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I. INTRODUCTION 

Earlier chapters have described forest fire behavior and effects, the general na­
ture of forest fire flames, and the processes of combustion and smoke produc­
tion in forest fuels. It was pointed out that moisture in these fuels acts to retard 
the rate of combustion. Among the fire behavior factors affected are the pre­
heating and ignition of unburned fuels, rate of fire spread (or fire grov^th), rate 
of energy release, and production of smoke by burning and smoldering fuel. If 
we are to improve our understanding of these and other aspects of fire behavior, 
we must be able to quantify fuel moisture content within reasonable bounds. 
Moisture content, expressed as a fraction, is the mass of water held by unit mass 
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of ovendry fuel and is determined primarily by fuel type and weather. It also may 
be expressed as a percentage of the fuel ovendry weight by multiplying by 100%. 

For our purposes, fuels will be considered as living or dead and, within these 
broad categories, as individual particles or a collection of particles making up 
a fuel complex, or stratum. In many cases, of course, a fuel complex is composed 
of a mixture of live and dead particles from various fuel types whose moisture 
contents may vary over a wide range. The open grasslands of the southwestern 
United States exemplify a single fuel stratum, whereas the palmetto-gallberry-
southern pine fuels of northern Florida exhibit at least three strata—a mat of 
pine needles in varying stages of decay intermixed with various living grasses 
and forbs, an intermediate layer of shrubs, and a pine overstory. The trunks of 
standing individual trees greater than 5 -10 cm in diameter usually are scorched 
or charred by fire but do not burn and are not considered part of the fuel com­
plex. In the conifer forests of the western United States and Canada, needle lad­
ders (sometimes referred to as needle drape) often extend from the canopy to 
the ground so that fire can climb into the tree crowns. Similar behavior in some 
other conifer species such as spruce is caused by branches extending to the 
ground. When the crown fuels are drier than normal and winds are strong, 
these transitions from surface fire to crown fire occur with a large increase in 
energy release rate. The fire appears to acquire a violent character, and its in­
creased energy often renders useless any attempt to control it. 

The present chapter begins with a review of the influence of moisture on the 
combustion of forest fuels and how fuel characteristics determine the moisture 
content level of these fuels. It summarizes current understanding of the amount 
of water these fuels can hold, gain and loss of this water, and how the govern­
ing processes have been described mathematically. Only fuels associated with or 
originating from vascular plants (grasses, shrubs, and trees as opposed to mosses 
and worts that lack internal structure for transporting water) are considered. 
The discussion of live fuels emphasizes the physiological aspects of water trans­
fer, but only a few studies related to mechanisms of water transport in these 
fuels are discussed. For example, the effects of photosynthesis, respiration, and 
growth on water potential and water movement are not described. Brief men­
tion is made of soil water transport which, itself, has been a prominent topic in 
many soil physics and hydrology texts. In the case of dead fuels, a description 
of what the author believes are the more relevant studies is given. Only a few of 
the published studies of moisture content change in wood and forest fuels have 
dealt with diurnal change; a glimpse at prediction models for diurnal moisture 
variation is provided. Near the end of the chapter, several methods of measur­
ing the moisture content of live and dead forest fuels are briefly discussed, and 
the reader is referred to works related to the fuel moisture aspects of current fire 
behavior and fire danger rating systems. Information on the general topic of 
forest fuel moisture relationships may be found in Luke and McArthur (1978), 
Chandler et al (1983), Pyne (1984), and Pyne et al (1996). 
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II. FOREST FUELS 

The behavior of a spreading fire is determined by factors such as weather, to­
pography, fuel quantity, and fuel moisture content. In practice, the burning 
characteristics of individual forest and wildland fuel particles are difficult to de­
scribe, but the influence of moisture content, particle physical properties, and 
particle arrangement on the burning characteristics of vegetation layers or lit­
ter and duff is even more complex and not well understood. This section dis­
cusses the effects of fuel moisture content on fuel burning rates and the fuel 
characteristics related to moisture content change. 

A. FUEL CLASSIFICATION 

Because forest fires usually are categorized according to the location of the 
uppermost fuel stratum through which they burn (ground, surface, or crown 
fires), it makes sense to think of fuel classification in the same way. Thus fuels 
may be classified as ground fuels, surface fuels, or crown fuels. Ground fuels 
consist of the highly decomposed organic material in contact with the inor­
ganic layer and include duff, roots, peat, and rotten wood or bark coming from 
downed twigs and branches. Next to the ground fuel is a layer of surface fuels 
consisting of recently fallen and partially decomposed tree leaves (and/or coni­
fer needles), fallen twigs, bark and branches, live or dead grasses, forbs, and 
shrubs less than L8 m tall (Davis, 1959). In moist climates, the fuels above 
mineral soil have three components: the recently cast litter layer, the partially 
decomposed/ermentation layer, and the well-decomposed humus layer. Stocks 
(1970) refers to duff as all material above the upper surface of the mineral soil. 
A distinction between litter and duff is made in this chapter, however, with "lit­
ter" referring to the litter and fermentation layers and "duff" referring to the 
humus layer. The characteristics of duff layers are discussed further in Chap­
ter 13 in this book. Dead ground and surface fuels contain both free and bound 
liquid water and are sensitive to precipitation and to changes in atmospheric 
relative humidity and temperature. Crown fuels include the canopies of most 
conifers and the chaparral and pocosin shrub types typical of the southwestern 
and southeastern United States. The latter two fuel types, which some investi­
gators would categorize as surface fuels, grow to a height of 5 m or more. The 
moisture content of these live fuels is determined primarily by environmental 
and physiological factors. The canopies of deciduous species also are crown fu­
els, but fires rarely spread through these strata because the crowns are relatively 
sparse and have higher moisture contents than conifers. Exceptions occur under 
dry, windy conditions and when the fuels contain highly volatile and flam­
mable substances, as in various species of Eucalyptus. 
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B. FUEL BURNING RATES 

AND M O I S T U R E C O N T E N T 

The effect of fuel moisture on fire behavior is to slow the rate of burning, or rate 
of fuel consumption. For a spreading line of fire, the average burning rate can 
be computed from the mass of fuel consumed per unit area of ground divided 
by the time required to consume fuel on the area. Thus high fuel moisture con­
tent retards the rate of fuel consumption per unit of burning area (kg m~^ s~^) 
by decreasing the mass of fuel consumed and increasing the particle burning 
time, or particle residence time (the time during which flame resides on individ­
ual particles in the fuel layer combustion zone). In addition, it increases the fuel 
preheating time. With respect to the thermal history of unit mass of fuel, the 
various phases of combustion include the processes of preheating, volatiliza­
tion, charring, smoldering, and glowing; these are described in Chapters 3 and 
13 in this book. 

Consider first the fuel preheating time (or ignition time). The heat required 
for the onset and completion of volatilization of the fuel (volatilization begins 
at about 200°C and is assumed complete when the fuel temperature reaches 
400°C) is called the heat of ignition Qj (kj kg"^) by Wilson (1990) and is com­
puted from the defining equation 

Qj = Qj^ MQM (1) 

where Qj (kJ kg~^) is the heat required to raise unit mass of dry fuel from ambi­
ent temperature to 400°C, Q^ (kJ kg~^) is the energy to heat unit mass of water 
to 100°C and then vaporize it, and M is the fractional moisture content (a fuel 
particle or layer average expressed on an ovendry weight basis). Thus, an in­
crease in M increases the amount of heat required to raise the temperature of 
unit mass of fuel from ambient temperature to 200°C and increases the preheat­
ing time. Various investigators have observed increases in ignition time with in­
creasing M in dead and live fuels (Pons, 1950; Xanthopoulos and Wakimoto, 
1993). The analytical studies of Albini and Reinhardt (1995) suggest that the 
increase in ignition time is due to increases in particle thermal conductivity and 
volumetric heat capacity with increasing M. A different aspect of ignition deals 
with what happens when firebrands, either short or long range, are blown or 
dropped into unburned fuels. Again, preheating and ignition are slowed by fuel 
moisture content, and the heat demand may be estimated by Eq. (1). Blackmarr 
(1972) has shown that the probability of ignition in slash pine litter is a strong 
function of moisture content and firebrand characteristics. 

A second effect of fuel moisture on the burning rate involves a decrease in 
fuel consumption owing to the interaction among various fire behavior charac­
teristics. The available fuel loading, defined here as the mass of fuel consumed 
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per unit area of ground during flaming combustion, depends in a complicated 
way on moisture content, flame temperature, and the mass fractions of volatiles 
and char produced during combustion of unit mass of original fuel. The fuel 
chemical composition and rate of thermal decomposition are two factors affect­
ing the relative amounts of volatiles and char produced which, in turn, deter­
mine the heat of combustion and the fraction of fuel available for flaming com­
bustion. These relationships are discussed in detail by Albini (1980) and Susott 
(1982). The presence of moisture also causes a reduction in flame temperature 
because some of the heat generated in combustion is used to heat the inert water 
vapor in the products of combustion and because oxygen in the air is diluted by 
water vapor leaving the heated fuel (Byram, 1959). The reduced temperature 
retards the rate of decomposition and tends to drive the combustion process 
toward production of char rather than toward production of high-temperature 
volatiles. Results from burns oi Eucalyptus leaves in a flow calorimeter (Pompe 
and Vines, 1966) suggest that water in fuel promotes smoke formation, reduces 
the heat of combustion, lowers the rate of temperature rise of air flowing in the 
calorimeter, and leads to much less intense burns. The effect of moisture on 
fuel consumption was estimated by Van Wagner (1972a) who used data from 
experimental fires spreading in jack pine, red pine, and white pine stands to de­
velop a semiempirical relationship showing that duff consumption decreases as 
M increases. His equation for the weight of duff consumed, W(kgm~^) , is 
given by 

W = 0.941(1.418 - M)/(0.1774 + M) (2) 

suggesting that consumption in these fuels approaches zero when M approaches 
1.418. The origin of Eq. (2) is discussed in Chapter 13 in this book. In this 
model, downward transfer of heat by radiation in the fuel layer combustion 
zone drives off moisture and then raises the temperature of the dry duff to the 
ignition point. Closure of the model requires a decrease in the emissivity of 
the flaming front with increasing M, suggesting that reduced radiative trans­
fer to unburned fuel constitutes yet another means of slowing the rate of fuel 
consumption. King (1973) discusses the reduction of flame emissivity due to 
presence of moisture in terms of a reduction in soot concentration and an in­
crease in carbon monoxide concentration according to the water gas reaction 
in which water vapor and carbon (soot) combine to form carbon monoxide and 
hydrogen. 

The third effect of fuel moisture on the rate of burning is an increase in the 
fuel particle residence time. Albini and Reinhardt (1995) have shown with ex­
perimental and theoretical studies that, to the extent that flaming combustion 
is fueled by a simple sublimation process, the characteristic particle burning 
time is proportional to Qj from Eq. (1). Because this demand for heat is satisfied 
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by radiative and convective heat transfer within the combustion zone, moisture 
also will increase the burning time by reducing radiation to the particles (King, 
1973). It is noted that the effects of M on particle ignition time and particle 
burning time are sometimes difficult to separate because a fraction of M is lost 
in preheating and the remainder is lost during particle consumption by flaming 
combustion. Research has not yet clarified how moisture change takes place 
while a fuel layer burns, but the relative amounts of water lost during preheat­
ing and flaming combustion seemingly would depend on particle size, shape, 
and arrangement and on the initial value of M (i.e., on the amounts of liquid 
and/or adsorbed water present). 

C. FUEL CHARACTERISTICS AFFECTING 

MOISTURE CONTENT 

If the effects of weather are disregarded, the most significant factors affecting 
the amount of water held and transported in woody and vegetative particles are 
chemical composition, internal structure, and physical properties. In the case 
of a fuel bed, several layer characteristics may be significant also. The amount 
of moisture held in the cell walls of fuel particles is related to composition and 
crystalline structure of the walls, whereas the liquid water held in the cell cavi­
ties is determined by the larger scale capillary structure. 

1. Chemical Composition 

The chemical constitution of wood is similar to that of foliage. Stamm and Har­
ris (1953) give the cell wall composition of wood on a percentage of dry weight 
basis as cellulose (40-55%), hemicellulose (15-25%), lignin (15-30%), and 
extraneous and extractive matter (2-15%). Extractives include various organic 
compounds such as resins, sugars, and fatty acids that may be soluble in either 
alcohol, water, or organic solvents (e.g., xylene or ether). The only mineral con­
stituent they cite is ash with a content between 0.1 and 4%. Thus, the holocellu-
lose content (cellulose plus hemicellulose) ranges from about 55 to 80%. When 
ranked according to their hygroscopicity (or affinity for water), these com­
ponents are ordered as hemicellulose, cellulose, lignin, and extractives. On the 
other hand, foliage contains the same components but in different amounts. 
According to Susott (1980), the range in composition of old and new needles 
of three western conifers is holocellulose (35-44%), lignin (18-19%), and ex­
tractives (37-47%). The higher percentage of extractives in needles than in 
wood tends to reduce water takeup and rates of moisture exchange (Anderson, 
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1990a, 1990b). Yet, the experimental data of Anderson (1990b) tend to confirm 
the resuUs of earlier investigators (Dunlap, 1932; Blackmarr, 1971), showing 
that forest fuels are slightly more hygroscopic than wood under identical con­
ditions of air temperature and relative humidity. This could be the case if the 
tendency toward smaller moisture contents due to smaller hemicellulose con­
tent of the fuels is more than offset by the fact that the hygroscopicity of hemi­
cellulose exceeds that of wood cellulose by 50% (Browning, 1963); alternatively, 
the extractives in some conifer needles and deciduous leaves may be more hy­
groscopic than wood holocellulose. As litter fuel weathers over time, water-
soluble extractives are leached from the surface and interior of the particles, 
and the holocellulose content is reduced due to consumption by microorgan­
isms. This loss of dry mass can be approximated as an exponential decrease 
with time (Olson, 1963). 

