does not vary 

much among soils (Brady and Weil 1996). 

The thermal conductivity of mineral soil A. can be obtained by knowing the 

fractions of various minerals in the soil and their thermal conductivities. A representative 

value of soil thermal conductivity was not found in the literature. Quartz is a common 

component of soils and its thermal conductivity (8.8 W m 1 K'; de Vries 1963) was used 

for half of the simulations. Campbell et al. (1994) report A. in the order of 2 W m 1 K' 

for various soils. Given that other common soil components include feldspars and 

kaolinites, which have thermal conductivities of 2.3 W m 1 K 1 (Dean 1999, Shabbir et al. 

2000) and 2.9 W m 1 K' (de Vries 1963) respectively, a value of 2 W m 1 K' is realistic 

and was used for the other half of the simulations. The model was not sensitive to 

changes in 2,, (see Results), therefore further refinement of this input was not performed. 

We simulated a sandy soil by setting the fraction of silt m1 and the fraction of clay 

m to 0.05 each, and a clayey soil by setting mt to 0.10 and m to 0.80 (Ghildyal and 

Tripathi 1987). Particles were assumed to be spherical and therefore had a soil particle 

shape factor g,, of 0.333. 
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Campbell et al. (1994) measured the power for recirculation function qo 

experimentally and obtained values in the range of 1.71 - 6.08. We used a mean value of 

4.16. 

Atmospheric pressure was kept constant at 101325 Pa. Other constants include 

water potential of oven dry soil Wo (_10 6 J kg'), air vapour pressure (1000 Pa), vapour 

diffusivity (2.12 x i0 m2 s) soil tortuosity (0.66), and surface boundary layer resistance 

(20) (Campbell et al, 1995). 

1.5.2.4 Campbell et al. model - constant surface temperature 

We used a dry (0.01 m3 H20/m3 soil) sand (0.05 fraction silt and 0.05 fraction 

clay, bulk density of 1700 kg rn"3, Oa of 0.01 m3 H20/m3 soil) and a dry (0.2 m3 1-120/rn3 

soil) clay (0.1 fraction silt and 0.8 fraction clay, bulk density of 1000 kg rn"3, Oa of 0.2 m3 

1-120/rn3 soil). Mineral thermal conductivity was kept at 2.0 W rn"1 K'. We used the 

same initial soil temperature, atmospheric pressure, specific heat, particle density, and qo 

as for the variable surface temperature simulations. 

1. 5.3 Numerical simulations and coding 

A Turbo Pascal code of the Campbell et al. model was obtained from G.S. 

Campbell, and re-coded in C++. The C++ code is available upon request. As a boundary 

condition, the original model uses heat flux at the surface. However, because there is 

little information about heat flux during a grass fire, we chose to use surface temperature 

as the boundary condition. Other boundary conditions included air temperature, initial 

soil temperature and moisture, and soil temperature and moisture of the deepest layer. 
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There are two systems of partial differential equations that need to be solved. 

One set is for heat transfer, and this is a linear system solved by matrix inversion. The 

other set is for water potential, which is a non-linear system. The numerical approach 

used to solve it was based on the Linear Theory method of pipe network analysis (Wood 

and Charles 1972). 

For each simulation, temperatures were averaged for each 1-cm interval by 

averaging temperatures and the maximum depth of lethal heat penetration (60 °C) was 

determined. 

1.5.4 Bud distribution sampling 

The bud distributions of big bluestem, indiangrass, and switchgrass were sampled 

at four sites per species in taligrass prairie sites in or near Madison, Wisconsin. Big 

bluestem was sampled in the Curtis Prairie (3 sites) and the Grady Track (1 site) at the 

University of Wisconsin Madison Arboretum. Indiangrass was sampled at the Audubon 

Goose Pond State Natural Area (3 sites) and the Poynette State Game Farm (1 site). 

Switchgrass was sampled at the Audubon Goose Pond State Natural Area (1 site), 

Poynette State Game Farm (2 sites), and Rocky Run State Natural Area (1 site). The 

Curtis Prairie and Goose Pond sites are mostly loamy/clayey, while the Grady Track, 

Poynette, and Rocky Run sites are mostly sandy. 

At each site, a relative monoculture of the species was located, and a 2 x 2 m grid 

was set up. A core sampler (AMS Split Core Sampler with Core Tip; Ben Meadows, 

Janesville, WI) 5 cm in diameter and about 30 cm in length was used to take soil cores. 
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Cores were taken in a grid pattern at 25 cm intervals, giving a total of 81 cores per site. 

Each core was wrapped in plastic wrap and aluminum foil, labeled, and frozen. 

In the lab, the core was cut into 1-cm slices from 0 - 6 cm, 2-cm slices from 6 - 

10 cm, and 4-cm slices from 10 - 18 cm. This was the finest resolution we could have 

obtained while maintaining accuracy (slicing the core into finer pieces would cause it to 

fall apart and too many buds would be split in two). Each slice was placed in a fine sieve 

and the soil was washed off, leaving behind the plant matter. The buds in each slice were 

counted. 

