SIDEBAR 3.1. ENERGY UNITS, THEIR DERIVATION, AND THEIR RELATIONSHIPS

We are all familiar with calories—the nutritional content of food and the curse of all dieters. There are
several other energy units that are less familiar but equally important. British thermal units (Btu) are used
to measure the output of furnaces and air conditioners, and kilowatt hours (kW h) keep track of our elec-
tricity use. There are many types of energy, but all energy can be measured using the same unit, the joule
(J). It was named after the British physicists James Prescott Joule and is the amount work done to pro-
duce the power of one watt (w) for one second (s), such as lifting 102 g (e.g., a small apple) through one
meter under the earth’s gravity. The joule is the preferred metric unit for energy, and the megajoule (M])
is the unit used by fire scientists to measure the amount of heat energy in fuels.

The nutritional calorie is actually 1,000 calories (cal) and is called a kilocalorie (kcal). A calorie (cal) is
the amount of heat necessary to raise the temperature of one gram of water one degree Celsius from
15°C-16°C and is equal to 4.184 ]. Similarly, the Btu is the amount of heat necessary to raise one pound
of water one degree Fahrenheit from 60°F to 61°F. It is equivalent to 1,054 J.

The kilowatt hour (kW h) corresponds to one kilowatt (kW) of power being used over a period of one
hour and is equal to 3.6 X 10° J. Although the KW h is not used to describe fire behavior, the kilowatt
(kW) is part of one measure of fire intensity. Fireline intensity, which is described as the amount of energy
received per second along one meter of the fire front, is measured in units of kW m™.

Regardless of what units are used, the basic concept remains the same. Energy is stored in fuel and is
released during combustion. The rate of that release is governed by many factors discussed in the remain-
der of this chapter.

Heat Transfer

The heat resulting from combustion is transferred by three
primary mechanisms: conduction, convection, and radia-
tion. Conduction occurs when heat moves from molecule to
molecule and is the only mechanism that can transfer heat
through an opaque solid. Conduction is the reason you are
likely to drop a frying pan that has been on the fire when you
grab it by its handle. Heat moves by conduction through
branches and into the center of logs. Fuel temperature is
thus increased and water is driven out of the solid fuels.
Conduction also occurs when flames come into direct con-
tact with unburned fuels.

Convection is the movement of heat in a gas or a liquid.
You can feel heat moving by convection when you put your
hand above a campfire. As heat rises from a flaming front,

convection transfers heat to the canopy of trees and preheats
fuels in front of the flames. This can lead to torching of indi-

FIGURE 8.1. The fire triangle illustrates the requirements for com-
bustion; heat must be applied to fuel in the presence of oxygen for vidual trees and to crown fires. Heat transfer by convection

combustion to occur. is enhanced by wind and steep slopes and is instrumental in
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BOX 3.1. THE SURFACE AREA
TO VOLUME RATIO

This ratio is calculated by dividing the surface area of a
fuel particle by its volume:

V= wdl .
(d/2)%l

If you ignore the ends, the equation is simplified to
dividing 4 by the diameter of the particle:

The ratio is increased if you split the fuels into smaller
parts. For example, take a log with a diameter of 6:

ifd=6,
SV =0.67.

When split into 7 pieces, the ratio increases from 0.67 to
14:

ifd =2,
sV=2
and

7 X 2=14.

particle, the larger the ratio between its surface and the vol-
ume. The surface area to volume ratio is measured in units of
m? m™3 (ft? ft %) or, for simplicity, m~! (ft™!). For long, cylin-
drical fuel particles such as conifer needles, twigs, branches,
and grasses, the area of the ends can be ignored, and the ratio
is determined by dividing the diameter into the number 4
(Burgan and Rothermel 1984). Leaves from broad-leaved
plants also have high surface area to volume ratios that can
be approximated by dividing the leaf thickness into the num-
ber 2. For example, an oak leaf with a thickness of 0.0005 m
(0.0016 ft) would have a surface area to volume ratio of
4,000 m™! (1,220 ft™1). This ratio is an extremely important
fuel characteristic because as more surface area is available for
combustion, heating of the entire particle is quicker, and
moisture is driven off more easily.

FUEL MOISTURE TIMELAG CLASS

The proportion of a fuel particle that contains moisture is
a primary determinant of fire behavior. The interaction of
a fuel particle with the ambient moisture regime is depend-
ent on its size or its depth in the organic layer called duff.
The size classes that are traditionally used to categorize
fuels correspond to fuel moisture timelag classes (Deeming
et al. 1977). Timelag is the amount of time necessary for a
fuel component to reach 63% of its equilibrium moisture
content at a given temperature and relative humidity (Lan-
caster 1970). Table 3.1 shows the various timelag classes
and the corresponding woody size classes and duff depth
classes.