2. Internal Structure 

The instantaneous level of moisture content in forest fuels is strongly influ­
enced by the internal structure of the material and by whether the fuel is alive 
or dead. The factors controlling water movement in living plants are osmotic 
forces due to intercellular differences in plant water concentration and capillary 
tension forces created by transpirational demand at the external surfaces of the 
leaves (the term "leaves" includes conifer needles also). This demand for water 
must be satisfied primarily through absorption by the roots. In dead fuel par­
ticles, the most significant factors are two transport properties: (1) the perme­
ability of the fuel to liquid water (bulk flow in cell cavities by capillarity), and 
(2) the moisture diffusivity (molecular flow in cell walls by bound water diffu­
sion or in air spaces by diffusion of water vapor). An additional factor in litter 
and duff layers is liquid water drainage due to gravitational forces. 

a. Live Fuels 

The cells in living fuels contain protoplasm, cell wall material, and one or 
more vacuoles. The living protoplasm is largely made up of water, protein, var­
ious dissolved organic compounds and salts (cytoplasm), and a nucleus that 
controls inheritance and the metabolic activity of the cell through the genes it 
contains. The vacuole is located within the cytoplasm and is filled with cell sap 
(about 98% water plus various dissolved compounds). The watery solution 
surrounded by the nonliving primary cell wall is called the protoplast The wall 
itself is mainly composed of cellulose, hemicellulose, and pectin; the water it 
contains is referred to as the apoplast As the cell matures, the vacuole enlarges 
and eventually occupies most of the cell (Figure 1). Water movement in the cell 
is accomplished primarily by osmosis, for which the thin outer layer of cyto-
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FIGURE 1 Mature cell wall showing the xylem through which water flows and the protoplast 
in the vacuole. The enlarged inset shows the apoplast, including air-water interfaces between the 
polymer microfibrils. The plasmalemma is pressed against the wall from the inside and pulled in 
the same direction by tension from the outside. This is the source of plant turgor. Adapted from 
Kramer and Boyer (1995). 

plasm in contact with the cell wall interior, the plasmalemma, functions as the 
semipermeable membrane. In general, any given cell is surrounded by other 
cells or by a solution containing various solutes. Hence cell A with higher sol­
ute concentration than cell B will have a lower water concentration than cell B 
so that water will move from B to A by osmosis. Cell A will become turgid 
and cause the cytoplasm to press against the cell wall. This is the origin of "tur­
gor pressure." In the opposite sense, when water leaves cell B, the cytoplasm 
shrinks from the cell wall, and if carried to the extreme, cell B dies. In addition 
to osmosis, liquid imbibition (or absorption) within the cell wall occurs in live 
or dead cells. The influence of the fine structure of the wall on this process is 
discussed in the next section. 

In living fuels, liquid soil water absorbed by the roots moves by capillary flow 
through the water-conducting xylem of the stem, into the leaves, and then into 
the atmosphere through the leaves as water vapor. The processes of liquid ab­
sorption and vertical ascent are highly significant because they can limit the rate 
of water supply to the leaves by reducing plant turgor and causing stomatal 
closure. Figure 2A shows the structure of a deciduous leaf and pathways for 
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FIGURE 2 Structure of leaves from a deciduous tree and a conifer. Water vapor loss is primarily 
through the internal air spaces and guard cells, with a small amount of vapor diffusing directly 
through the epidermis and cuticle: (A) species not identified, (B) eastern white pine. From Kramer 
and Kozlowski (1979) and Kozlowski and Pallardy (1997), respectively. 

liquid transfer. Food, water, and nutrients are supplied to and removed from 
the leaf through veins (not shown) that penetrate the mesophyll (palisade and 
spongy parenchyma) cells. These cells, in which photosynthesis occurs, are sur­
rounded by a network of small intercellular spaces; other spaces just behind the 
lower epidermis are relatively large. These air spaces create a large amount of 
internal surface from which evaporation can occur. The vapor then diffuses to­
ward and through the guard cells surrounding the stoma and into the atmo­
sphere. This process is referred to as stomatal transpiration. A small amount of 
vapor also exits the leaf through the epidermal layers but is reduced by surface 
cuticle—cuticular transpiration. The stomates are found on both sides of the 
leaves but generally are more numerous on the underside. Conifers, with the 
exception of pines, also produce needles in which the mesophyll consists of 
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palisade and spongy parenchyma cells. The pine needle cross section in Fig­
ure 2B shows sclerenchyma cells which provide mechanical support and chlor-
enchyma cells that contain chloroplasts. The transfusion tissue is involved in 
solute transport. 

If the supply of water is not a limiting factor, the two major sources of re­
sistance to evaporation are associated with the leaf and the atmosphere. The 
former resistance primarily is due to covering of the leaf surfaces by a relatively 
waterproof layer of cutin and wax (cuticle) and to stomatal resistance related 
to size of the aperture. In pine species, wax also is present in stomatal cham­
bers. Aperture size of the stomates strongly depends on plant stresses and en­
vironmental factors such as sunlight, air temperature, and relative humidity. 
Atmospheric resistance is due to the leaf boundary layer, a thin region adjacent 
to the surfaces in which the factors affecting transport of vapor into the atmo­
sphere are changing from leaf values to atmospheric values. This resistance, de­
termined by particle size and shape and by wind speed, decreases as air flow 
over the particle increases. More information on water transport as related to the 
internal structure of living fuels may be found in texts such as Slatyer (1967), 
Kramer and Boyer (1995), and Kozlowski and Pallardy (1997). 

b. Dead Fuels 

The amount of moisture held in the cell walls of live or dead fuels (as dis­
cussed earlier in connection with cell wall imbibition) is related to the fine-
scale structure of the walls. Approximately 50 individual cellulose chains are 
held together in parallel chance groupings by hydrogen bonds and various other 
types of secondary bonding to form a crystalline region, or crystallite. These 
elements are thought to be about 0.06 /im long—much shorter than a cellu­
lose chain—due to the frequent occurrence of amorphous regions between the 
crystallites. The amorphous regions are regions in which the chains are highly 
disordered. Thus individual chains pass through several crystalline and amor­
phous regions but are linked at only a few points in the amorphous regions so 
that most of the active hydroxyl groups are available to take on water molecules. 
This water then forces the chains farther apart and swells the material. Because 
water is adsorbed throughout the amorphous regions but only on the surfaces 
of the crystallites, the water-holding ability of the cellulose varies directly with 
the proportion of the cellulose that is amorphous. The crystallites, with their 
associated amorphous regions, become further aggregated into fibrils that are 
embedded within the lignin-hemicellulose matrix materials to make up the var­
ious layers of the cell wall. In these fibrous materials, a secondary wall (the S ,̂ 
S2, and 53 layers) composed mainly of cellulose is found inside the primary wall 
and provides structural integrity (Figure 3A). In wood, the 52 layer makes up 
60-80% of the cell wall, thus controlling shrinkage, swelling, and other physi-
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FIGURE 3 Structural features of a softwood. (A) View of a mature tracheid in which ML is the 
middle lamella that cements tracheids together, P is the primary wall, S ,̂ S2, and S3 are secondary 
walls, and W is the "warty" layer of unknown composition. From Cote (1967). (B) Pathways for 
continuous liquid or vapor flow through the large white cell cavities and bordered pits and for in­
termittent bound water/water vapor flow through cavities and the darker cell walls (the middle 
lamella between tracheids is not clear). FromStamm (1946). (C) Three kinds of pit pairs—a,simple 
pit with the dark middle lamella, cross-hatched primary wall, and dotted secondary wall; b, bor­
dered pit with the torus midway in the pit membrane; c, half-bordered pit with no torus. Repro­
duced with permission of The McGraw-Hill Companies from Brown, H. P., Panshin, A. J., and For-
saith, C. C. (1949). "Textbook of Wood Technology, Vol. 1," 1st ed. McGraw-Hifl, New York. 

cal properties (Siau, 1995). References on details of the fine-scale structure of 
wood and cellulose are Browning (1963) and Panshin and de Zeeuw (1980). 

The fractional moisture content M of dead fuel particles can reach maximum 
values between 2.5 and 3, depending on the wood or foliage particle specific 
gravity (Stamm, 1964). Both types of fuel exhibit sudden changes in moisture 
transport mechanisms and in electrical, mechanical, and thermal properties 
when M is in the range 0.21 to 0.35. These changes are associated with a value 
of M called the fiber saturation point that may be estimated for each fuel; the 
variability in its value can be due to differences in fuel temperature, mechani­
cal stress, specific gravity, or chemical composition. The fiber saturation point, 
Mjsp, has been defined in various ways. It is most often defined as that M value 
obtained when isothermal equilibrium data for M are plotted as a function of 
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increasing fractional relative humidity, H, and then extrapolated from H = 0.95 
to H = 1 (Stamm, 1964). This procedure estimates the M value at which the 
fuel cell walls are saturated but no condensed water exists in the capillary struc­
ture. The method is an idealization, however, because there is no abrupt tran­
sition from a "saturated cell wall" region to a "liquid water" region; instead, the 
transition occurs over a range in H from about 0.9 to 0.995. Above the latter 
value, the fuel becomes increasingly saturated. The figure generally used for 
Mjjp by fire researchers is 0.30, independent of fuel type or state. 

Gain or loss of moisture by dead fuel particles above Mj^^ occurs by move­
ment of liquid water through the fuel capillary structure in response to surface 
tension forces. The specific permeability (m^) of a porous material is a measure 
of the ease with which fluids can move in bulk through the material in response 
to a pressure gradient in the fluid. In woody and vegetative particles, perme­
ability to water depends on the internal structure of the material and extent of 
its swelling. Because forest fuels usually exchange moisture with the atmosphere 
at temperatures below 60°C, vapor pressure differences are not extremely large, 
and moisture transfer by gas flow often is considered negligible in comparison 
with that due to liquid flow. In softwoods, passage of liquid water is through 
fiber cavities in series with tiny holes in the pit membrane called pit membrane 
pores; on the other hand, continuous liquid movement through the permanent 
cell wall capillaries contributes little to the overall flow (Stamm, 1964). Fig­
ure 3B is a sketch of the gross capillary structure of a softwood and paths for 
liquid transport through fiber cavities and pit membrane pores. Darkened areas 
represent a network of lignocelluosic strands (or fibrils) intertwined to form the 
cell wall, whereas the white areas represent fiber (or tracheid) cavities and pit 
chambers within the bordered pits. Figure 3C shows three types of pit pairs 
found in softwoods and hardwoods. Bordered and half-bordered pits are com­
mon in softwoods, whereas simple pits occur in hardwoods. The enlarged re­
gion in the center of the pit membrane is called the torus; the pit becomes aspi­
rated when the torus is sealed against a border by surface tension forces created 
in drying (Hart and Thomas, 1967). The pits also can become impervious to 
water because of encrustation by extractives. 

The internal structure and liquid permeability of hardwoods is more com­
plex and more variable than that of softwoods. The primary conducting ele­
ments, or vessels, are interspersed among tracheids and other fibers and inter­
connected by simple pits. Resistance to liquid flow is offered by the pits and by 
internal growths, or tyloses, lodged in the vessels of most species. In the pits, 
resistance is due to encrustation rather than aspiration because pits in hard­
woods have no torus in the pit membrane. Furthermore, the openings in the pit 
membrane are about 10 times smaller in hardwoods than in softwoods, but not 
so small as to prevent water flow. One of the most permeable woods is red oak 
(no tyloses) with a longitudinal permeability of about 2 X 10~^° m^. The sap-
wood and heartwood of many softwoods and hardwoods exhibit longitudinal 
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permeabilities ranging from 10"^^ to 10~^^ m^. Comstock (1970) measured lon­
gitudinal/tangential permeability ratios in softwoods ranging from about 500 to 
8 X 10"̂ . Siau (1995) refers to an unpublished study of eight hardwoods by Com­
stock reporting longitudinal/tangential permeability ratios between 3 X 10"̂  
and 4 X 10^. Additional information concerning flow pathways and the rela­
tion of internal structure to fluid flow in wood may be found in Stamm (1964) 
and Siau (1995). 

The flow of liquid water in layers of deciduous or coniferous litter and duff 
is determined by the amount of moisture retained on and within the particles 
and in the interstices between particles. In a series of laboratory experiments, 
Stocks (1970) applied simulated rainfall amounts ranging from 12.7 to 50.8 mm 
to air-dry ponderosa pine duff layers 7.6 cm thick at a rate of about 25.4 mm 
h~\ The results showed that the percentage of the applied rainfall retained by 
the duff decreased from 20 to 11% as rainfall amount increased. When the lab­
oratory experiment was repeated using moist duff, water retention was halved 
and the percentages decreased from 10 to 5% as rainfall increased. Stocks (1970) 
also reported field and laboratory experiments suggesting that the moisture con­
tent of the duff in a thin sublayer adjacent to underlying mineral soil is smaller 
than in the sublayers just above it (Figure 4). These results are consistent with 
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FIGURE 4 Laboratory drying rates for five separate sublayers within a 7.6-cm duff layer (pri­
marily ponderosa pine) after 50.8 mm (2 inches) of simulated rain. "Layer V is at the top of the 
duff layer. (A) Moisture content versus time after rain. (B) The vertical distribution of moisture con­
tent for specific times after rain. Adapted from Stocks (1970). 
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the idea that the amount of rainfall retained by the layer depends on a balance 
among capillary forces across the duff-soil interface, capillary forces among the 
fuel particles, gravitational forces acting over the vertical depth of the layer, and 
attractive forces drawing water into the particles. Structural details of the layer 
affect this balance by determining the specific permeability of the duff. Fosberg 
(1977) measured the permeability of several western conifer duff layers to air 
and reported values ranging from about 10"^ to 5 X 10"^^ m .̂ These values are 
orders of magnitude larger than those for wood, reflecting the much larger sizes 
of the conducting pores. 