1.6 Results 

We present the following information to address the hypothesis that fire and soil 

properties affect soil temperature and bud death, and to gain insight into how much heat 

is required to kill all the buds: 

1) Variable surface temperature simulation results - depths of lethal heat 

penetration (60 °C) for the simulations 

2) Constant surface temperature simulation results - depths of lethal heat 

penetration for the simulations 

3) Maximum soil temperature profiles for variable surface temperature 

simulations that received the most heating (maximum surface temperature 

of 700 °C and residence time of 660 s) 

4) Time-temperature curves at 0, 1, 2, and 3 cm soil depths for the two 

variable surface temperature simulations that received the most heating 

and were the most different from each other (dry sand with a thermal 



15 

conductivity of 8.8 W m 1 K' and wet clay with a thermal conductivity 

of 2.0 W m 1 K') 

5) Bud distributions of three species at four sites each 

6) Percentages of buds expected to die during the variable surface 

temperature simulations 

7) Total time required to kill 100% of buds during constant surface 

temperature simulations. 

1.6.1 Simulations - variable surface temperature (Mercer and Weber model) 

Each of the 48 simulations had one of 3 outcomes: no lethal heat penetration into 

the soil, lethal heat penetration to 1 cm, and lethal heat penetration to 2 cm (Table 3). All 

simulations with a maximum surface temperature of 60 °C failed to attain lethal 

temperatures in the soil. Simulations having a maximum surface temperature of 400 °C, 

as well as those with a maximum surface temperature of 700 °C and a residence time of 

210 s had lethal temperatures to 1 cm. The only exception is one wet clay treatment with 

a maximum surface temperature of 400 °C and a residence time of 660 s, which had 

lethal temperatures at 2 cm. Simulations with a maximum surface temperature of 700 °C 

and a residence time of 660 s all had lethal temperatures to 2 cm. 

1. 6.2 Simulations - constant surface temperature 

There were 24 simulations with 15 different lethal heat depth outcomes (Table 4). 

Sand and clay heated at 200 °C had lesser lethal depths than sand and clay heated at 1000 

°C. The lethal depths reached by the 200 °C simulations for both sand and clay were 
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about half of the lethal depths reached by the 1000 °C simulations for each 

corresponding heating time. One hour of heating caused lethal temperatures at 4 cm for 

sand and 3 cm for clay at a surface temperature of 200 °C, and at 7 cm for sand and 8 cm 

for clay at a surface temperature of 1000 °C. Each additional hour of heating usually only 

increased the lethal heat penetration by 1 or 2 cm. Increasing the heating time from 5 to 

10 hours only increased the lethal heat penetration by 1 cm for clay at 1000 °C, 2 cm for 

clay at 200 °C, and 3 cm for sand at 200 and 1000 °C. After ten hours of heating, lethal 

soil depths ranged from 9-10 cm for clay heated at 200 °C to 18-19 cm for sand heated at 

1000 °C. 

1. 6.3 Maximum soil temperature profiles - variable surface temperature 

Maximum soil temperature rapidly declined with soil depth (Figure 4). Most of 

the temperature increase occurred in the first centimeter of the soil. Although the 

simulations had different maximum soil temperatures in the first centimeter, the curves 

all converged in the second centimeter, and the lethal temperature of 60 °C was attained 

at approximately the same depth (about 2 cm) for all the simulations. Typically, sand had 

a higher temperature than clay, dry soil had a higher temperature than wet soil, and soil 

with a thermal conductivity of 8.8 W m 1 K' had a higher temperature than soil with a 

thermal conductivity of 2 W m 1 K'. 

1. 6.4 Time-temperature curves - variable surface temperature 

Greater soil depths had increasingly flatter time-temperature curves, indicating 

lower temperatures at these depths, and had the peak of the curve shifted to the right, 
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indicating an increased delay between the temperature peak at the soil surface and the 

temperature peak in the given layer (Figure 5). The two soil types (dry sand with a 

thermal conductivity of 8.8 and wet clay with a thermal conductivity of 2) displayed the 

same trends, although the sandy soil heated to greater temperatures. 

1. 6.5 Bud distributions 

For all species and all sites, most buds were found within 4 cm of the soil surface 

(Figures 6 to 8), but all contained considerable percentages of buds beyond 2 cm. On 

average big bluestem buds were closer to the surface than those of the other two species. 

All species displayed some variation between sites. Most notably, big bluestem site 1 

had about twice as many buds in the top centimeter than site 3, indiangrass site 4 had 

most of its buds deeper than the other indiangrass sites, and switchgrass site 4 had most 

of its buds closer to the surface than the other switchgrass sites while switchgrass site 3 

had most of its buds deeper than the other switchgrass sites. 