One-hour timelag fuels consist of dead herbaceous plants
and small branchwood as well as the uppermost litter on
the forest floor. These fuels react to hourly changes in rel-
ative humidity. Day-to-day changes in moisture are
reflected in the 10-hour fuels. The 100-hour fuels capture
moisture trends spanning from several days to weeks,
whereas 1,000-hour fuels reflect seasonal changes in mois-
ture. The firewood analogy applies here as well. Your large
logs would take several months to dry if left out in the rain
for the winter, yet kindling, if brought inside, would dry in
a few hours.

PACKING RATIO

Fuelbed compactness is another fuel characteristic that affects
fire behavior. Again, imagine compressing all the kindling
you just split into a tight bundle and trying to light the bun-
dle; the kindling would probably not ignite. Remembering
all the campfires you have lit, you would instead arrange the
kindling into a small log cabin or teepee. The volume of
wood has not changed, but the amount of air in the fuel bed
has increased (Box 3.2). Fuelbed compactness, called the
packing ratio, is measured by dividing the bulk density of the
fuelbed, including fuel and air, by the fuel particle density
(Burgan and Rothermel 1984). A solid block of wood has a
packing ratio of one. If the packing ratio is too high, not
enough oxygen can reach the fuel and combustion cannot
occur. Conversely, if the packing ratio is too low, the fire has
trouble spreading from particle to particle as the distance
between particles increases and radiation decreases. The com-
pactness at which maximum energy release occurs is called
the optimum packing ratio. The closer the actual packing ratio
is to the optimum, the more intense the fire will be. This con-
cept is similar to adjusting the carburetor or fuel injectors on
your car to reach the optimum mixture of fuel and air. If the
mixture is too rich or too lean, the engine will not burn fuel
efficiently.

FUEL LOAD

The amount of fuel that is potentially available for combus-
tion has a differential effect on fire spread and intensity. As
a heat source, the more fuel available, the greater the amount
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potentially independent combustion environments. For
example, a ponderosa pine (Pinus ponderosa) type might have
fuels in the tree canopy, shrub, woody fuel, and ground fuel
strata. A stratum can contain one or more fuelbed categories
that contribute available biomass and flammable surfaces to
the stratum. Continuing with the ponderosa pine example,
there might be overstory and understory categories in the tree
stratum, and sound wood, rotten wood, and snags in the
woody fuel stratum. The physiognomy of each fuelbed cate-
gory determines a set of morphological, chemical, and struc-
tural features that define a fuelbed component (Sandberg et al.
2001). Fuelbed components combust differently and have a
unique influence on fire behavior and effects. Examples of
fuelbed components include the different size classes of sound
woody fuels and the foliage and twigs of shrubs. Each com-
ponent is defined by a set of quantitative variables that spec-
ify physical, chemical, and structural characteristics of the
fuelbeds.

TREE CANOPY FUELS

The tree canopy stratum contains understory and overstory
fuel that lead to and sustain crown fires. Continuity in the
vertical distribution of these fuels provides the avenue for fire
to spread into the upper canopy. Quantitative variables for
canopies include mean live crown base height, mean canopy
height, canopy bulk density, and percent cover. Low live
crown bases and the presence of understory trees contribute
to ladder fuels that allow a fire to reach into the upper crowns.
The bulk density of the crowns, measured in kg m 3 (Ib ft~3),
directly affects crown fire spread. Percent cover relates to the
spatial homogeneity of the canopy stratum and affects sub-
canopy wind speeds and fuel shading.

SHRUB FUELS

The shrub stratum is described by height to live crown base,
mean shrub height, the live to dead ratio, and percent cover.
The heat content, moisture of extinction, surface area to vol-
ume ratio, and load by size class of the live leaves and twigs
and the dead twigs and branches are additional variables
that need to be quantified. Of all of these variables, the mean
shrub height and total fuel load are the most important
determinants of fire behavior. Chaparral fires in southern Cal-
ifornia become very intense because of their heavy loads and
near-optimum compactness.

LOW VEGETATION FUELS

Low vegetation fuels include grasses, sedges, and forbs. These
fuels are classified by their surface area to volume ratio and
whether they are annuals or perennials. Mean height, load,
percent cover, and maximum percent that can be live are the
quantitative variables that describe grasses and sedges. Mean
height and load affect the packing ratio, and percent live
affects the ratio between live and dead herbage and, conse-
quently, their moisture content.