Moisture diffusivity (m^ s"^) is the property that governs exchange of mois­
ture in dead fuel particles below Mj^^. Water movement is due to combined 
diffusion involving a gradient in bound water concentration across the cell 
walls and a gradient in partial vapor pressure through the fiber cavities and pit 
membrane pores. Stamm (1964) states that bound water diffusion differences 
between softwoods and hardwoods are small, so diffusion of vapor through 
the continuous void structure is the major source of variability among species. 
Stamm (1964) and Choong (1965) suggest, however, that in softwoods the per­
centage of the transverse moisture diffusion attributable to vapor diffusion is 
22% or less at temperatures below 50°C. Thus structural differences between 
softwoods and hardwoods normally cause only small differences in diffusional 
flow. Though the circumstances under which diffusion operates in dead foliage 
particles are not well known, equilibrium and dynamic moisture relationships 
in these fuels are well represented in form, if not in magnitude, by research re­
sults for wood over a large range in M. This is verified to some extent in data 
reported by Van Wagner (1979) on drying of jack pine litter that are similar to 
those from studies on wood and paper (Nelson, 1969). Other data demonstrate, 
however, that diffusivities differ for particles of wood and foliage. Values of the 
integral moisture diffusivity (the average value for the particle or layer), D^ ,̂ ob­
served by Linton (1962) for Eucalyptus ohliqua wood ranged from 1.4 to 42 X 
10~^^ m^ s~^ for twigs 6 mm in diameter and from 3.5 to 45 X 10"^^ m^ s~^ for 
twigs 3 mm in diameter. Linton also found that individual leaves from Euca­
lyptus ohliqua and Eucalyptus radiata exhibited D^y values ranging from 0.24 
to 11 X 10"^^ m^ s"\ Anderson (1990a) reported a comprehensive study in 
which grasses, hardwood leaves, conifer needles, and square softwood sticks 
initially in equilibrium at 26.7°C and H of 0.9 were subjected to a rapid drop 
in H to 0.2 at which they equilibrated and then were exposed to another step 
change in H back to 0.9. Weathered foliage fuels were studied also. Results 
showed that D̂ y of the wood ranged from about 0.1 to 2 X 10~^^ m^s~\ ingood 
agreement with measurements of transverse diffusion in softwoods and hard­
woods for which D̂ ^ ranged from 0.07 to 1.7 X 10~^° m^ s~^ (Stamm, 1960; 
Simpson, 1993a). On the other hand, Anderson's foliage diffusivities (for re­
cently cast fuel) ranged from about 10~^^ to 10~^^ m^ s~^ These values are in 
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approximate agreement with the observations of Linton (1962), but even An­
derson's values for weathered fuels (10~^^ to 10"^^ m^ s~ )̂ are smaller than 
those for wood by two orders of magnitude. 

3. Physical Properties 

The differences in moisture diffusivities of dead wood and foliage just described 
are due, at least in part, to differences in mass density, particle size and shape, 
and extractive content. Moreover, the effects of weathering on moisture rela­
tionships operate primarily through these variables. The density of wood de­
pends on its specific gravity and moisture content, ranging from about 300 to 
800 kg m~^ (Simpson, 1993b); values for foliage fuels fall well within this range 
(Anderson, 1990a). The effect of density on diffusion has not been identified 
in experimental studies. Though he acknowledged the lack of conclusive data, 
Hart (1964) argued that two samples of wood drying in response to identical 
gradients in M will exhibit diffusivities inversely proportional to their densities. 
Particle density also is affected by water-soluble extractives that, because of their 
bulking action, leave the fiber cell wall in an expanded state when drying from 
the green condition takes place. For foliage, this effect may be overshadowed by 
the flow reduction due to wax on particle surfaces. Van Wagner (1969a) pre­
sents data showing that response time r (s) (the time required for accomplish­
ment of 1 — 1/e, or 63.2%, of the total moisture content change due to a step 
change from a constant initial value to a constant final value) decreased by fac­
tors averaging about 5.5 and 2.5 for red pine needles and aspen leaves that had 
been pretreated with xylene to remove the waxes and resins. This result implies 
that fuel particles with surface wax removed by weathering will gain or lose 
moisture about three to six times faster than unweathered particles whose sur­
face wax is intact. 

The effects of particle size are best obtained from the theory of diffusion in 
solids (Crank, 1975). The diffusion theory, discussed briefly in Section 11I.D.2, 
indicates that the theoretical effect of minimum particle dimension d (m) on 
Day is zero because the local diffusivity, D, is treated as a constant and therefore 
equals D^ .̂ Dimension d usually is the radius of a cylinder (or sphere) or the 
half-thickness of a slab. It is well known, however, that D̂ ^ for wood is not con­
stant, but a function of moisture fraction M and fuel temperature Tj. 

The measurement of D̂ ^ is further confounded by the possible occurrence of 
two nondiffusional mechanisms that can be mistakenly interpreted as diffusion. 
The first of these involves the slowing of sorption [this term is used when refer­
ence is made to the combined processes of adsorption and desorption (see Sec­
tion III.D. 1) or when no distinction between the two processes is necessary] due 
to molecular rearrangements associated with relaxation of shrinkage or swell­
ing stresses. These rearrangements are more pronounced during adsorption in 
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thin particles (< 3 mm thick) when fractional humidity H exceeds 0.5; they 
make new adsorption sites available at a slower rate than the initial diffusion rate 
(Christensen, 1965). The second mechanism is moisture transfer at the solid 
surface. The theoretical influence of this process is expressed in terms of the di-
mensionless mass transfer Biot number, Bi—the ratio of resistance to moisture 
transfer at the surface to that within the particle. This number is discussed fur­
ther in Section III.D.2. Byram (1963, unpublished) expressed the results from 
classical theory in terms of response time and found r proportional to d^ when 
Bi approaches infinity. For smaller Bi, approaching zero, r was predicted as pro­
portional to d. Nelson (1969) tested Byram's predictions with laboratory drying 
experiments on cellulosic materials exposed to fixed step changes in H at con­
stant temperature. Two values of r were observed for most runs. The r versus 
d^ relationship was approximated for sawdust layers (r depended on d̂ ^ rather 
than cĴ ), square wooden sticks, and thin slabs of paper (during the later stage 
of drying) for initial values of M well above Mj^^. The approximate d^ depen­
dence observed in all fuels studied suggests that diffusivity D̂ ^ was nearly inde­
pendent of d in these tests. Results for the paper slabs are presented in Figure 5. 
The data show that the predicted r versus d result was observed in approximate 
form (r depended on d^-^^ rather than d) during the early stage of drying when 
the resistance to transfer at the surface must have exceeded that within the slabs. 
For the two thinnest slabs, the tendency for r to become independent of d indi­
cates that the drying rate depended entirely on the external conditions. In other 
work, the effect of thickness on moisture change in Eucalyptus regnans sapwood 
specimens was studied by King and Linton (1963) who found that r increased 
with increasing d, but not according to d^ as would be expected from theory. 
Taken together, the data suggest that the predicted effects of d on r will be ap­
proximately correct for forest fuels and that D̂ ^ is nearly independent of d in 
the diffusion-controlled range when external conditions are constant. 

Particle shape theoretically affects moisture exchange by means of differ­
ences in constants derived in analytical solutions of the equations describing 
diffusion in the various particles. In practice, these effects due to shape operate 
partly through Biot number Bi and partly through the particle surface-to-volume 
ratio a (m~^) that influences the exchange of heat and mass between the par­
ticle and the surrounding fluid. Larger values of the ratio result in larger ex­
change rates because of increasing surface area per unit of particle volume. This 
ratio is one of the factors defining the openness of fuel layers which, in turn, 
may determine the rate-controlling dimension during moisture exchange. A 
second controlling factor, the dimensionless fuelhedpacking ratio, /3, represents 
the volume of fuel particles within unit volume of fuel bed. An interesting ques­
tion not yet answered by research is the following: if a fuel layer of constant 
packing ratio j8, vertical depth 8 (m), and uniformly distributed cylindrical par­
ticles of radius d (or constant cr) is exposed to a step change in H at constant T, 
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FIGURE 5 Logarithmic plot of response time versus total thickness of paper slabs drying at 
27.2°C and 36% relative humidity, where r^ refers to early drying when surface effects were pres­
ent but not dominant and T2 to the later stages when internal diffusion was controlling the process. 
For small values of slab thickness, response time tends to become independent of thickness due to 
surface control. From Nelson (1969). 

is its rate of moisture exchange controlled by 8 or dl Though the answer to this 
question partly depends on the imposed boundary conditions, in general one 
would expect that moisture gain or loss in tightly packed beds is controlled by 
6, and that as jS decreases and the beds become more open, the rates of mois­
ture exchange would approach the rate for a single particle. The limited data of 
Anderson et at (1978) for beds of ponderosa pine needles suggest this is so. In 
later work, Anderson (1990a) compared the diffusivities of layers with differ­
ent degrees of packing with those of widely spaced needles drying in similar 
environmental conditions and found that D̂ ^ decreased as the fuel beds became 
deeper or more dense. Using the method of nonlinear least squares, Anderson 
also developed equations for predicting the effects of fuel particle and fuel bed 
variables. He produced four groups of equations—each group distinguished by 
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the hardness of wax on the fuel surfaces or by the amount of surface cuticle. 
Within each group, equations were developed for recently cast and weathered 
fuels undergoing adsorption and desorption. All equations showed that re­
sponse times were proportional to the quantity (J^J8^5'̂ , where exponents a, b, 
and c differed among fuel species and sorption conditions. Anderson stated that 
increasing /3 and 8 when a is constant decreases D̂ ^ and increases r, and that 
additional study is needed. 

III. FUEL MOISTURE RELATIONSHIPS 

The moisture content of living fuels involves free water and water vapor in plant 
void spaces and in the cell walls and surrounding tissues. For example, an equi­
librium relationship between water content and water potential describes water 
retention in plant tissue, bulk capillary flow takes place in the stems of woody 
plants, and water exits the interior of leaves by vapor diffusion (Kramer and 
Boyer, 1995). Similar phenomena take place in dead fuels. Approaches for de­
scribing moisture held at equilibrium in hygroscopic porous solids range from 
empirical and semiempirical models to rigorous theories based on the physical 
chemistry of solutions or statistical thermodynamics. Water movement in po­
rous bodies, including dead forest fuels, can be described mathematically in 
two ways. In the first, water transport is assumed to obey the conservation 
equations of engineering mechanics (Spolek and Plumb, 1980). The second ap­
proach involves the procedures of nonequilibrium thermodynamics (Katchal-
sky and Curran, 1965). The underlying foundation of this method rests in the 
conservation equations of mass and energy and in the thermodynamic laws but 
involves additional assumptions about the conservation of momentum and de­
viations from equilibrium. The primary driving force for mass flow is the spa­
tial gradient of the partial molal Gibbs free energy; this idea has been accepted 
by soil and plant water researchers for many years and now is drawing the atten­
tion of wood-drying researchers (Cloutier and Fortin, 1991, 1993; Siau, 1995; 
Zhang and Peralta, 1999). The rapidly developing thermodynamic methods, 
which have been little used in forest fuel moisture research, are not discussed 
further because of space limitations. 

A. WATER POTENTIAL 

Researchers studying water relationships in soils and plants as separate ther­
modynamic systems have long recognized that water tends to move in these 
materials from regions of high Gibbs free energy to regions of lower free energy. 
This is consistent with the thermodynamic concept of equilibrium which tells 
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us that two bodies (or two regions within a single body) are in equiUbrium only 
when the Gibbs free energy difference between them is zero. Water moves across 
the soil-atmosphere, soil-plant, and plant-atmosphere interfaces in response 
to free energy gradients, so viewing the three separate domains as one unified 
thermodynamic system is a logical research approach. This single-system con­
cept has been labeled SPAC to refer to the "soil-plant-atmosphere continuum" 
and has been accepted by many workers in the two subject matter areas. 

The energy status of water in living or dead plants, soils, or the atmosphere 
measures the potential energy of the water in its current state when tempera­
ture, pressure, and chemical composition are the only variables. This energy 
is the partial molal Gibbs free energy, or chemical potential, ii (J mol~^). The 
standard reference state in both soil and plant water research, denoted by /XQ, 
is taken as pure liquid water at atmospheric pressure and at the temperature of 
water in the material. The reference location is an arbitrarily chosen elevation. 
Because water is essentially incompressible (except at very small moisture frac­
tions), its density (kg m~^) and molecular weight (kg mol"^) can be used to ex­
press [JL in units of pressure, J m~^. Thus water potential ijj is defined as 

where p^, M^, and V^ are, respectively, the density, molecular weight, and mo­
lar volume of liquid water and {JL and IJLQ are chemical potentials of water in the 
plant and in the reference state. For plant water in the reference state, ij/ = 0. 
The water potential ip (J m~^), applicable in both soils and plants, is written as 

(A = fAp + (A^ + (A, + (Ag (4 ) 

where if/^ is the pressure potential owing to plant turgor (hydrostatic forces in 
excess of those due to atmospheric pressure acting on cell walls and internal 
membranes), J/̂ ^ is the matric potential caused by capillary or binding forces at 
internal surfaces of cell walls, if/^ is the osmotic potential due to a reduction in 
water vapor pressure by solutes and surface attraction, and ip^ is the gravita­
tional potential which originates from the difference in gravitational force act­
ing on water at a given location and at the reference location. In general, ijj^ is 
taken to be negligible in the water of living plants, and if/p is considered to be 
zero in soil water. Cowan (1965) and Philip (1966) were among the early work­
ers who attempted to describe water flow in living plants with physical coeffi­
cients like diffusivity and conductivity, but within the continuum framework. 
Lemon et at. (1971) and Riha and Campbell (1985) are other modelers who have 
used a similar approach. References summarizing the SPAC concept and re­
search on water transport in plants are Kramer and Boyer (1995) and Kozlow-
ski and Pallardy (1997). 
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B. CONSERVATION EQUATIONS 

Though the conservation laws are equally applicable to live fuels, they are dis­
cussed here in the context of dead fuels because their application to water trans­
port problems in these fuels is relatively simple. The solid fuel and its associated 
moisture comprise four separate phases: the dry solid, free liquid water, bound 
liquid water, and a gas phase consisting of a mixture of dry air and water vapor. 
Equations expressing the conservation of mass, momentum, and energy may 
be written for each phase. The intricate chemical and structural features of fuel 
particles or layers require the moisture exchange modeler to consider carefully 
the elementary volume selected as the basis for writing equations governing 
the process. Though a set of differential equations can be written to describe 
changes within each phase in the system, it is not possible to know which set 
to assign at each point in the medium. One approach to this problem is to de­
fine an elementary volume within the particle just large enough to contain all 
phases and satisfy the definitions of all system variables. Then a set of volume-
averaged equations may be written that should be valid at all locations and the 
fuel-water system may be treated as a continuous medium (Spolek and Plumb, 
1980). This procedure is known as local volume averaging and has been used 
by several researchers to describe heat and mass transfer in wood. Perre et al. 
(1990) pointed out that moisture transport in wood at temperatures between 
60 and 120°C is best considered a low- to moderate-temperature process taking 
place with variable total pressure. On the other hand, an assumption of constant 
total pressure may be reasonable for open duff layers or for moderately thin fuel 
particles because within-particle temperatures, even in intense sunshine, sel­
dom exceed 60°C, and the internal pressure does not differ greatly from atmo­
spheric. Perre et al. also assume thermal equilibrium among all phases—an 
assumption that is commonly used because of the mathematical simplification 
it provides. 