1. 6.6 Percent bud death - variable surface temperature 

We know from section 1.6.1 that lethal temperatures (60 °C) during variable 

surface temperature simulations only occur at 1 or 2 cm. For each species and site we 

present the percentage of buds that occur to these depths and hence would be expected to 

die (Table 5). 

When combining the temperature distributions from the variable surface 

temperature simulations with the bud distributions, only 14 to 34% of big bluestem, 5 to 

14% of indiangrass, and 2 to 36% of switchgrass buds will be subjected to lethal 
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temperatures at 1 cm. When lethal temperatures occur at 2 cm, 55 to 71% of big 

bluestem, 33 to 45% of indiangrass, and 13 to 72% of switchgrass buds will be subjected 

to lethal heating. No simulation resulted in 100% bud death. 

1. 6.7 Time required to kill buds - constant surface temperature 

For big bluestem, heating at 200 °C required 3 hours in order to kill most buds for 

both sand and clay (Table 6). Heating at 1000 °C required 1 hour of heating in most 

cases. Site 2, which had buds at greater depths than the other sites, required a few hours 

longer in each case except for clay at 1000 °C. 

For indiangrass, heating at 200 °C required 10 or more hours in most cases for 

both sand and clay (Table 6). Heating at 1000 °C required anywhere between 1 and 10 

hours for sand, and between 1 and 10+ hours for clay. Site 3, which had buds closer to 

the surface, only required 1 or 2 hours of heating. 

For switchgrass, heating at 200 °C required between 3 and more than 10 hours for 

sand and clay (Table 6). Heating at 1000 °C required between 1 and 10+ hours. 

1.7 Discussion 

The physical mechanisms by which the belowground buds of grasses survive fires 

have not been demonstrated before. Vague, qualitative assessments such as "the soil is a 

good insulator" (e.g. Young 1982, Bond and van Wilgen 1996) have been used to explain 

why grasses survive fires. At the same time, soil heating studies (e.g. Peter 1992, 

Balatsos 1994, Campbell et al. 1995) suggest that soil has the potential to heat up to high 

temperatures and hence kill the belowground vegetation. These studies are more 
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concerned with validating their model with some experimental data, seldom address 

the range of fire and soil conditions that exist in the field, and never consider the 

distribution of underground plant organs. Their findings are therefore difficult to extend 

to general, realistic situations for the purpose of examining fire effects on grass. 

In contrast, we selected a well-established physically-based soil heat and water 

transport model and considered a range of fire conditions, including extreme situations, 

and their effect on soil temperatures. We then combined this with bud distributions for 

three tallgrass prairie species, which were selected due to their abundance in the tallgrass 

prairie. This allowed us to examine the expected grass bud death in a range of fires. 

We found that in all cases only the top 1 or 2 cm were heated to lethal temperatures and 

only buds found at those depths could be killed by heat from fires with realistic residence 

times of 210 and 660 s. It did not matter whether the soil was a clay or sand, wet or dry, 

or had a low or high mineral thermal conductivity. In terms of which factors most affect 

our soil temperatures, this study suggests that the surface temperature curve (fire 

residence time and maximum temperature) is important to soil heating, implying that 

aboveground factors such as amount, moisture content, and spatial patterns of 

aboveground biomass, as well as weather conditions are important. Belowground factors 

such as soil texture, mineral composition, and moisture are less important. We 

emphasize that we are making this conclusion only for the range of conditions 

encountered during grass fires, at the scale of about 1 cm, and as long as the belowground 

factors do not significantly influence the surface temperature curve. 

Looking at the physical aspects of the soil model helps us to understand why soils 

do not heat up extensively in fires. The physical properties of a material, such as specific 
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heat (amount of heat required to increase the temperature of the material by a degree) 

and thermal conductivity (amount of heat which passes through a cross section of the 

material per unit time) determine how much heat the material can hold and how much 

heat flows through it (Farouki 1986). The specific heat of soil (1849 J kg' K'; Incropera 

and DeWitt 2002) is higher than that of metals (about 200 to 800 J kg' K_I; Holman 

1990), and solids such as brick, stone, and concrete (about 800 J kg' K 1; Holman 1990), 

indicating that soils are able to store a greater amount of heat energy. The maximum soil 

thermal conductivity found in this study (see Appendix A equation A.3) was 1 W m 1 K 1 

for wet clay composed of quartz. This is not large when compared to highly conductive 

substances such as metals, which range from about 10 to 400 W m' K 1 (Holman 1990). 

As the soil heats it will dry, and the thermal conductivity will decrease further as air 

replaces water in the soil pores. However, all materials have the ability to heat up if 

enough heat is delivered to the surface, which makes it important to consider realistic fire 

conditions when addressing the effect of fires on soil heating. 