WOODY FUELS

Sound logs, rotten logs, snags, and stumps are included in the
woody fuel stratum. Sound woody fuel is divided into com-
ponents that correspond to the moisture timelag classes with
the addition of a greater than 22.86 cm (9 in) component. For
each of these components, a load, surface area to volume
ratio, fuelbed depth, heat content, and moisture of extinction
need to be specified. Sound wood particles less than 7.62 cm
(3 in) in diameter contribute to spread of the flaming fire
front, roughly in proportion to their corresponding surface
area to volume ratios. Although the larger fuels are ignited by
the flaming front, they do not contribute to surface fire
spread. Instead, they burn or smolder for hours or days and
their heat and emissions are instrumental in producing fire
effects such as tree mortality and smoke. The rotten wood
category includes wood in the advanced rot stage that usu-
ally does not burn with the passing of the flaming front but
smolders afterwards, contributing to smoke and other emis-
sions. Snags are standing dead trees that, once ignited, pro-
duce firebrands. These burning embers can be lofted into the
air and carried down wind, starting spot fires. Snags are clas-
sified by class, diameter, and height.

LITTER FUELS

Litter fuels include moss, lichen, needles, or leaves, and all
can contribute to the spread of the fire front. Physiognomic
variables for litter fuels include moss type, litter type, and lit-
ter arrangement. Percent cover and mean depth are used to
infer the biomass of these fuels.

GROUND FUELS

The ground fuel stratum is divided into upper duff, lower
duff, basal accumulation, and animal middens fuelbed cat-
egories. The upper duff is defined as the weathered or fer-
mentation layer, whereas the lower duff component consists
of the humus or decomposed layer. Both duff components
contribute to emissions and smoke and are measured by
their depth, load, and percent of rotten wood. The accumu-
lation of fuel occurs in middens or around the bases of large
trees and can become very deep and smolder for days, gen-
erating enough heat that can kill the tree through cambium
mortality and loss of fine root hairs.

Fire Weather

Simply having enough fuel on the ground is not sufficient to
produce a fire; an ignition source must be present to start a
fire, and weather conditions must be such that the fire will
continue to spread once ignited. As we learned in the previ-
ous chapter, weather is the state of the atmosphere sur-
rounding the earth and the atmosphere’s changing nature
(Schroeder and Buck 1970). Fire weather is concerned with
weather variations within the first 8-16 km (5-10 mi) above
the earth’s surface that influence wildland fire behavior. Fire
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Clouds and Precipitation

Clouds and precipitation affect fire behavior primarily
through their effects on fuel moisture. Shade from clouds
lowers the air temperature and raises the relative humidity.
As aresult, fuel temperature decreases and fuel moisture con-
tent increases. Thunderstorm clouds, however, can portend
unstable atmosphere, erratic winds, and severe fire behavior.
The amount of precipitation and its seasonal distribution
determine the beginning, ending, and severity of the fire sea-
son (Schroeder and Buck 1970). Precipitation has the direct
effect of raising fuel moisture.

Ignition

Now that we have an abundant array of fuel available for
burning and fire weather conducive to fire spread, all we need
is an ignition. Lightning and humans are the primary igni-
tion sources, although volcanoes ignite fires when their infre-
quent eruptions occur. Not all ignitions result in a fire, how-
ever, because several conditions must be met before an
ignition can become a fire and spread.

Ignition Sources

Lightning develops in thunderstorms that form as a result of
frontal activity or air mass movements (Schroeder and Buck
1970). Thunderstorms associated with fronts occur when
warm, moist air is forced over a wedge of cold air. Lightning is
usually more prevalent with cold-front thunderstorms. Oro-
graphic lifting of air masses is also a common cause of thun-
derstorms and lightning as air moves over mountain ranges. As
a thunderstorm develops, positive charges accumulate in the
top of the cloud and negative charges in the lower portion.
Lightning occurs in thunderstorms when the electrical energy
potential builds up to the point that it exceeds the resistance
of the atmosphere to a flow of electrons between areas of oppo-
site charge (Schroeder and Buck 1970). Cloud-to-ground light-
ning accounts for about one third of all strikes, and these
strikes are primarily negative (Fuquay 1982). Ignitions occur
when the lightning strike has a long continuing current, as do
approximately 80% of positive strikes and 10% of negative
strikes. Lightning is pervasive in the state of California but is
most prevalent in the mountains and the southeastern deserts.
The temporal and spatial distribution of lightning strikes is dis-
cussed in Chapter 2.