In the present discussion, we consider the unaveraged equations (equations 
for each phase) that would describe heat, mass, and momentum transfer in an 
elementary volume of fuel particle. Suppose that shrinking and swelling of the 
particle are ignored and gravitational body forces, kinetic energy changes, and 
the rate of doing work on the water are negligible. Then the equation that bal­
ances the transport of phase i in direction x (m) in a plane body (a slab, for ex­
ample) may be written as 

d{p,(l>,)ldt = -d{p,(j),v,)ldx -w,= -d{],)/dx - w, (5) 

where Pj (kg m~^), (/)i, v̂  (m s~^), and Wj (kg m~^ s"^) are the density, volume 
fraction, velocity, and evaporation rate of phase i—all on a unit volume of par­
ticle basis—referred to a coordinate system on the stationary particle. The mass 
fluxes Ji (kg m~^ s~ )̂ take forms that depend on the transport mechanism for 
phase i. Subscript i (i = s, w, b, g) denotes the solid, free liquid, bound liquid. 
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or gas phase, respectively. The dry air component of the gas phase, indicated by 
subscript a, can be described with its own mass conservation equation given by 

d{PaCt>a)'dt = - a ( p A V a ) / ^ ^ = " ^ ( J a ) / ^ ^ (6) 

where w^ = 0. In addition, the diffusion flux of air can be written as 

J , = -p,sD,d[ln{Pj - P,)]/dx = -p ,8D,a[ ln(Pj ] /ax (7) 

where sD^ (m^ s~^) is the diffusivity of water vapor in air (or air in water vapor) 
corrected for presence of the solid (s is the void fraction) and total gas pressure 
P j depends on the partial pressures of air and vapor, P^ and P^, according to 

PT = Pa^ Pv (8) 

Equality of temperatures T^ and T̂  of the two gases and applicability of the ideal 
gas law are assumed. 

For moisture change in forest fuels, it is usually not necessary to include 
equations for momentum conservation explicitly because flow rates are slow 
and fuel temperatures rarely exceed 60°C. Though the transport relationships 
describing Jj (Pick's law and Darcy's law) may be derived from approximate ex­
pressions of momentum conservation, their origin is empirical because of their 
discovery during 19th century experiments. The equations for Jj, where i = w, 
b, V (v denotes the water vapor component of the gas), may be written as 

J , = -{Kj7j^)d{P^)/dx = -{Kjiq^)d{Pr - P j / a x (9) 

A = -psmD^d[\n{Pj,)]/dx (10) 

J, = -{Kjr]g)d{Pj)ldx - p,8D,a[ln(P,)]/ax (11) 

where K^ (m^), V^^ (m^ s~^), and P^ (J m~^ or kg m"^ s"^) in Eq. (9) are the 
specific permeability of the medium to liquid water and kinematic viscosity and 
pressure of the liquid phase. This equation is Darcy's law describing movement 
of liquid water in an unsaturated two-phase system by capillary forces. Capillary 
pressure P^ (J m~^) is the pressure difference at a gas-liquid interface given by 

Pc = (Pg - Pw) = {PT - Pw) = 2y/r (12) 

where y is the surface tension of the liquid and r is the mean radius of the in­
terface (Siau, 1995). Equation (10) originates in the equation of motion for the 
adsorbed phase (Babbitt, 1950; Nelson, 1986b) and describes bound water dif­
fusion in the cell walls. Quantities p^ (kg m~^), Dj, (m^ s~^), m, and Pj, (J m~^) 
denote the density of the dry particle, bound water diffusivity, local moisture 
content fraction, and spreading pressure of water in the cell wall. The two-
dimensional spreading pressure of a film adsorbed on the internal surface of a 
solid is analogous to the pressure of a three-dimensional gas in that adsorbed 
water molecules jump from one sorption site on the surface to another because 
of differences in film surface tension. Terms on the right side of Eq. (11) account 
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for the capillary flow and diffusion of water vapor in the medium. Quantities 
Kg (m^), T7g (m^ s~^), p^ (kg m~^), and sD^ (m^ s~ )̂ refer to the specific perme­
ability of the medium to gas flow, kinematic viscosity of the gas, density of the 
vapor, and corrected vapor diffusivity. Equations (9)-(11) may be substituted 
into Eq. (5) to obtain the within-phase equations of moisture transport. When 
i = w in Eq. (5), Wj = w^; when i = h, w^ = w ,̂; when i = g, Wj = Wg = ŵ  = 
— (w^ + Wj,) and the interphase sink/source terms sum to zero. 

The conservation of energy within phase i may be written as 

p^^qdydt + cJidydx + WjAi = -dq^/dx = d{}i^dTjdx)ldx (13) 

where q (J kg~^ K"^) and Tj (K) are the constant-pressure specific heat and 
temperature of phase i, Aj (J kg~^) is the heat of evaporation/condensation of 
phase i, k^ (J m~^ s~̂  K~^) is the thermal conductivity, and q^ (J m"^ s~^) is 
the heat flux that accounts for all mechanisms of heat transfer to the phase. In 
Eq. (13), it is assumed that conduction is the only means of heat transfer, and 
use is made of another empirical relationship—the Eourier law of heat conduc­
tion. Equation (13) must be summed over all phases (assuming local thermal 
equilibrium) because all are capable of transferring heat. It is noted that Ĵ  = 
^s ^ '^a~ K~ K~ ^\ in addition, Aj, = (A^ + A )̂, where Â  (J kg~^) is 
the differential heat of sorption. A discussion of general wood-water thermo­
dynamic relationships, including the differential heat of sorption, is given by 
Skaar (1988). 

Consistent with their application and the desired level of complexity, 
Eqs. (5)-(13), or a subset of them, may be solved analytically or numerically in 
conjunction with fixed or variable boundary conditions involving one or more 
of the following variables: moisture content, temperature, relative humidity, 
wind speed, solar radiation, and net longwave radiation from various sources. 
Use of these equations requires still more information that includes expressions 
for void fraction, transport properties, thermal properties, and thermodynamic 
relationships. For multiple phases, relative amounts of space occupied by free 
water and water vapor are needed. Examples of the incorporation of this kind 
of information into models describing multiphase transport through volume 
averaging are the studies of Spolek and Plumb (1980), Perre et al. (1990), and 
Fernandez and Howell (1997). 

C. LIVE FUEL MOISTURE 

The understanding of water retention and movement in plants and in the soil 
supporting their growth is basic to development of models for predicting the 
moisture content of live surface and crown fuels. These models would help for­
est fire management and control personnel quantify the behavior of crown fires 
and anticipate the transition from surface fire to crown fire. Testing of a crown 
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fire spread model that uses fuel moisture content as an externally supplied in­
put parameter is underway (Alexander et al, 1998). 

1. Moisture Characteristic Curves 

The equilibrium relationship between plant tissue water content and water po­
tential at constant temperature is often referred to as the moisture character­
istic curve by plant water researchers, and similar terminology is used in soil 
water studies. It is determined, in effect, by a balance between water potential 
of the solution in the vacuole of the cell (protoplast) and water in the cell walls 
(apoplast) and provides a mechanism by which liquid water moves into and 
through plants (see Figure 1). Though the cell wall is permeable to water and 
solutes, the membrane (or plasmalemma) surrounding the wall's inner edge is 
impermeable to solutes. Thus water moves into or out of the vacuole according 
to the difference in potential across the membrane. These differences, however, 
are usually so small that local equilibrium may be assumed (i.e., il/ya = il^cw 
where subscripts va and cw denote the vacuole and cell wall). Techniques are 
available to measure the components of if/^^ and i/̂ cw separately—ma trie poten­
tial of the cell wall water J/^^^), pressure (or turgor) potential of the solution 
in the vacuole, and the osmotic potential of both regions (Kramer and Boyer, 
1995). The relationship between if/^^^-^ and relative water content, RWC, is shown 
in Figure 6 for a Taxus branch suspended in a pressure chamber (McGilvary 
and Barnett, 1988; Kramer and Boyer, 1995). Plant water researchers express if/ 
in terms of bars or MPa rather than J m~^, so their terminology is used here 
(1 bar = 0.1 MPa = 10^ J m~^). The osmotic component in the cell wall, ifj^f^a) 
in Figure 6, contributes in a minor way to the total potential of the wall, which 
is the sum of the two components displayed. Quantity RWC is the water con­
tent of a material expressed as a percentage of the water content when the ma­
terial is fully turgid (in equilibrium with pure water). This turgid state is a more 
convenient reference point than the dry state because it is experimentally re­
producible and not as subject to error due to plant growth. Thus RWC is com­
puted from 

RWC = [(W, - W^)/{W, - Wa)]100% (14) 

where W^.W^, and W^ are the material weights in the current, turgid, and oven-
dry (dried at 100°C) states. Gardner and Ehlig (1965) are among the research­
ers who have studied the water potential-RWC relationship. They measured 
RWC, if/, if/^, and ipp of cotton, pepper, sunflower, and birdsfoot trefoil leaves 
and found a linear relation between osmotic potential ij/^ and RWC. The total po­
tential (/̂  was not linearly related to RWC because of a change in the modulus 
of elasticity of the cell wall when the turgor potential ij/p approximated +2 bars. 
This change in elasticity was associated with the early stages of wilting. 
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FIGURE 6 Determination of the moisture characteristic curve. (A) Pressure chamber in which 
incoming gas increases the pressure around a Taxus branch and forces xylem sap through the cut 
surface. The pressure is adjusted to maintain zero flow at the surface and provides an estimate of 
the internal tension on the apoplast. (B) Pressure chamber measurements show that water poten­
tial decreases as relative water content decreases and that a greater pull is being exerted by the leaves 
on water in the xylem as water content decreases. Osmotic water potential of the cell wall is given 
by *As(a)- From Kramer and Boyer (1995). 

2. Water Transport in the SPAC 

The mechanisms governing transport of water through living fuels may be de­
scribed by several methods. One is empirical and often used to fill knowledge 
gaps with information based on experimental data. In the second method, it is 
assumed that the water-conducting system is analogous to an electrical circuit 
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and requires evaluation of flow resistances in series and/or parallel connections. 
A third method involves solution of the differential equations governing flow 
in the various soi l -plant-a tmosphere domains and uses conductivities and dif-
fusivities rather than resistances. The domains most conducive to analysis with 
differential equations are those describing soil water flow and uptake by roots. 
Modelers often describe flow in the whole plant using some combination of 
these three methods (Federer, 1979; Riha and Campbell, 1985). 

a. The Ohm's Law Analogy 

The driving force for water movement in transpiring plants originates in the 
leaves and is transmitted to the roots through the cell sap. Transpiration re­
duces the leaf water potential, and this disturbance is propagated through the 
xylem of the leaves and stem to the roots where the reduced potential induces 
water flow toward the roots. This process occurs when water content of the soil 
is high or the transpirational demand is low. On the other hand, when the soil 
water content is low or the transpirational demand is great, leaf water potential 
falls to such a low value that the leaves lose their turgor and the stomates tend 
to close. Thus, the leaf resistance is greatly increased, the rate of transpiration 
is reduced, and further loss of water is controlled by the plant and soil rather 
than the atmospheric conditions (Cowan, 1965). In the SPAC method of analy­
sis, the overall movement of water may be analyzed using an analog of Ohm's 
law which states that the flow of current in an electrical circuit is proportional 
to the potential difference across the circuit. The electrical analog shown in 
Figure 7 is a simplified representation of the paths taken by water from its en­
try via the water table to its exit through the plant leaves. The xylem portion of 
the circuit applies to the complete vascular system—xylem in the roots, stem, 
and leaves. The overall process may be crudely approximated with four sub-
processes: water flow from soil to roots, from roots to stem, from stem to leaves, 
and from leaves to the atmosphere. Figure 8 illustrates the relative magnitudes 
of change in water potential for each component of the SPAC. Because the 
change in potential from root to leaf is only a few bars, the stem sometimes is 
omitted from considerations of overall flow. 

The SPAC is nonstationary in character because of diurnal and seasonal vari­
ation and because of periods of hydration and desiccation. To eliminate some 
of this complexity, plant water researchers often assume a steady state rate of 
transport. Though this represents considerable simplification, investigators can 
work with a series of steady states instead. The steady state assumption implies 
that a disturbance of water potential in the roots (or leaves) is propagated in­
stantaneously throughout the plant to the leaves (or roots) and that internal 
changes in water content during the process are small in comparison with the 
magnitude of the disturbance (Cowan, 1965). Jarvis (1975) and Waring and 
Running (1976) argue, however, that in plants with water sources of sufficient 
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Cuticle 

FIGURE 7 Electrical analog showing soil, root, vascular, leaf, and atmospheric flow resistances 
in the SPAC. Resistances r̂ ;, r̂ , and r^ correspond to r̂ ,̂ r̂ , and r̂  in Eq. (15); the overall resistance 
due to r̂ „, r̂ , and rj,| is represented by r| in Eq. (15). The shaded area at the right indicates relative 
magnitudes of water potential for the various components. From Rose (1966). 

size in the stem and branches and with radial (or horizontal) pathways to the 
stem xylem of low enough resistance, sufficient water may be withdrawn from 
these regions of storage to satisfy the transpirational demand for considerable 
periods. Jarvis points out that little is known about resistances to flow between 
these storage regions and the xylem and about the moisture characteristic of 
the cambium, phloem, or roots. Nevertheless, if steady state is assumed, stem 
resistance is omitted, and soil moisture is not limiting, the transpiration rate 
Q (m s~ )̂ equals the flow rate in all plant domains and 

Q = i^so - ^rVirso + r,) = ((A, - (A,)/(r, + r,) = {iff, - (Aa)/(n + r j 
(15) 

where r (bar-s m^) symbols denote resistances and subscripts so, r, I, and a re­
fer to soil, root, leaf, and atmosphere. The last term in this equation is a rough 
approximation during the day because its value is influenced by temperature 
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FIGURE 8 The distribution of water potential throughout a woody plant (not to scale). Curves 
1 and 2 indicate extremely wet soil; curves 2 and 4 indicate a high atmospheric demand. The largest 
change in potential occurs in the leaf. From Hillel (1980b). 

changes associated with solar radiation and periods of cloudiness. Moreover, 
the term often is written with differences in vapor pressure or vapor concen­
tration replacing the water potential difference (Kramer and Boyer, 1995). 