All of our sampled bud distributions contained buds below 2 cm, and these buds 

would survive all of our simulated fire conditions and potentially reproduce following the 

fire. Bud distributions in the literature agree with this: although most buds and rhizomes 

are in the top layers, they do occur at depths of 5, 10, and 20 cm (Lemieux et al. 1993, 

Elder 2001, Reyes 2004), and a few studies found buds extracted from deep layers to be 

viable (e.g. Lemieux et al. 1993, Reyes 2004). 

Grass populations still have the potential to be directly affected by fire, since buds 

near the surface were exposed to lethal temperatures, and species displayed varying 

percentages of bud survival. Our findings suggest that big bluestem has buds closer to 



21 

the surface than indiangrass and switchgrass, although this is not a general conclusion 

as we did not measure sites where the three species coexist. We also suggest measuring 

other species which are subjected to fire. 

Given the importance of fire residence time and maximum temperature, we 

suggest that further studies focus on a better representation of the fire, and incorporate 

processes such as vegetation combustion and fire spread. The Mercer and Weber (2001) 

model we used is not ideal, as it was developed for forest fires and describes the 

temperatures above a fire plume. We used it to represent the shape of the curves 

observed during grass fires, but the model does not describe why such a shape occurs and 

how it may vary among sites and conditions. Aboveground vegetation patterns vary in 

space and time due to grazing, weather patterns, topography, time-since-fire (Coppedge 

et al. 1998), changes in the proportion of sod and bunchgrass growth forms (Wink and 

Wright 1973), and changes in percent dead leaves (Bragg 1982), so the surface 

temperature curve may not be constant across the landscape. Furthermore, underground 

rhizomes buds correlate with aboveground vegetation (Horowitz 1973, Pecháèková et al. 

1999) and are not necessarily spatially uniform (Bell and Tomlinson 1980), and if the 

aboveground pattern makes a difference to the surface temperature curve, some buds may 

be exposed to different heat than others. Thus, patterns of vegetation growth should be 

studied as well. As mentioned in our introduction, grasses contain buds other than those 

on rhizomes. To complete this analysis, the survival of these buds in a fire should be 

assessed. 

An implication of our findings is that one cannot realistically expect to use heat 

from a fire as a means of the controlling belowground bud distributions of grasses. Even 
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if the grass receives a setback, it will not be destroyed. We would like to emphasize 

that if fire has any potential to eradicate a grass species, it will be through indirect effects. 

In order to use heat as a tool, it must be applied to the soil for hours. It takes several 

hours of heating for the soil to reach lethal temperatures which would cause most of the 

buds to die. Most likely such a solution is impractical for land management, unless the 

area is small and there is an artificial heat source available. Smoldering combustion is 

another process which extends the length of soil heating, and has been found to be an 

important factor affecting soil heating in other ecosystems such as chaparral (Odion and 

Davis 2000). It is generally believed that smoldering combustion does not occur in 

grasslands, although there are suggestions that it may occur when heavy fuel loads are 

present (Wright 1971, Cheney and Sullivan 1997, Paysen et al. 2000). However, as can 

be seen from our constant surface temperature simulations, it would take extensive 

heating to affect the bud bank, thus even smoldering combustion is not expected to kill 

off the grass. 

Our study suggests that soil's "insulating" properties are not the sole reason why 

grasses survive fire. Clearly, the short residence time and relatively low aboveground 

temperatures of the fire are two other reasons, which arise due to aboveground plant 

architecture and weather conditions. The physiology of belowground grass buds (the 

depth at which they are found) is another factor. Thus if this study were to be extended 

to other systems (e.g. shrublands and forests) or other organisms, the same conclusions 

may not apply, because a different temperature curve may very well cause underground 

organism death. 
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1.8 Conclusions 

We presented a method of predicting soil temperatures based on fire and soil 

properties. We found that only the residence time and the surface temperature had an 

effect on the depth of lethal penetration, while changing other factors like soil texture or 

moisture had no effect on the final outcome (percent buds dead). The maximum depths 

that experienced lethal heating were about 2 cm. Given that buds are found below these 

depths, it can be concluded that grasses will survive fires. We do not recommend the use 

of controlled burns as a tool to kill invasive rhizomatous grasses directly. If fire has the 

potential to kill grass, it will be through indirect effects. To kill grass using heat, the soil 

must be heated for several hours, most likely using an artificial heat source. 

We recommend that future studies focus on the physiology of the grasses. 

Questions such as bud viability, spatial distributions of grasses, and regrowth following a 

fire should be addressed. These studies must be conducted in the field. Secondly, a more 

detailed description of the surface temperature curve should be made. 
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Table 1: All possible combinations of the following factors resulted in 48 different 
variable surface temperature simulations. 