Native Americans have been cited as an ignition source for
fires throughout California (Anderson 1996). Their fires were
set for many reasons including nurturing plants used for
food such as California black oaks (Quercus kelloggii), enhanc-
ing the quality of plants shoots used in basketry, clearing
vegetation around village sites, and driving game for easier
hunting. Anderson (1996) states that some ecosystems can be
labeled anthropogenic because they were probably depend-
ent on human activities for their perpetuation. Examples of
this practice are patches of deer grass in chaparral, montane

meadows, desert fan-palm oases, coastal prairies, and oak
woodlands. Although fires set by Native Americans certainly
burned areas occupied or used by them, the areal extent of
those fires remains uncertain. In the chapter Use of Fire by
Native Americans (Chapter 17), Anderson states that their use
spanned a gradient from intensive use to no use at all. Vale
(1998) suggests that non-human processes determined the
landscape characteristics of over 60% of Yosemite. In these
areas there were scattered Native American camps and few, if
any, fires. For the remaining 40%, Vale (1998) states that
there were more frequent fires that were possibly made more
numerous by ignitions by Native Americans, and that around
village sites, fires were likely to be more frequent as a result
of their fires. In all likelihood, ignitions by Native Americans
were an addition to lightning ignitions rather than a substi-
tute for them, and the landscape was a mosaic of both natu-
ral and cultural characteristics.

Ignition Probability

Not all ignitions result in a fire. Ignition by a lightning strike
or a firebrand occurs in four stages (Deeming et al. 1977).
First, contact with a receptive fuel must be made. Once
contact is made, the moisture in the fuel must be driven off.
The temperature of the fuel must then be raised to the point
of pyrolysis. And finally, the gasses must be heated to igni-
tion temperature. The probability that a firebrand will start
a fire is a function of the fine dead fuel moisture (1-hour
timelag fuel moisture) content; fuel temperature; surface
area to volume ratio and packing ratio; and characteristics
of the firebrand such as temperature, rate of heat release,
length of time it will burn, and whether it is flaming or
glowing (Deeming et al. 1977). In the fire behavior prediction
system, ignition probability is calculated using fine dead fuel
moisture, air temperature, and percent shading (Rothermel
1983). In addition to those three, the ignition component in
the National Fire Danger Rating System includes the spread
component in order to determine the probability of detecting
an ignition that requires suppression action (Deeming et al.
1977).

Using simulated lightning discharges, Latham and Schlieter
(1989) found that ignition probabilities for duff of short-nee-
dled conifers such as lodgepole pine (Pinus contorta ssp. mur-
rayana) depend almost entirely on duff depth. Ignition of lit-
ter and duff from long-needled conifers including ponderosa
pine and western white pine (Pinus monticola) was affected pri-
marily by the moisture content. Ignition was also dependent
on the duration of the arc, indicating that a lightning strike’s
length of time could have an effect on starting a fire.

Arnold (1964) found that only 25% of the lightning’s long-
continuing discharges actually started fires. In Yosemite
National Park, the 7,250 lightning strikes that occurred from
1985 through 1990 produced 361 fires, an ignition rate of only
5% (van Wagtendonk 1994). Many discharges might have
resulted in fires that did not grow large enough to be detected
and went out before they could be located. Other discharges
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TABLE 3.2

Fire types, fuel strata, and categories in which they burn

Fire Type Fuel Bed Stratum Fuel Category
Ground Ground fuel Duff, peat, basal accumulation,
animal middens
Surface Litter fuel Litter, lichens, moss
Woody fuel Sound wood, rotten wood, piles and
jackpots, stumps
Shrub Shrubs, needle drape
Low vegetation Grasses and sedges, forbs
Passive Crown Litter fuel Litter, lichens, moss
Woody fuel Sound wood, rotten wood, piles and
jackpots, stumps
Shrub Shrubs, needle drape

Low vegetation
Tree canopy
Litter fuel
Woody fuel

Active Crown

Shrub
Low vegetation
Tree canopy

Independent Crown Tree canopy

Grasses and sedges, forbs

Canopy, snags, ladders

Litter, lichens, moss

Sound wood, rotten wood, piles and
jackpots, stumps

Shrubs, needle drape

Grasses and sedges, forbs

Canopy, snags, ladders

Canopy, snags, ladders

might have struck rock, snow, or other noncombustible sub-
stances. Deeming et al. (1977) combined ignition probability
with rate of spread to an index for the chance that an ignition
will result in a detectable fire.