It is recognized by plant water researchers that the assumptions commonly 
associated with the SPAC approach, namely steady state flow and constant flow 
resistances, make this kind of analysis a crude approximation at best. For ex­
ample, total resistances often must be evaluated by dividing the potential differ­
ence by transpiration rate Q. They are continuously changing, however, because 
transport can be controlled either by the soil, plant, or atmosphere. Numerous 
authors have studied the relative importance of r̂ ^ and r̂ , and differences of 
opinion continue to exist. Results from these studies are briefly summarized 
by Kramer and Boyer (1995) who state "evidence seems to indicate that over 
a considerable range of soil water content and with average root density, root 
resistance exceeds soil resistance to water movement." Leaf resistance also is 
complicated and includes components due to liquid flow in the petiole, veins, 
and mesophyll cells as well as vapor diffusion through the cuticle, substomatal 
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cavities, and stomates (Kreith and Sellers, 1975). Root and leaf resistances from 
several studies are reported by Slatyer (1967) and Cowan and Milthorpe (1968). 

b. Soil-Root Models 

Movement of soil water may be described by the Richards equation which is 
based on mass continuity and momentum conservation as expressed by Darcy's 
law. Derivations of the Richards equation for saturated and unsaturated flow 
may be found in soil physics texts such as Hillel (1980a). If the influence of os­
motic potential on soil water flow is negligible and the system is isothermal, the 
Richards equation for vertical flow in unsaturated soils may be written as 

do/dt = Q(ah/at) = d[Ki,{dh/dz) + K^ysz (16) 
where 6 is the volumetric soil water content, t (s) is time, h (m) is the pressure 
head applicable to flow caused by capillary and attractive forces, C^ (ni~^) is 
the specific water capacity given by {36/dh), K^^ (m s~^) is the hydraulic conduc­
tivity, and z (m) is the vertical distance from the reference location. Head h is 
given by P^^Pw^^ where P^ (J m~^ or kg m~^ s~^) is the hydrostatic pressure, p^ 
(1000 kg m~^) is the density of water, and g (9.8 m s~^) is the gravitational ac­
celeration. For horizontal flow, z must be interpreted as a horizontal distance, 
and the second term in the brackets is set to zero. In the case of saturated flow, 
conductivity K,̂  may be regarded as the hydraulic conductivity of the saturated 
soil (a constant), and the derivative of the second term in brackets vanishes. 
Various empirical and theoretical relationships expressing conductivity KĴ  in 
terms of 6 or matric potential if/^ and soil texture have been reported (Scholl, 
1976; Jury et al, 1991; Alessi et al, 1992). Equation (16) may be expressed in 
terms of if/^ (J kg"^) by substituting the relationships 

^m = PJpw = gh and p^Kj, = gK^ (17) 

into Eq. (16) to obtain 

p^XdOldt) = p^C^idijjJdt) = d[K^{diljJdz) + gK^]/dz (18) 

where C^ (s^ m~^) is the slope of the soil-moisture characteristic curve, or 
specific water capacity (dOldilj^), and conductivity K^ (kg-s m~^) differs from 
K/̂ . Equations (16) and (18) contain no source or sink terms to account for loss 
or gain of soil water by the roots. Riha and Campbell (1985) added a sink term 
to the right side of Eq. (18) to account for absorption of such water. Their term 
was of the form 

U = PA^SO - ^rVirso + rr) (19) 

where U is the root sink strength (kilogram of water absorbed per second per 
cubic meter of soil) and p, the root density (meter of root length per cubic me­
ter of soil). Potentials are in units of J kg~^ and resistances in m^ kg~^ s~\ 
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The uptake of soil water by roots may be modeled by two differing ap­
proaches in which the roots are treated as uniform cylinders of length L. The 
first method considers a single root of uniform radius surrounded by a cylindri­
cal sheath of soil. When solute effects are neglected and equilibrium is achieved 
between liquid in the cell vacuole and that in the cell wall, radial transport of 
water into the root may be described by 

difjjdt = D^{d^il/Jdr^) + {Dj,/r){dilfjdr) (20) 

where D,̂  (m^ s~^) is the hydraulic diffusivity of the root tissue, r (m) is radial 
distance in the root, and potential i/̂ ^ has the units J m~^ (Hillel, 1980b). The 
relationship between K^ of Eq. (16) and Dj, of Eq. (20) is 

Q D , = K, (21) 

whereas Eqs. (16)-(18) may be used to write 

Q = gC„, (22) 

When the soil moisture contains a significant amount of solutes, differences in 
osmotic and matric potential between the sheath of soil surrounding the root 
and the root itself must be considered (Hillel, 1980a; Flowers and Yeo, 1992). 
The second approach is to consider the entire root system as a moisture sink 
which penetrates the soil to a known depth. This root zone depth may be sub­
divided into layers that contain different root masses per unit volume of soil. 
The major fault of this method is that it is based on gross averages of root den­
sity and water potential over the root zone. 

c. Leaf-Atmosphere Models 

The influence of the atmosphere on water movement in plants can be evalu­
ated from the rate of evaporation from a free water film covering the leaf surface. 
This rate is referred to as the potential rate of evaporation, QQ (kg m~^ s"^), and 
may be estimated from the simple "Ohm's law" equation 

Qo = {Psat - Pva)l^a (^3) 

where p̂ ^̂  (kg m~^) is the concentration (or density) of water vapor at the leaf 
surface under saturated conditions and p^a the vapor concentration in the am­
bient air. Further discussion of Qo is given in Chapter 9 in this book. Resistance 
offered by the air to vapor diffusion from the leaf surface is r^ (s m"^) and can 
be estimated by two methods. The first method, for continuous areas of more 
or less uniform vegetation, utilizes the logarithmic wind profile (see Chapter 9 
in this book) and therefore considers such factors as vegetation height, zero 
plane displacement, and roughness length (Monteith, 1963a; Rutter, 1968). The 
second approach, for single leaves, makes use of boundary layer concepts and 
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depends on leaf size and shape and on wind speed (Kreith and Sellers, 1975). 
When evaporation takes place from the interior leaf surfaces, the process is re­
ferred to as transpiration. In this case, the resistance to vapor diffusion occur­
ring within the leaf, rj, should be accounted for and r̂  in Eq. (23) replaced by 
i^a + n) • Resistance rj includes cuticular resistance which is in parallel with the 
resistance to vapor diffusion. This diffusion, or stomatal, resistance is made up 
of resistances originating in the mesophyll cell walls, intercellular spaces, and 
stomatal pores linked in series. Schonherr (1976) studied the diffusion of water 
through cuticular membranes and found that the water permeability of the cu­
ticle is completely determined by waxes rather than cutin in the cuticular layer. 
Cuticular resistance is 10 to 100 times greater than the stomatal resistance and 
generally can be ignored in calculations of rj (Kozlowski and Pallardy, 1997). 

The term evapotranspiration refers to loss of water from the soil due to the 
combined water loss from plants by transpiration and from the soil surface by 
evaporation (see Chapter 9). When all surfaces are moist, evapotranspiration 
proceeds at the potential rate and depends primarily on meteorological factors. 
In this case, the potential evapotranspiration, QQ, may be calculated by at least 
two different methods. The first is outlined by Kreith and Sellers (1975) and is 
applicable to evaporation from large areas (an ecosystem or field). Their ap­
proach requires that temperatures of the evaporating surfaces be known. The 
second method utilizes the Penman equation—an equation which accounts for 
the effect of solar radiation on the evaporation from a water surface in such a 
way that knowledge of surface temperatures is not required. Various forms of 
the equation are widely used in agricultural applications to compute QQ. Mon-
teith et al. (1965) and Monteith (1980) modified the Penman equation to de­
scribe potential evaporation from whole plants or crops over an extended area. 
The modified model, referred to as the Penman-Monteith equation, is discussed 
in Chapter 9. 

According to Monteith (1980), there are only two ways to compute the ac­
tual evapotranspiration rate, Q. One method is to utilize complex models within 
the SPAC framework (Lemon et al., 1971; Waring and Running, 1976); the sec­
ond is to apply models such as the Penman-Monteith equation to the entire 
plant canopy. This application, which assumes that stomatal resistance is uni­
form throughout the canopy and that temperature, humidity, and momentum 
profiles are similar within and above the canopy, was questioned by Philip 
(1966) and Tanner (1968). Subsequent research has shown that the Penman-
Monteith equation is useful when applied to well-developed crop canopies but 
underpredicts transpiration from sparse canopies when soils are dry and over-
predicts it when soils are wet. Refinements in the equation by agricultural re­
searchers have led to compartment schemes in which evaporation from the soil 
surface and transpiration from the crop canopy are treated separately (Shuttle-
worth and Wallace, 1985; Choudhury and Monteith, 1988). This approach has 
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produced better agreement with experimental measurements of transpiration 
because of improved modeling of soil heat and vapor fluxes (Wallace et al, 
1990; Tourula and Heikinheimo, 1998). 

When the soil moisture or soil water potential falls below some critical value, 
the evapotranspiration rate falls below the potential value. Lopushinsky and 
Klock (1974) found that transpiration rates in several conifer seedlings began 
to decrease when the soil water potential fell below —2 bars (Figure 9). The 
transpiration rates of several pines were slower than those of fir and spruce by 
more than a factor of two, explaining the ability of pines to survive on fairly dry 
sites and the need for fir and spruce to occupy more moist sites. Lopushinsky 
and Klock attributed the decrease in transpiration rate to stomatal closure and 
noted that such closure takes place in all species when the leaf water potential 
ranges from about —14 to —25 bars. Brown (1977) studied the wilting process 
in two range grasses under controlled environmental conditions. He measured 

0 -2 -4 -6 -8-10-12-14-16-18-20 0 -2 -4 -6 

Soil water potential (bars) 

1 r 
8 -10-12 -14-16-18-20 

FIGURE 9 Transpiration rate as a function of soil water potential for seedlings of various coni­
fers. Curves at the lower right represent regression equations through the experimental data. From 
Lopushinsky and Klock (1974). Reprinted from Forest Science (vol. 20, no. 2, p. 183) published 
by the Society of American Foresters, 5400 Grosvenor Lane, Bethesda, MD 20814-2198. Not for 
further reproduction. 
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FIGURE 10 Relationship between pressure (or turgor) potential and leaf water potential for two 
range plants. From Brown (1977). 

soil and leaf water potentials during a drying process in which the soil water 
potential decreased from 0 to about —65 bars. In the early stages of drying, the 
pressure potential (the difference between the leaf water and osmotic potentials) 
decreased to zero—a value labeled by Brown as the physiological wilting point 
(Figure 10). As drying continued, the pressure potential decreased to a mini­
mum of about —5 bars (the point oi protoplast collapse) and then increased to­
ward zero where severe wilting occurred at a leaf water potential between —70 
and —80 bars; Brown labeled this point (or range) the lethal threshold and asso­
ciated it with the collapse of all plant cells. Brown (1977) stated that other un­
published research by him indicates the measurement techniques he used are 
equally applicable to trees, shrubs, forbs, and grasses growing in arid environ­
ments and that similar experiments can provide quantitative guidelines for 
evaluating the adaptability of range plants to dry conditions. 

3. Canopy Moisture Content 

The literature of forest physiology contains much information on evaporation 
and transpiration rates but is almost devoid of attempts to model the water 
content of understory and overstory canopies. It is likely that within a given 
fuel type there exist critical combinations of canopy moisture content, relative 
weights of live and dead fuel, and ambient wind speed which will permit the 
spread of fire in tree crowns, understory shrubs, or open grassland. The ability 
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to predict canopy moisture content seasonally would be a help in understand­
ing and anticipating the initiation and spread of fire in these fuel types. 

Changes in the moisture content of live fuels are poorly understood—partly 
because plant physiologists have studied the response of plants to environ­
mental stress in terms of water potential rather than moisture content (Brown 
et al, 1989). These authors also state that seasonal variation in water content 
is more closely related to phenological changes such as leaf growth and matu­
ration than to environmental factors. In earlier work, Kozlowski and Clausen 
(1965) pointed out that changes in plant tissue moisture content can result 
from changes in actual water content, tissue dry weight, or both. Their pheno­
logical study of leaves from several forest trees during the 1963 growing season 
showed that the moisture content of all deciduous leaves studied decreased un­
til mid-June, after which time the rate of decrease slowed and became depen­
dent on species. This result was attributed to increases in dry weight rather than 
changes in the mass of water present. On the other hand, moisture content of 
zero-age conifer needles decreased continuously, whereas in 1-year-old needles 
it increased until about mid-July and then became relatively constant. In this 
case, the dry weight changes were attributed to carbohydrate translocation into 
new needles and out of the older ones. Little (1970) conducted a year-long study 
of water, sugar, starch, and crude fat content in juvenile balsam fir needles. In 
contrast with the results of Kozlowski and Clausen (1965), he found that sea­
sonal fluctuations in moisture content generally were caused by changes in ac­
tual water content rather than by dry weight changes. Little pointed out, how­
ever, that changes in moisture content due to dry weight changes increase with 
increasing age, and that increased carbohydrates may not have accounted for 
the total change in dry weight of his study—as they might have in the matur­
ing balsam fir needles of the Kozlowski and Clausen study. Research on Engel-
mann spruce needles conducted by Gary (1971) showed that moisture contents 
were determined primarily by dry weight changes and that differences between 
needles from north and south slopes were small. Chrosciewicz (1986) sampled 
the foliar moisture content of several Canadian conifers in central Alberta. His 
sampling procedure was designed to minimize variation due to the diurnal 
cycle and sample location within the canopy. Figure 11 shows some of his re­
sults for new and old (needles 1,2, and 3+ years old) foliage measured during 
1974. The flushing of new foliage coincides with the moisture content mini­
mum in the old foliage. Moisture content of the new foliage approaches that of 
the old in September. 