Fire or soil property Possible variables 

Fire residence time (s) short (210) long (660) 

Maximum surface temperature (°C) 60 400 700 

Soil moisture (m3 H20/m3 soil) low (0.01 - sand; 

0.2 - clay) 

high (0.06 - sand; 

0.37 - clay) 

Soil texture (fraction silt and clay) sand (0.05 silt and 

0.05 clay) 

clay (0.1 silt and 0.8 

clay) 

Mineral thermal conductivity (W nf' K') low (2) high (8.8) 
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Table 2: All possible combinations of the following factors resulted in 24 different 
constant temperature simulations. 

Heating or soil property Possible variables 

Time of heating (hours) 1 2 3 4 5 10 

Maximum surface temperature (°C) 200 1000 

Soil texture (fraction silt and clay) sand (0.05 silt and 0.05 

clay) 

clay (0.1 silt and 0.8 

clay) 
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Table 3: Maximum soil depths (cm) which experienced temperatures of 60 °C or 
higher during fire ("variable surface temperature") simulations. 

Maximum depth which 
reached 60 °C (cm) 

Simulation # (refer to 
Appendix C) 

Description 

none 1, 4, 7, 10, 13, 16, 19, 
22, 25, 28, 31, 34, 37, 
40, 43, 46, 49 

all maximum surface temperature of 
60°C 

1 2, 3, 5, 8, 9, 11, 14, 
15, 20, 21, 23, 26, 27, 
29, 32, 33, 35, 38, 39, 
41, 44, 45, 47 

all short residence time with 
maximum surface temperatures of 
400 and 700 °C, and long residence 
time with maximum surface 
temperatures of 400 °C (except for 
one listed under 1 -2 cm). 

2 6, 12, 17, 18, 24, 30, 
36, 42, 48 

long residence time. All but one 
have a maximum surface 
temperature of 700 °C. The other 
one is a wet clay with 2, = 8.8 W ni-
1 K•l  and a maximum surface 
temperature of 400 °C. 
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Table 4: Maximum depths (cm) which experienced temperatures of 60 °C during 
simulations of heating ("constant surface temperature") simulations. 

Total heating 

time (hours) 

Sand (200 °C) Sand (1000 °C) Clay (200 °C) Clay (1000 °C) 

1 4 7 3 8 

2 5 10 5 11 

3 6 12 6 13 

4 7 14 7 15 

5 8 16 7 16 

10 11 19 10 17 
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Table 5: Percentages of buds expected to die if lethal temperature occurs at 1 cm 
and 2 cm soil depths. 

Species Site # Soil depth (cm) 

1 2 

Big bluestem 1 33.6 71.3 

2 21.3 54.5 

3 13.5 55.5 

4 26.4 60.1 

Indiangrass 1 4.9 39.5 

2 13.5 45.1 

3 12.1 44.3 

4 5.8 32.7 

Switchgrass 1 5.3 32.0 

2 6.2 43.6 

3 2.2 12.8 

4 36.2 71.9 
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Table 6: Time of heating (hours) required to kill 100% of buds at each site during 
constant surface temperature simulations. 

Species Site Sand 

(200°C) 

Sand 

(1000°C) 

Clay 

(200°C) 

Clay 

(1000°C) 

Big 

bluestem 

1 3 1 3 1 

2 5 2 5-10 1 

3 3 1 3 1 

4 3 1 3 1 

Indiangrass 1 5-10 2 10 2 

2 10+ 5-10 10+ 10+ 

3 2 1 2 1 

4 10+ 5-10 10+ 10+ 

Switchgrass 1 5 2 5-10 1 

2 3 1 3 1 

3 10+ 4 10+ 4 

4 10+ 5-10 10+ 10+ 
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RHIZOMATOtJS 

Figure 1: Morphology of grass. Figure is from Best et al. 1971. 
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SOIL SURFACE 

Figure 2: Heat and water budgets of a layer of soil. The symbols are defined in the 
text. Heat is conducted through the soil, stored by the soil, or used to vaporize 
water. Upward water flow occurs due to a pressure gradient that forms when the 
water vaporizes. 
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Figure 3: Time-temperature curves used in the variable surface temperature 
simulations. 
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Figure 7: Bud distributions at four indiangrass sites. 



46 

50 

40 - 

30 - 

20-

10 - 

I IJn I  

0-1 1-2 2-3 3-4 4-5 5-6 6-8 8-10 10-14 14-18 

Soil layer (cm) 

Switchgrass site 1 
Switchgrass site 2 

Switchgrass site 3 

Switchgrass site 4 

Figure 8: Bud distributions at four switchgrass sites. 



47 

APPENDIX A CAMPBELL ET AL. MODEL EXPLANATION 

See papers by Campbell et al (1994, 1995). 

The following model description is divided into three parts: heat transport and 

storage, thermal conductivity submodel, and water transport and storage. 