Fire Behavior

Finally, we have the necessary ingredients for a fire: sufficient
fuel, conducive weather, and an ignition. We now look at
how these factors, combined with topography, cause a fire to
spread. Fires can spread through ground fuels, surface fuels,
crown fuels, or combinations of all three. Spot fires ignited by
lofted firebrands can also spread fires. Each method has unique
physical mechanisms necessary to sustain fire spread. The fuel
stratum that is burned and the method of spread define fire
types (Table 3.2). Ground fires burn the duff or other organic
matter such as peat and usually burn with slow-moving smol-
dering fires, often after the surface fire as passed. Surface fires
burn the litter, woody fuels (up to 7.62 cm [3 in]), and low veg-
etation such as shrubs, with and active flaming front. Passive
crown fires burn surface fuels and single trees or groups of
trees, active crown fires burn in the canopies in conjunction
with a surface fire, and independent crown fires spread through
the canopies without a surface fire.

Flaming Front

The flaming front is the area of the fire at its leading edge
and is defined by its forward rate of spread, residence time,
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and flaming zone depth. These characteristics are used to
calculate additional characteristics including reaction
intensity, fireline intensity, flame length, and heat per
unit of area. Equations for calculating these characteristics
are included in Box 3.3. Rate of spread is the speed at which
the flaming front moves forward and is measured in units
of distance per unit of time. Rate of spread is affected by
many fuel, weather, and topographic variables. The time
the flaming front takes to pass over a point is called the res-
idence time. The flaming zone depth is defined as the dis-
tance from the front to the back of the active flaming
front and is calculated by multiplying the rate of spread by
the residence time. Anderson (1969) found that the resi-
dence time was related to the size of the particles that were
being burned.

The rate of energy release is characterized by the reaction
intensity and the fireline intensity. Reaction intensity is the
rate of energy release per unit of flaming zone area. The reac-
tion intensity is the source of heat that keeps the chain reac-
tion of combustion in motion and is a contributor to fire
effects.

Fireline intensity is the rate of energy release per unit length
of fire front and is likened to the amount of heat you would
be exposed to per second while standing immediately in front
of a fire. It is equivalent to the product of the available energy
(in terms of heat per unit of area) and the forward rate of
spread and can also be determined from reaction intensity
and flaming zone depth (Box 3.3). Fireline intensity is related
to flame length, the average distance from the base of the



BOX 3.3. EQUATIONS FOR THE FLAMING FRONT CHARACTERISTICS

Characteristic

Fireline Intensity(FLI)

FLI = (Heat/Area) X Rate of Spread)/60

FLI = (Reaction Intensity X
Flaming Zone Depth)/60

FLI = (Reaction Intensity X
Rate of Spread X Residence Time)

FLI = 258 X (Flame Length)>!’

FLI = 5.67 X (Flame Length)*!7

FLame Length (FL)
FLame Length (FL)

FL = 0.237 X (Fireline Intensity)®4¢
FL = 0.237 X (Fireline Intensity)®4
Heat per Unit Area (H/A)

H/A = (60 X Fireline
Intensity)/Rate of Spread

Metric English
FLI Kwm! Btu ft 1s!
H/A K m? Btu ft=2
ROS m min™! ft min ™!
FLI Kwm! Btu ft™!s™!
RI kI m~2 min~! Btu ft 2 min !
FZD m ft
FLI Kwm™! Btu ft-1 s
RI k] m™2 min ™! Btu ft~? min !
ROS m min* ft min !
RT min min
FLI Kwm!
FL m
FLI Btu ft!s™!
FL ft
FL m
FLI Kwm™!
FL ft
FLI Btu ft 's!
H/A Kwm? Btu ft 2
FLI Kwm! Btu ft 1s!
ROS m min™! ft min~!

ROS = Rate of Spread; RI = Reaction Intensity, FZD = Flaming Zone Depth, RT = Residence Time
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FIGURE 83.4. Flame dimensions for a wind-driven fire. Flame length

is related to the fireline intensity and is measured from the base of the
flame to its tip.

flame to its highest point. Figure 3.4 shows flame dimensions
with flame length as the hypotenuse and flame height the ver-
tical distance to the highest point.

Byram (1959) provided the approximate relationship
between fireline intensity and flame length (Box 3.3). His
equations can be reversed to obtain simple expressions for
fireline intensity in terms of flame length. Byram (1959) cau-
tioned that the equations for fireline intensity based on flame
length are better approximations for low-intensity fires rather
than for high-intensity fires. Although not without its diffi-
culties, flame length is the only measurement that can be
taken easily in the field that is related to fireline intensity
(Rothermel and Deeming 1980).

Available fuel energy is the energy that is actually released
by the flaming front, while fotal fuel energy is the maximum
energy that could be released if all the fuel burns. Energy
release is measured in heat per unit of area and can be
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