In a study extending from January to October 1971, Hough (1973) mea­
sured extractive content, phosphorus content, and moisture content of old and 
new needles to determine their effects on the flammability of natural sand pine 
stands. A sharp rise in moisture content of new needles up to 10 months in age 
coincided with the initiation of new growth, whereas ether-soluble extractives 
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FIGURE 11 Seasonal moisture content variation in new and combined old foliage (1, 2, and 
3+ years old) of four Canadian species. Right-pointing arrows indicate the start of flushing of new 
foliage. With the arrows as reference points, the species from top to bottom of the figure are white 
spruce, black spruce, balsam fir, and jack pine. From Chrosciewicz (1986). 

of new and old (9-18 months in age) needles peaked in late February and then 
decreased until June. Phosphorus content of new needles decreased until March 
and then peaked in late May, while that of the old needles decreased until April 
and then slowly increased. Hough concluded that both weather and fuel vari­
ables affect fire occurrence in stands of sand pine in Florida and that crown fires 
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would be most likely to occur in late February and early March. He stated that 
the severity, or intensity, of wildfires is not reduced until the new needles, with 
their high moisture content and low extractive content, make up most of the 
crown. 

One naturally would expect understory vegetation to show patterns of varia­
tion in moisture, mineral, and extractive content similar to those in tree crowns 
(Hough, 1973), and the results of numerous experimental studies have shown 
this to be so. Fire researchers have documented the moisture content of chapar­
ral and brush fuels in southern California for many years. Countryman (1974), 
for example, reported field data on the variation in moisture content of man-
zanita and snowbrush (Figure 12). New growth in both species typically begins 
in early June with moisture contents of about 200% of the fuel ovendry weight. 
The moisture content of old foliage increases more slowly, and both species 
reach a minimum level in September. Countryman stated that the percent of 
total fuel made up of living material usually ranges from 65 to 85% and that 
fire behavior in the chaparral types depends on both live fuel moisture content 
and relative amount of dead fuel present. According to Blackmarr and Flanner 
(1975), the understory shrubs growing on organic soil in the pocosin areas of 
eastern North Carolina cause a severe fire hazard during periods of drought. 
These authors sampled the moisture content of six shrub species native to the 
area for a 22-month period. Their 1964 and 1965 data for deciduous and ever­
green species showed that all parts of the evergreen foliage were consistently 
drier (ranging from 250 to 100% during the summer) than those of the decidu­
ous species (350 to 150%), tending to make them more flammable. In earlier 
work, Blackmarr and Flanner (1968) measured the diurnal moisture content 
variation in four North Carolina pocosin species over a 36-hour period dur­
ing June 1965 and found differences ranging from about 25 to 40% moisture 
content. 

220 

^ 

"c 
0) 
c 
o 
o 

1 
CO 
o 
^ 

200 

180 

160 

140 

120 

100 
80 

60-4 

\
A New manzanita 

New snowbrush •, 

Old snowbrush 

\ \ \ \ \ 1 \ 
April May June July August September October 

FIGURE 12 General trend of seasonal moisture content variation in two chaparral fuels in south­
ern California. From Countryman (1974). 
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The moisture content of live fuels in open grasslands generally follows pat­
terns similar to those of the understory shrub and crown fuels discussed earlier, 
but it also differs in some respects. These patterns are determined primarily by 
weather. The annual grasses usually have shallow root systems and therefore 
depend strongly on moisture availability near the soil surface for their growth. 
In the spring, these green grasses can attain fractional moisture content values 
larger than 3.5. As hotter weather approaches, the growth of annuals (roughly 
from May to July in the United States) is shortened by the absence of rainfall. 
The plants mature, produce seed, and then begin to cure (or dry). Their rate of 
curing depends on soil moisture and rainfall, resulting in curing times that may 
vary from three to eight weeks. As the plants flower and produce seed, the color 
of their various parts turns from green to yellow (or other colors such as purple, 
depending on species). According to Luke and McArthur (1978), this process 
begins in the annuals of Australia when the moisture content fraction has de­
creased to about 1.75. As the moisture fraction drops below 1.0, yellowing has 
affected about 30% of the plant surface, and the grass is said to be 30% cured; at 
a moisture fraction of about 0.5, the grass is 60% cured and has reached a state 
of dryness such that it cannot recover its moisture regardless of the amount of 
additional rainfall. At moisture fractions below 0.3, annuals are close to fully 
cured and become dead fuel now subject to changes in atmospheric relative hu­
midity and temperature. The perennial grasses exhibit a similar, but longer, 
curing period (from May to September in the United States) because they have 
root systems that penetrate more deeply into the soil than those of annuals; this 
makes them less sensitive to short-term weather and surface soil moisture. In 
warm and humid climates, some parts of perennials cure and die whereas other 
parts remain alive but in a dormant state (Schroeder and Buck, 1970). In the 
United States, Brown (1977) reported water potential relationships he observed 
during the wilting of two range grasses (see Section Ill.C.l.c); Brown et al. 
(1989) measured the moisture content of perennial grasses under aspen stands 
in Wyoming. The latter authors noted a change in color of the green vegetation 
at a moisture fraction of about 1.0 (corresponding to 30% curing of Australian 
annuals) and found that these grasses green up and increase in moisture con­
tent in response to rainfalls greater than 6 mm. Similarly, Luke and McArthur 
(1978) reported a delay in the curing of Australian perennials due to 30 mm of 
rain. The moisture content of grassland fuels in Australia has been related to the 
Keetch-Byram Drought Index (see Section IV for several references on drought). 
Luke and McArthur (1978) state that Australian annuals are fully cured when 
the Keetch-Byram index exceeds 200 and that perennials are cured when the 
index is close to 600. In studies conducted in the United States (northeastern 
California), Olson (1980) observed that the foliar moisture content of blue-
bunch wheatgrass (a perennial) decreased exponentially as the Keetch-Byram 
index increased. 

While the need for models that predict moisture content change in the cano-
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pies of grass or understory/overstory vegetation is generally recognized, the 
complexity of the task may have precluded all attempts to develop a reasonably 
complete physics- and physiology-based model (Tunstall, 1991). The required 
model should include compartments treating such topics as soil water transport 
to roots and directly to the atmosphere, water takeup by roots, water rise in the 
main stem, growth of roots, stem, and foliage as determined by photosynthesis 
and respiration, storage and translocation of water and food, water potential in­
teractions, water vapor diffusion through leaves and into the atmosphere, and 
senescence (the process of wilting and dying). A practical solution to the prob­
lem may be achievable if we can eventually identify and model a few key con­
trolling processes (Howard, 1978); alternatively, perhaps we can successfully 
modify existing models of growth and transpiration in conifers and understory 
vegetation to obtain reasonable predictions of canopy moisture content (Run­
ning, 1978, 1984a, 1984b). 

D. DEAD FUEL MOISTURE 

The moisture content of dead forest fuels in the hygroscopic range is of consid­
erable interest to fire managers. The equilibrium moisture content is useful in 
laboratory studies in which classical diffusion theory describes moisture change 
driven by step changes in the fuel's environment. More recently, equilibrium 
concepts have been combined with diffusion theory to develop new methods 
for estimating the moisture transport properties of fuels under field conditions. 

1. Equilibrium Moisture Content 

The fractional equilibrium moisture content M^ represents the constant value of 
M attained by dead forest fuels when they are exposed for an extended period 
in air of constant relative humidity and temperature and in which changes due 
to variability in wind, solar radiation, and barometric pressure are small. In lab­
oratory experiments, equilibrium values of fuel moisture content depend on 
whether that state is attained following adsorption or desorption because of 
various mechanical and environmental factors that result in sorption hystere­
sis. The effects of hysteresis are not apparent in field studies because of a con­
tinuously changing environment. Models that describe the equilibrium state in 
fuels and soils over the entire range in relative humidity eventually will simplify 
the description of capillary and sorption processes in composite layers of soil, 
duff, and litter. 

a. Adsorption and Desorption 

When wood and foliage reach equilibrium at various values of H and con­
stant T, the resulting M^ values, plotted versus H, form a sigmoid curve charac-
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FIGURE 13 Sorption data for klinki pine wood at four temperatures. Note crossing of the 40°C 
adsorption isotherm over the 23°C curve at a relative vapor pressure of about 0.95. From Kelsey 
(1957). Reproduced by permission of CSIRO Australia. 

teristic of most natural materials. If the successive H values increase, M^ in­
creases, and the process is referred to as adsorption; when the H values decrease, 
desorption is occurring. The resulting curves are called adsorption and desorp­
tion isotherms, and the combined processes are often referred to as sorption. 
Figure 13 illustrates these isotherms for klinki pine wood at temperatures from 
10 to 55°C. The region in H from 0 to about 0.2 is considered one in which 
most of the water in the wood is held by hydrogen bonding in a single layer. The 
slightly curvilinear region from 0.2 to about 0.9 involves water held in multiple 
layers within the cell walls but possibly also includes a small amount of capil­
lary condensed water in the finest cell wall capillaries as H approaches 0.9. 
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Most of this water adds its volume to that of the cell walls and the composite 
is best thought of as a solid solution (water dissolved in cell wall substance). 
Because of swelling, the internal area available for adsorption due to forming 
cellulose-water bonds or water bridges between hydroxyl groups is about 1000 
times greater than the area that would be available if water did not swell wood. 
True capillary condensation takes place for H between 0.9 and 0.95, but these 
values are rarely exceeded in commonly used experimental methods of mea­
surement. Specialized measurements extending H to 0.999+ have been made 
on wood and wood pulp using the tension plate, pressure plate, pressure mem­
brane, or nonsolvent water methods (Cloutier and Fortin, 1991; Zhang and 
Peralta, 1999). 

The effect of previous history on sorption for a given temperature is evident 
in Figure 13 as the difference in M^ values for adsorption and desorption at con­
stant H, referred to as sorption hysteresis. The two most generally accepted ex­
planations of hysteresis are based on the availability of sorption sites in the 
material and on the rheological properties of wood. In the sorption site theory 
(Urqhart, 1960), it is supposed that during the initial desorption from the green 
condition, all available hydroxyl groups will have water molecules attached to 
them. As these molecules leave the sites and shrinkage occurs, many of the sites 
become mutually satisfied through formation of cellulose-cellulose bonds and 
a certain amount of rearrangement of the cellulose takes place; some unsatis­
fied hydroxyl groups remain, however, even when H is zero. Now as H is in­
creased during adsorption, water molecules are adsorbed on these remaining 
sites, and nearly all sites will have one or more attached molecules, reducing 
the attraction for additional molecules. Thus a greater H is required during ad­
sorption to attach the same number of water molecules (or achieve the same M^ 
value) as in desorption. This mechanistic theory of Urqhart (1960) remains, for 
many researchers, the most reasonable explanation of hysteresis. 

Research has not yet shown whether Urqhart's theory conflicts with the 
thermodynamic arguments proposed by Barkas (1949) to explain hysteresis in 
wood based on rheological properties, but it seems likely that the two explana­
tions will prove to be compatible. The rheological theory states that hysteresis 
appears because gels such as wood are not perfectly elastic and hydrostatic 
stresses caused by resistance to shrinking or swelling of the cell wall introduce 
Mg values differing from the stress-free (or perfectly elastic) value. On the one 
hand, fiber direction differences in the cell wall (Figure 3A) induce tension into 
wood undergoing desorption, causing a larger M^ than if the wood were stress 
free. On the other hand, interfibrillar bonding causes wood that is swelling dur­
ing adsorption to be in compression, resulting in a smaller M^ than if the wood 
were stress free. Barkas (1949) shows that the area enclosed by a constant-
temperature hysteresis loop (as in Figure 13) represents the net work loss dur­
ing the entire sorption cycle. For spruce wood, Barkas calculates that this area 
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equals 17% of the total work of desorption. According to Skaar (1988), this 
means that the ratio of M^ values for adsorption and desorption in spruce should 
come to 0.83 (1 — 0.17 = 0.83) when averaged over the entire range in H. This 
overall hysteresis ratio averages about 0.83 for both softwoods and hardwoods 
(Skaar, 1988). For woody fuels, the hysteresis ratio for specific values of H gen­
erally ranges from 0.75 to 0.85 over the entire range in H from 0 to 1 (Stamm, 
1964). These discrete ratios for some foliage fuels are more sensitive to H, as in­
dicated by values ranging from 0.61 to 0.86 (Nelson, 1984). 

The immediate effect of temperature on water vapor sorption by forest fuels 
is a reduced value of M^ as T increases. The reduction is due to the strong de­
pendence of saturation vapor pressure on T and the resulting tendency for 
more water molecules to leave their sorption sites as T increases but H remains 
constant. This reversible effect is illustrated in the desorption data of Figure 13. 
Van Wagner (1972b) reported a decrease in M^ averaging about 0.024 per 10°C 
increase for desorption in aspen and pine leaf litter and about 0.018 in aspen 
wood splints. On the other hand, King and Linton (1963) and Anderson et at. 
(1978) reported a decrease of about 0.01 per 10°C increase for sorption in as­
sorted natural fuels and ponderosa pine needles, respectively. At high values of 
T and H, a second temperature effect, an irreversible reduction in hygroscopic-
ity, occurs when exposure times are long. The wood becomes discolored, and 
the most hygroscopic component, the hemicellulose, decomposes first followed 
by the pure cellulose. A still different effect at the higher values of H is that the 
adsorption isotherms of wood and cellulosic materials at temperatures exceed­
ing about 40°C may cross those for lower temperatures. The effect is present in 
Figure 13 in which the 40°C adsorption isotherm crosses the 25°C isotherm at 
about H = 0.95. Though the 55°C isotherm does not extend to sufficiently high 
H values to indicate crossing at that temperature, the data suggest that crossing 
can occur in once-dried wood at about 40°C. Unfortunately, there exist no ex­
tensive laboratory data illustrating crossover in wood. The phenomenon has 
been observed in American Uplands cotton (Urquhart, 1960) in which the 70 
and 90°C isotherms crossed those for lower temperatures when H exceeded 
0.85. Both Urquhart (1960) and Stamm (1964) attribute the crossover effect 
in cotton to plasticization of the cellulose fibers; the resulting molecular re­
arrangement relieves drying stresses introduced when the cotton was first dried, 
making new sites available for adsorption. Figure 13 also shows that for H = 0.5 
the magnitude of hysteresis in klinki pine wood decreases by a factor of nearly 
2 as T increases from 10 to 55°C; Skaar (1988) refers to German research indi­
cating that sorption hysteresis in European spruce wood disappears between 75 
and 100°C. In a study of water vapor sorption by conifer and hardwood litter. 
Van Wagner (1972b) noted that hysteresis decreased by a factor of about 2.5 at 
"medium" values of H when T increased from 16 to 49°C. 