A.1 Heat transport and storage 

The equation for soil heat transport and storage is 

ae 

C1, - at az az) (A.1) 

where Ch is the volumetric specific heat, 9 is soil temperature, t is time, Ii is the latent 

heat of vaporization, Pw is the density of water, 0 is the volume fraction of soil water, z is 

the thickness of soil layer, and A is the thermal conductivity of soil. 

In equation A.1, 

C1, ae-- is the heat stored in the soil layer 
at 

—Hp ao is the heat that is used to evaporate water 
at 

a C,, aeand Iis the heat that is conducted to the soil layer. 
azaz) 

The latent heat of vaporization H is given by 

H,, =45l44-48(e-273.15)—o.O18 

where 'is the water potential, obtained from equation A.21. 

(A.2) 
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A.2 Thermal conductivity submodel 

The thermal conductivity 2 is found using a model similar to de Vries (1963), 

which assumes that total thermal conductivity of the soil is based on the proportions and 

thermal conductivities of its components. Thermal conductivity is given by 

2 k. OA,, + kaXa2a + knXm2m  

1c9 + kaXa + (A.3) 

where k1,, ka, and 4 are the weighting factors for water, air, and mineral soil, G is the 

fraction of water (from equation A.21), Xa and x11 are the fractions of air and mineral soil, 

and 2w, 2 a, and A. are thermal conductivities of water, air, and mineral soil. 

To obtain the weighting factors, Campbell et al. (1994) defined a "fluid" thermal 

conductivity 2 At a soil water content of 9 and greater, water will become a more 

significant contributor to soil thermal conductivity than soil air. This water content is 

dependent on soil properties, and in particular the particle diameter (see equation A. 10). 

The "fluid" thermal conductivity describes the relative contributions of air and water 

thermal conductivities. 

2f =2a+fv(21v_2a) (A.4) 

wheref, is an empirical weighting function. This function ranges from 0 in dry soil (so 

that 2j = 2a in equation A.4) to 1 in saturated soil (so that 2j = 2 in equation A.4). It is 

given by 

1 

I 
(A.5) 
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where q is the rapidity of the transition from air- to water-dominated conductivity and 

9, is the water content at which water starts to affect thermal conductivity. The 

exponent q is found by 

r  q = q0 I \2 

ft3o3 
(A.6) 

where (93Q3 is 303 K, and qo is a constant obtained from measuring thermal conductivity 

and from nonlinear least square fits. It depends on the soil type (Campbell et al. 1994). 

Based on nine soil samples, Campbell et al. (1994) determined a relationship 

between O and geometric mean particle diameter dg: 

9wo = 0.267dg•°•2 (A.7) 

The diameter is calculated using the method of Shiozawa and Campbell (199 1) using the 

relationship 

dg =exp(5.756_3.454m-7.712m) (A.8) 

where m1 and my are the fractions of silt and clay. 

Using the "fluid" thermal conductivity, the weighting factors are 

ka 
2  1  

+ 

i+[ A. -_iJ a 1+I.A.-_i) c 

2  
+  

i+[rga i+[ AIII _i]c 

(A.9) 

(A.10) 
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2  1  
+ 

3 'A. 
l+IL 1 

- - J a i+[i_iJ c 

(A.11) 

where g and g are soil particle shape factors. In the de Vries model, there are three 

shape factors, g, g, and g which sum to 1 and correspond to the ratios of axes a, b, and 

c of soil particles. Assuming that the soil particles are elliptical in shape, g=g, and g=1 

- 2ga. Campbell et al. (1994) state that g must be found empirically, but they found that 

its value has "little effect, except in dry soil". Like qo, g varies by soil type, and 

Campbell et al. (1994) obtained this value from measuring thermal conductivity and from 

nonlinear least square fits. 

The equation for the air filled pore space is 

Xa = 0, - e (A.12) 

where 9 is the saturation water content and C is the water content from equation A.21. 

The fraction of mineral soil x, is then found by subtracting 9 and Xa and from 1. 

The thermal conductivity of water is given by 

=O.554+2.24x1O_3(€_273.15)_9.87x1O 6(9_273.15)2 (A.13) 

The thermal conductivity of air is based on a similar model by de Vries (1963) for 

a saturated pore. Campbell et al. added a humidity term to de Vries' model, and the 

resultant equation is 

2 HhfbDs  
a P_hp* (A.14) 
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where H, is the latent heat of vaporization of water, 3 is the molar density of air, D is 

the vapour diffusivity in air, P is atmospheric pressure, p * is the saturation vapour 

pressure of water in the pore, and s is the slope of the saturation vapour pressure vs. 

temperature function. Note the latent heat of vaporization (H) is given in units of J mol-

1 rather than J kg 1 as in equation A.2. The formula is 

=45144-48(0-273.15) (A.15) 

Molar density of air is dependent on temperature and pressure and is found by 

(Fe0 
PPoJ (A.16) 

where ,A is the standard value for density at 0 °C and sea level pressure, Po is the sea 

level pressure, and eo is the standard temperature. 

The vapour diffusivity is also temperature and pressure dependent and follows the 

formula 

(1( 1.75 

D =Dvo _J(\_) (A.17) 

where D 0 is the standard value for diffusivity at 0 °C and sea level pressure. The use of 

the 1.75 exponent is explained by Fuller et al. (1966). 

The saturation vapour pressure is obtained from a modified version of the 

Richards equation (Richards 1971): 

p*101325exp(r(133016+r(_2042+r(026+269r)))) (A.18) 

where r =1-373.15/9 is a dimensionless temperature. 

The slope in equation A.14 is 
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s= 
0 2 

373.15p*(13.3015_4.082r+O.78r2 +1O.76r3) 

A.3 Water transport and storage 

model: 

(A.19) 

The equation for water transport and storage is the second main equation of the 

ao a(  K  op 
PW ot Ozl\l —p/FOz 

(A.20) 

where K is the vapour conductivity andp is the partial pressure of water vapour in the 

soil. Water flow is caused by a vertical pressure gradient. As the water vaporizes, it 

creates pressure which causes the vapour to rise upwards. The term (1—p/F) is called 

the Stefan correction and is required as a mass flow factor because the upward flow of 

gas causes it to accumulate at the surface and evaporate away from the surface. 

The water content 9 is expressed as a function of the water potential 

(A.21) 

where Gi is the extrapolated value of water content when yi = -1 J kg' and Io is the water 

potential of oven dry soil. 

Campbell et al. (1995) state that the water potential is related to temperature, but 

were unsuccessful at finding a suitable relationship and hence assumed that water 

potential is independent of temperature. 

The 01 value can be obtained from 

9i 639a (A.22) 
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where °a is the water content of air dry soil. 

The partial pressure of water vapour is obtained from 

p=hp* 

where h is the relative humidity, and p * is given by equation A. 18. 

Relative humidity is given by 

h = expIM1 
Re 

where M is the molecular mass of water and R is the gas constant. 

The vapour conductivity is given by 

K - cAXa17MWDv  
R& 

(A.23) 

(A.24) 

(A.25) 

where a is a tortuosity correction, and q is a vapour flow enhancement factor given by 

ii= 1+2(j;yka) (A.26) 
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APPENDIX B - VARIABLE SURFACE TEMPERATURE 

Mercer and Weber (2001) describe the heating process as: 

AT =exp(_tr2 /2J2) (BA) 

where AT is the change in surface temperature,] is the height above the soil surface, and 

tr is time resealed so that it equals zero at maximum temperature. It is negative during 

heating and positive during cooling. A and ft are variables. 

The variable A is given by 

A=k1213 (B.2) 

where k is the proportionality factor found by Van Wagner (1973), and I is intensity 

found according to the equation (Johnson 1992): 

I=259.83(L)2174 (B.3) 

where 4 is flame length. 

The variable fi is given by 

ft= ,6/u 

where fi is an entrainment constant and U is the rate of fire spread. 

The cooling process is described by 

AT =exp(—yt,.) 

where y is a cooling constant. The ratio AiJ is equal to the maximum AT 

(B.4) 

(B.5) 
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APPENDIX C - INPUTS USED FOR VARIABLE SURFACE TEMPERATURE 

SIMULATIONS 

Mercer and Weber Campbell et al. 
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1 60 30 180 0.75 0.5 0.1 0.06 0.01 1.7 0.05 0.05 8.8 

2 400 30 180 3.55 0.5 0.1 0.06 0.01 1.7 0.05 0.05 8.8 

3 700 30 180 5,29 0.5 0.1 0.06 0.01 1.7 0.05 0.05 8.8 

4 60 60 600 0.75 0.01 0.01 0.06 0.01 1.7 0.05 0.05 8.8 

5 400 60 600 3.55 0.01 0.01 0.06 0.01 1.7 0.05 0.05 8.8 

6 700 60 600 5.29 0.01 0.01 0.06 0.01 1.7 0.05 0.05 8.8 

7 60 30 180 0.75 0.5 0.1 0.01 0.01 1.7 0.05 0.05 8.8 

8 400 30 180 3.55 0.5 0.1 0.01 0.01 1.7 0.05 0.05 8.8 

9 700 30 180 5.29 0.5 0.1 0.01 0.01 1.7 0.05 0.05 8.8 

10 60 60 600 0.75 0.01 0.01 0.01 0.01 1.7 0.05 0.05 8.8 

11 400 60 600 3.55 0.01 0.01 0.01 0.01 1.7 0.05 0.05 8.8 

12 700 60 600 5.29 0.01 0.01 0.01 0.01 1.7 0.05 0.05 8.8 

13 60 30 180 0.75 0.5 0.1 0.37 0.2 1 0.1 0.8 8.8 

14 400 30 180 3.55 0.5 0.1 0.37 0.2 1 0.1 0.8 8.8 

15 700 30 180 5.29 0.5 0.1 0.37 0.2 1 0.1 0.8 8.8 
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16 60 60 600 0.75 0.01 0.01 0.37 0.2 1 0.1 0.8 8.8 