Sorption of water vapor by forest fuels in the field is strongly affected by en-
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vironmental variables, and even the finest fuels rarely achieve equilibrium with 
the continuously changing H and T values of the ambient air. The effects of H 
and T on sorption are modified, however, by wind and by daytime solar radia­
tion and nighttime longwave radiation to the sky. These factors cause H and T 
in the air immediately adjacent to the fuel surface to differ from their ambient 
values. Thus M^ for a given fuel is a continuously changing value that would be 
obtained if the fuel were exposed for a hypothetically infinite time to these dif­
ferent values of "fuel" temperature and fractional relative humidity, Tj and Hj. 
One way to estimate M^ is to assume that Tj and Hj are the same as T and H. In 
this case, approximating Tj with T might be acceptably accurate only if the fuel 
were beneath a dense forest canopy, and even then, perhaps only at night. The 
second, and more appropriate, way to obtain M^ under field conditions should 
utilize measurements or models to evaluate Tj and Hj. Byram and Jemison 
(1943) collected data on fuel temperature, air temperature and humidity, wind, 
and fuel moisture content in an artificial sun apparatus in which fuels (hard­
wood leaf litter or basswood slats) were exposed to simulated solar radiation 
and wind generated by light bulbs and fans. The data were used to develop con­
stants in a mathematical expression describing the effects of radiation and con­
vection on the temperature difference {Tj — T). Byram and Jemison then used 
this difference to compute the ratio Hj/H by assuming that vapor pressures in 
the fuel and air were equal. Values of M̂  were determined by applying Tj and 
HJ to tabulated equilibrium sorption data for wood. These figures were in good 
agreement with measured M ,̂ substantially verifying the substitution of Tj and 
HJ for T and H. Byram and Jemison also studied experimentally the effect of 
wind and solar radiation on M^ obtained following the drying of basswood slats 
containing free water. They found that M̂  for irradiated slats was larger when 
ventilated than when wind was absent and attributed the difference to higher 
HJ and smaller Tj values caused by the cooling action of the wind. Van Wagner 
(1969b) repeated the field experiments of Byram and Jemison in a laboratory 
setting to test the form of their equation for Tj. He observed similar effects of 
wind and radiation on Tj for jack pine and aspen litter fuels, but the mathemati­
cal form of his equation was slightly different. Viney (1991) critiqued the Byram 
and Jemison (1943) approach and noted omission of the effects of longwave ra­
diation and vertical gradients in vapor pressure on Tj and Hj. 

b. Sorption Models 

The study of sorption systems involving various solid-gas interactions has 
led to identification of five types of sorption (Stamm, 1964). Type 1 sorption oc­
curs on all solids in a single molecular layer at temperatures above the critical 
temperature of the gas. Types II and III take place in swelling solids and exhibit 
sorption in multiple layers. In Type II, large quantities of heat are liberated due 
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to Strong interaction between the solid and the gas; in Type III, this interaction 
is weak. Types IV and V are special cases of Types II and III and describe sorp­
tion in solids with very fine pores that become filled before the saturation vapor 
pressure is reached. Researchers in the fields of wood products, textile manu­
facturing, leather processing, and food technology have found that water vapor 
sorption isotherms for their respective materials follow Type II sorption. One 
of the first isotherms derived for Type II adsorption was the Brunauer-Emmett-
Teller (BET) isotherm—a model that did not represent water takeup in wood 
very well but spawned other theories that describe water takeup over the entire 
range in H. Prior to the BET theory, however, the Bradley isotherm had been 
developed on the basis of reduced dipole attraction between successive layers 
of adsorbed water vapor molecules. Anderson and McCarthy (1963) derived an 
equation similar in form to the Bradley isotherm. Their semiempirical theory 
was based on experimental data that suggested the natural logarithm of the 
partial molal enthalpy of adsorption is linearly related to M ;̂ it successfully de­
scribed water vapor sorption data in silk, nylon, and cotton fibers over a range 
in H from about 0.1 to 0.85. A detailed discussion of sorption theories is be­
yond the scope of this chapter; the reader may consult the summary in Skaar 
(1988). 

Despite its apparent success, the Anderson-McCarthy sorption equation 
must be regarded as approximate because it uses the highly improbable as­
sumption that the entropy change of the adsorbed water always is zero. In an 
alternative approach, Nelson (1984) reported that for sorption in forest fuels 
the natural logarithm of the change in Gibbs free energy. In AG, is linearly re­
lated to Mg over most of the hygroscopic range according to 

In AG = A + BM, = In AGa[l - (M,/M,,,)] (24) 

where AG^ (J kg"^) is the limiting value of AG as M̂  and H approach zero, and 
A and B are constants. Quantity M̂^̂  is an estimate of the fiber saturation point 
Mjsp under desorption conditions; for adsorption, M̂^̂  approximates the aMj^^ 
product, where a is the hysteresis ratio. The decrease in Gibbs free energy 
when pure liquid water is adsorbed by forest fuels is defined as the difference 
between the Gibbs free energy of water vapor in equilibrium with pure liquid 
water (the reference state) and the energy of water in the adsorbed state. Thus 
at constant T, 

rpo rp 
AG = GQ- G = V,dp = - {RT/M^)dp/p = -{RT/M^) In H (25) 

^P ^Po 

where GQ refers to the reference state, V̂  is the specific volume of water vapor 
at ambient temperature T, R is the universal gas constant (8.32 J mol~^ K"^), 
and M^ is the molecular weight of water (0.018 kg mol"^). Vapor pressures in 
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the adsorbed and reference states are p and PQ, respectively, and the vapor is 
assumed to be an ideal gas. The sorption isotherm may be written by combin­
ing Eqs. (24) and (25) to give 

M, = {ln[(RT/M,)(-ln H)] - A}/B (26) 

in which B is a negative number. Clearly, as H approaches 0, M^ approaches 
negative infinity, and as H approaches 1, M^ approaches infinity. Increasingly 
erroneous values of M^ are predicted as H decreases below about 0.1 or increases 
beyond 0.85. The model in Eq. (26) was used to describe water vapor sorption 
in forest fuels, including hardwood leaves, pine needles, and wiregrass (Nelson, 
1984). The maximum difference between measured and modeled M^ values was 
about 0.02. 

In a comprehensive study, Anderson (1990b) utilized Eq. (26) to describe 
sorption in recently cast and weathered (over one winter) litter collected from 
sites in northern Idaho and western Montana. The twofold purpose of the re­
search was (1) to test applicability of the model for forest fuels and (2) to de­
termine whether the model would aid in separation of the litter types studied 
into groups with similar M̂  values. A total of 94 runs involving adsorption and 
desorption in fresh and weathered fuels and spanning a temperature range from 
278 to 322 K was made. Anderson found that a minimum of 89% of the varia­
tion in In AG of Eq. (24) was explained by variation in M .̂ He identified four 
distinct fuel groups for recently cast fuels on the basis of ±0.02-wide bands 
within the M^ data; there were only a few species changes within the basic groups 
for the weathered litter. In order of increasing Mg, the four groups are referred 
to as grasses, spruce and fir needles, pine and cedar needles, and aspen and larch 
foliage. Encouraged by results of the study, Anderson stated that only a few fuel 
groups were needed to describe changes in M^ for a large assortment of fuel lit­
ters. The constants A and B of Eq. (26), documented in his Table 2, provide a 
wealth of information for researchers interested in modeling equilibrium rela­
tionships or water transport below Mj^^ in foliage fuels. 

c. Complete Sorption Isotherms for Wood and Soil 

The isotherms of the previous section involve sorption of water below Mj^p 
and, therefore, are strictly applicable for H < 0.9. Soil and plant researchers 
have been interested in the region H > 0.9 for many years, but only a few wood 
and paper researchers have reported on sorption in this region since the mid-
1960s. What is referred to here as a complete isotherm involves a range in M^ 
from the ovendry to water-saturated condition. Only when wood is totally sat­
urated will H= I and water potential if/ = 0. For abiotic materials such as wood 
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and soil, ijj must be interpreted as the sum of the osmotic and matric potentials 
because both of them cause a reduction of the vapor pressure of liquid water. 
Moreover, they are not easily separated experimentally (Cloutier and Fortin, 
1991). Thus Eqs. (3) and (25) may be combined to give 

^ = p^ifjL - ix,)lM^ = -p^AG = (p^RTlM^) In H (27) 

so that water potential is negative, as it should be if the vapor pressure is re­
duced below that of the reference state. Capillary water within and between 
fuel or soil particles is assumed to form hemispherical menisci in which the liq­
uid-gas interface separates liquid pressure P^ and gas pressure Pg. These pres­
sures are related to the principal radii of curvature of the air-water interface, 
Ti and Tj, and the surface tension of water, y, by the equation 

K-P,= -y [ ( l / r i ) + (l/r^)] - -2y/r = ^ (28) 

when Vi = Vj = r and the wetting angle of water on the solid material is as­
sumed to equal zero. Figure 14 shows data relating M̂  to if/ for western hem­
lock specimens 10 mm thick in the longitudinal direction at T = 21°C. The 
data at high M̂  values were obtained in 1979 by Fortin (cited by Cloutier and 
Fortin, 1991) with the tension plate and pressure plate methods; the dashed 
lines represent data obtained with saturated salt solutions in the hygroscopic 
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FIGURE 14 Moisture content of western hemlock sapwood as a function of water potential over 
the range from the nearly ovendry to saturated condition. Temperature is 21°C. From Cloutier and 
Fortin (1991). 
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region using Eq. (27). For this figure, ip has units J kg~\ but these are easily 
changed to J m~^ because the density of water is 1000 kg m~^. The hysteresis 
prominent in the data of Figure 14 is attributed by Clou tier and Fortin (1991) 
to the "ink-bottle effect" in which water gain or loss is dependent on the dis­
tribution of capillary sizes and shapes. In wood, evaporation to a given water 
content is determined by radii of the smaller channels (pit membrane pores con­
necting cell cavities), whereas condensation approaching the same water con­
tent depends on the radii of the larger pores (the cell cavities). Thus Eqs. (27) 
and (28) indicate that both if/ and H are smaller for desorption than absorption 
at constant water content, in qualitative agreement with Figure 14. 

In earlier years, soil water equilibrium relationships were expressed in terms 
of matric suction (a pressure difference across a differentially permeable mem­
brane) and moisture content. Campbell et al. (1993) have simplified the presen­
tation of such data by developing a complete isotherm similar in form to Eq. (26). 
The isotherm of Campbell et at, given by their Eq. (4), may be written (using 
symbols of this chapter for water activity and equilibrium water content) as 

H = exp{-(M,/RT) exp[(l - MJM{) ln(-^^)]} (29) 

where M^ is the extrapolated value of M^ when ijj = —\] kg~^ and ^^ is the wa­
ter potential of ovendry soil, evaluated as the constant —10̂  J kg~\ Because 
the quantities —ifj^ and M^ of Campbell et al. are equivalent to AGQ and M̂ t̂ of 
Eq. (24), it is easy to show using Eqs. (27) that Eqs. (24) and (29) are identi­
cal in form. In addition to simplifying the mathematical modeling of soil dry­
ing, Eq. (29) may be used with Eq. (26) to characterize moisture equilibrium 
between mineral soil and the adjacent duff and litter layers. This possibility was 
pointed out by Siau (1995). 

2. Laboratory Studies 

The transport of moisture through a fuel particle is determined by the relative 
magnitudes of internal and external transfer of water as determined by particle 
properties and ambient conditions. However, in highly impermeable wood or 
in a composite fuel layer (litter, duff, and mineral soil, for example), internal 
evaporation and/or infiltration (gravitational flow of liquid water) also may take 
place. These processes initially were studied with diffusion theory, but advances 
in describing the flow of liquid water in wood and granular materials by capil­
larity now provide more realistic analyses of moisture transport. 

a. Transport Mechanisms 

The mechanisms by which water moves through the interior of dead forest 
fuel particles and layers are capillarity, diffusion, and infiltration. The latter pro­
cess is described in soil physics texts such as Hillel (1980b). When gravitational 
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forces have ceased to operate, liquid water is brought to the particle or layer 
surface where it evaporates into the atmosphere; water in vapor form either 
condenses on a cell wall or continues to diffuse until it passes into the environ­
mental air. Spolek and Plumb (1980) stated that the permeability of wood to 
the gas phase can be neglected because many of the bordered pits become aspi­
rated by surface tension forces associated with liquid flow. Thus for materials 
with fine capillaries, Darcy's law [Eq. (9)] is used to compute flows of liquid, 
and the flux of vapor [Eq. (11)] may be regarded as due to diffusion only. In an­
alyzing liquid flow, Spolek and Plumb (1981) defined the local liquid satura­
tion, 5, as 

S = {m- mj,p)/{m^^ - mj,p) (30) 

where m denotes local values of the moisture fraction and m^^ is the maximum 
possible m calculated from the wood density (Stamm, 1964). Clearly, 5 can 
range from 0 to 1 when m > rrij^p. If the fuel temperature is below 60°C and the 
total pressure Pj in Eq. (9) is considered constant, the liquid water flux J^ may 
be expressed in terms of S or m by establishing a relationship between capillary 
pressure P̂  [seeEq. (12)] andS. Spolek and Plumb (1980) reported a set of equa­
tions for this purpose based on the capillary flow model of Comstock (1970). 
In later work, Spolek and Plumb (1981) presented the empirical equation 