17 400 60 600 3.55 0.01 0.01 0.37 0.2 1 0.1 0.8 8.8 

18 700 60 600 5.29 0.01 0.01 0.37 0.2 1 0.1 0.8 8.8 

19 60 30 180 0.75 0.5 0.1 0.2 0.2 1 0.1 0.8 8.8 

20 400 30 180 3.55 0.5 0.1 0.2 0.2 1 0.1 0.8 8.8 

21 700 30 180 5.29 0.5 0.1 0.2 0.2 1 0.1 0.8 8.8 

22 60 60 600 0.75 0.01 0.01 0.2 0.2 1 0.1 0.8 8.8 

23 400 60 600 3.55 0.01 0.01 0.2 0.2 1 0.1 0,8 8.8 

24 700 60 600 5.29 0.01 0.01 0.2 0.2 1 0.1 0.8 8.8 

25 60 30 180 0.75 0.5 0.1 0.06 0.01 1.7 0.05 0.05 2.0 

26 400 30 180 3.55 0.5 0.1 0.06 0.01 1.7 0.05 0.05 2.0 

27 700 30 180 5.29 0.5 0.1 0.06 0.01 1.7 0.05 0.05 2.0 

28 60 60 600 0.75 0.01 0.01 0.06 0.01 1.7 0.05 0.05 2.0 

29 400 60 600 3.55 0.01 0.01 0.06 0.01 1.7 0.05 0.05 2.0 

30 700 60 600 5.29 0.01 0.01 0.06 0.01 1.7 0.05 0.05 2.0 

31 60 30 180 0.75 0.5 0.1 0.01 0.01 1.7 0.05 0.05 2.0 

32 400 30 180 3.55 0.5 0.1 0.01 0.01 1.7 0.05 0.05 2.0 

33 700 30 180 5.29 0.5 0.1 0.01 0.01 1.7 0.05 0.05 2.0 

34 60 60 600 0.75 0.01 0.01 0.01 0.01 1.7 0.05 0.05 2.0 

35 400 60 600 3.55 0.01 0.01 0.01 0.01 1.7 0.05 0.05 2.0 

36 700 60 600 5.29 0.01 0.01 0.01 0.01 1.7 0.05 0.05 2.0 

37 60 30 180 0.75 0.5 0.1 0.37 0.2 1 0.1 0.8 2.0 
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38 400 30 180 3.55 0.5 0.1 0.37 0.2 1 0.1 0.8 2.0 

39 700 30 180 5.29 0.5 0.1 0.37 0.2 1 0.1 0.8 2.0 

40 60 60 600 0.75 0.01 0.01 0.37 0.2 1 0.1 0.8 2.0 

41 400 60 600 3.55 0.01 0.01 0.37 0.2 1 0.1 0.8 2.0 

42 700 60 600 5.29 0.01 0.01 0.37 0.2 1 0.1 0.8 2.0 

43 60 30 180 0.75 0.5 0.1 0.2 0.2 1 0.1 0.8 2.0 

44 400 30 180 3.55 0.5 0.1 0.2 0.2 1 0.1 0.8 2.0 

45 700 30 180 5.29 0.5 0.1 0.2 0.2 1 0.1 0.8 2.0 

46 60 60 600 0.75 0.01 0.01 0.2 0.2 1 0.1 0.8 2.0 

47 400 60 600 3.55 0.01 0.01 0.2 0.2 1 0.1 0.8 2.0 

48 700 60 600 5.29 0.01 0.01 0.2 0.2 1 0.1 0.8 2.0 
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APPENDIX P - INPUTS USED FOR CONSTANT SURFACE TEMPERATURE 

SIMULATIONS 

sim # max temp time of heating Mt MY 

49 200 1 0.1 0.8 

50 200 2 0.1 0.8 

51 200 3 0.1 0.8 

52 200 4 0.1 0.8 

53 200 5 0.1 0.8 

54 200 10 0.1 0.8 

55 1000 1 0.1 0.8 

56 1000 2 0.1 0.8 

57 1000 3 0.1 0.8 

58 1000 4 0.1 0.8 

59 1000 5 0.1 0.8 

60 1000 10 0.1 0.8 

61 200 1 0.05 0.05 

62 200 2 0.05 0.05 

63 200 3 0.05 0.05 

64 200 4 0.05 0.05 

65 200 5 0.05 0.05 

66 200 10 0.05 0.05 



59 

67 1000 1 0.05 0.05 

68 1000 2 0.05 0.05 

69 1000 3 0.05 0.05 

70 1000 4 0.05 0.05 

71 1000 5 0.05 0.05 

72 1000 10 0.05 0.05 