P, = 12405"^'^ (31) 

where P̂  has the units J m~^. These authors implied that local values of 5 can 
replace the volume-averaged values they measured at several positions within 
each of their wood samples, so 5 is used in Eq. (31). When this equation is com­
bined with Eq. (9) and Pj is assumed constant, the flux of liquid becomes 

J, = -756{Kjr]^)S-''\dS/dx) (32) 

where J^ is on a volume of whole wood basis. Combination of the relation 
Px,4>w =" P/(^ ~ ^/sp) = Pfi^max ~ ^/sp)^ wlth Eqs. (5) and (32) leads to the 
liquid water transport equation 

Pjim^ax - mj,p)dS/dt = 756{Kjr]^)d[S--''\dS/dx)]/dx - w^ (33) 

where pj is density of the dry fuel. 
The diffusion mechanism involves bound water and water vapor. Local dif­

fusion of bound water when m < mĵ p is due primarily to surface diffusion—a 
process in which water molecules hop from one sorption site to another in two 
dimensions. This diffusion is driven by a gradient in spreading pressure, P^, and 
is described by Eq. (10). Practical use of Eq. (10), however, requires a known 
relationship between m and P̂  (e.g.. Nelson, 1986a). In addition, water vapor 
traverses the cell cavities by diffusion. The ideal gas law may be used to express 
Eq. (11) (with the diffusion term only) in terms of a gradient in vapor pressure. 
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Thus combined bound water and water vapor diffusion consists primarily of a 
series of steps involving evaporation from a cell wall, vapor diffusion across the 
adjacent cell cavity, condensation on the opposite wall, and bound water diffu­
sion through the wall. Stamm and Nelson (1961) found from combined diffu­
sion calculations based on an electrical conductance analogy utilizing premea-
sured wood structural features that 86% of the total flow in softwoods with a 
specific gravity of 0.4 drying at 50°C is due to this mechanism. Much of the re­
maining flow is continuous vapor diffusion through the cavities and pit mem­
brane pores. Rather than solve separate mass conservation equations for bound 
water and water vapor, other modelers (Choong, 1965; Gong and Plumb, 1994) 
have used a combined diffusivity in place of Dj, in Eq. (10). When this modified 
equation is substituted into Eq. (5), the diffusivity in the resulting diffusion 
equation becomes a complex function of fuel internal structure, air (or fuel) 
temperature, and local moisture fraction m. Numerically based prediction mod­
els combining capillary and diffusive mechanisms with energy conservation and 
volume averaging have been used to simulate the drying of wood (Spolek and 
Plumb, 1980; Perre et al, 1990; Gong and Plumb, 1994). 

In some types of fuel, evaporation takes place within the material rather than 
on the surface. This retreating-surface mechanism occurs in thick layers of po­
rous materials (Nissan and Kaye, 1957) and in wood in which the free water is 
relatively immobile due to little or no continuous void structure (Stamm, 1964). 
Nissan et al (1959) analyzed this phenomenon in thick textiles wound on bob­
bins that were dried in a wind tunnel at about 50°C. The temperature-time data 
for wool in Figure 15 indicate a temperature plateau at 30°C, about 5°C greater 
than the wet-bulb temperature. This increase is due to a balance between heat 
arriving at the internal surface of evaporation and heat used to evaporate free 
water and produce outward vapor diffusion. Nissan et al called this intermedi­
ate temperature the pseudo-wet-hulb temperature and described its calculation. 
The two major assumptions are that (1) temperature and vapor concentration 
gradients in the outer dry layer are similar and (2) all incoming heat is used to 
evaporate free water at the retreating free water surface. The heat balance equa­
tion derived by Nissan et al is 

fe(0 - 0 b) = {^l^v)pwh\wh{ppwh - P) 
(34) 

= 0.00216(8D,),,,Ap,,[(p^,,/Tp,j,) - (p/T)] 

where subscript py^h denotes evaluation at the pseudo-wet-bulb temperature, 
absence of a subscript indicates ambient air values, k (J m~^s~^K~^) is thermal 
conductivity of the material, 0 and T are Celsius and Kelvin temperatures, p 
(kg m~^) is vapor concentration, A (J kg~^) is the latent heat of evaporation, 
and p (J m~^) the vapor pressure. With this equation and a generalization of 
Eq. (43), it can be shown that response time r should vary directly with d^ and 
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FIGURE 15 Temperature variation with time at various depths for a thick porous wool bobbin 
dried at 50.9°C and an airspeed of 4.35 m s~\ Point A corresponds to the end of the constant-rate 
period; the pseudo-wet-bulb temperature, indicated by points B, C, and D, is about 30°C; point E 
represents the time at which the bobbin is essentially dry. Thermocouple depths in inches are in­
dicated in the lower right corner. From Nissan and Kaye, reprinted by permission from Nature 180: 
142-143, copyright 1957, Macmillan Magazines Ltd. 

T/P,^i, but inversely with (1 — H). Here, d is layer thickness, P^^t is the satura­
tion vapor pressure at T, and H is the humidity fraction. Interestingly, approxi­
mations to these relationships were observed for layers of sawdust (Nelson, 
1969) and jack pine litter (Van Wagner, 1979) that were losing water only 
through their upper surfaces. These results were further verified in unpub­
lished studies by the writer with measured temperature distributions similar to 
those in Figure 15 and with predicted drying rates and plateau temperatures 
close to measured values for sawdust layers drying in air at temperatures from 
14 to 32°C and humidity fractions from 0.25 to 0.79. 

h. Data Analysis 

The drying of solids under fixed external conditions (constant M )̂ typically 
is divided into a constant-rate and two falling-rate periods (Van Wagner, 1979). 
In the constant-rate period, drying depends on external factors but is indepen­
dent of the nature of the solid. This period is seldom seen in forest fuels except 
for short periods of time—when the exposed surface is covered with a water 
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film. The decrease in M with time t is linear. When this free water has disap­
peared, or the rate of water supply from the fuel interior becomes smaller than 
the surface evaporation rate, the first falling-rate period is triggered as the sur­
face begins to dry. Moisture loss depends on both internal and external factors; 
in most fuels, the decrease in M — M^ with time approximates an exponential 
decay. A second falling-rate period often occurs when all free water has disap­
peared and the fuel temperature begins to rise. This second period, while differ­
ing in mechanism from the first, also may exhibit an exponential decay, but one 
that usually is preceded by a time of transition from the first exponential period 
to the second. This type of response was observed by Anderson (1990a) in ex­
periments on drying and wetting of forest foliage below Mj^p and is shown in 
the semilogarithmic plot of Figure 16. Similar results were reported by Nelson 
(1969), Anderson et al (1978), and Van Wagner (1979). The fraction of evap-
orable moisture remaining in the fuel at any time, denoted by E, is given by 

E = {M- M,)/(Mi, - MJ (35) 

where M is the fuel particle (or layer) average moisture fraction and Mi„ is the 
initial value. Note that E in Eq. (35) corresponds to (1 — E) in the graph of An­
derson (1990a) in Figure 16. 

Douglas-fir needles 

160 

Time since start (H) 

FIGURE 16 Variation in the fractional amount of evaporable moisture remaining as a function of 
drying time for several forest fuels. The quantity (1 — E) in this figure corresponds to E in Eq. (35). 
The four fuels exhibit two or more drying stages. Pine sticks dry quickly when compared with pine 
and fir needle layers. From Anderson (1990a). 
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Laboratory drying (or wetting) results such as those in Figure 16 may be an­
alyzed by means of classical diffusion theory (Crank, 1975). The theory assumes 
that the fuel is homogeneous and isotropic, drying is isothermal, and diffusiv-
ity D is constant. The equation for diffusion of moisture in a plane slab of thick­
ness 2d (moisture exchange from both surfaces) is 

dm/dt = D{d^m/d^) (36) 

and may be solved subject to the convective boundary condition 

—D{dm/dx)^ = hj^m^ — m^) (37) 

where subscript s indicates a surface value, h^ (m s~ )̂ is the surface emission (or 
convective mass transfer) coefficient, and m̂  = M ,̂ a constant. Though Eq. (36) 
strictly applies to movement below fiber saturation, the equation often is ap­
plied when free water is present for convenience. Such an analysis may fortu­
itously describe the moisture change in cases when the interior free water is 
highly mobile but drying is controlled by diffusion in the drier layers. Solving 
Eq. (36) subject to Eq. (37) leads to an infinite series solution that may be in­
tegrated from x= —dto X = d and divided by 2d to obtain E in the form 

oo 

E = 2Bî  2 {exp{-l3lFo)/[l3M + Bf + Bi)]} (38) 
n = l 

where Bi = h^d/D is the mass transfer Biot number, Fo = Dt/d^ is the mass trans­
fer Fourier number, and (3^ is the nth positive root of the equation jB Tan (3 = 
Bi. When Fo exceeds 0.1, the series converges rapidly and an approximate so­
lution is found by retaining only the first term for n = 1. If the ratio of surface 
resistance to internal flow resistance is small, Bi effectively approaches infinity 
and Pi approaches ir/l. The moisture change is driven by a significant gradient 
in m. Thus E is written as 

E = (8/77^) exp(-7r^Dt/4d^) = K exp(-t/T) (39) 

where constant K is sometimes assumed equal to unity and the response time is 

T = 4dV77̂ D (40) 

On the other hand, when the surface resistance is relatively large and the gra­
dient in m is small, Bi approaches zero and fil approaches Bi. In this case, E cor­
responding to n = 1 becomes 

E = exp(-BiFo) = exp(h^t/d) = exp(-t/T) (41) 

and T is given by 

T = d/K (42) 

Equations (40) and (42) display the r-versus-d dependence described in Sec­
tion II.C.3. Similar analyses are possible for other fuel shapes—the cylinder, 
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sphere, or square rod—and form the basis of the response time theory initially 
proposed by Byram (1963, unpublished). This analysis provides a convenient 
framework with which to interpret experimental data, but D is not a constant in 
fibrous materials and should be considered an integral diffusivity over the range 
of moisture content change. Procedures for calculating the bound water and 
water vapor diffusivities separately in terms of m and T (or Tj) and then com­
bining them into an overall diffusivity are described by Nelson (2000). 

The method used to evaluate integral diffusivity D̂ ^ from experimental data 
depends to some extent on the type and amount of data available. Crank (1975) 
shows that a semiinfinite solid dries or wets in proportion to the square root of 
time t and that plots of E versus t^'^ according to Eq. (38) for constant Bi are 
effectively linear during roughly the first half of the exchange process. Thus 
when data are plentiful for short times, D̂ ^ for the slab may be found from a dif­
ferent solution of Eq. (36) written as 

D^, = ird^E^/M = TTdVl"^ (43) 

where s is the slope of the linear portion of a plot of E versus t^^^ (Crank, 1975). 
This equation is based on three assumptions: (1) the slab dries or wets as a semi-
infinite solid early in the process of moisture change, (2) shrinkage/swelling is 
negligible, (3) the surfaces instantaneously attain the equilibrium value, M .̂ 
McNamara and Hart (1971) suggest using Eq. (43) in the range 0.5 < E < 1. 
When data are available for more widely spaced time intervals or when E < 0.5, 
Eq. (39) may be used to obtain an estimate of D̂ ^ by solving for D. 

For a single experiment, the effect of surface transfer on the moisture ex­
change process cannot be separated from that due to internal diffusion because 
the mass transfer correlations applicable to saturated wood surfaces are not 
valid for unsaturated surfaces (Plumb et al, 1985; Siau and Avramidis, 1996). 
The effects can be separated, however, with a procedure that requires two or 
more experimental runs with samples of differing thickness (Choong and Skaar, 
1972). A summary of the results of various investigators utilizing this procedure 
reports a 100-fold variation in mass transfer coefficient h^ (Siau and Avrami­
dis, 1996). A theory for predicting h^ in the hygroscopic range was reported 
by Moren et al (1992), and an identical relation was developed by Siau and 
Avramidis (1996). 

3. Field Studies 

Linton (1962) used the theory of diffusion in solids to describe moisture change 
in fuel particles in terms of a constant diffusivity and evaluated this quantity 
with laboratory experiments. Byram (1963, unpublished) also applied theory to 
the problem, but his timelag concept is applicable only to step changes between 
fixed initial and final values of average moisture fraction M. The oscillating 
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moisture content data obtained under field conditions differ from laboratory 
data which tend to decrease exponentially. Linton (1962) and Viney and Hat-
ton (1989) discussed a different timelag that is useful in field studies. Their 
timelag is concerned with the lapse in time between the continuously varying 
equilibrium moisture content, M^ (defined as the M value determined by as­
suming equilibrium with the diurnally changing fuel temperature and relative 
humidity), and the actual M value for the fuel. Thus Viney and Hatton (1989) 
and Viney and Catchpole (1991) recommended that "timelag" be used only to 
denote the lag of M behind Mg and that "response time" be applied to the time 
needed for 63% of the total change between fixed moisture contents. Recog­
nizing this distinction, Anderson (1990a) used "response time" to characterize 
the moisture exchange rates of fuels in his laboratory tests. The terminology of 
Viney and Catchpole is adopted in this chapter and is recommended for all fu­
ture studies of fuel moisture relationships to minimize confusion. 

a. Weather Factors 

In addition to continuous variation in air temperature and relative humidity, 
other variables influencing moisture change in forest fuels include wind speed 
and direction, solar and longwave radiation, precipitation, canopy interception 
of rainfall and sunshine, filtration through fuel layers, deposition of dew, con­
tact with fog, and source/sink effects of underlying soil. The models of Byram 
and Jemison (1943) describing fuel temperature and relative humidity fraction 
in terms of ambient values, solar radiation, and wind speed were briefly sum­
marized in Section III.D.l. Using the iterative Newton method, Viney (1992a) 
presented coupled theoretical models for soil surface temperature and humid­
ity fraction based on a surface energy balance and complex expressions for re­
sistance to vapor transport. Viney compared predictions of Tj and Hj based on 
his surface balance models and on the Byram-Jemison models with values mea­
sured at the under surfaces of Eucalyptus globulus leaves and found that his 
models provided more accurate predictions of Tj and Hj than the simpler mod­
els. The mean absolute error in Tj predicted by Viney (1992a) was 0.52 K; the 
error for predicted Hj was 0.051. 

Byram and Jemison (1943) pointed out the influence of wind on drying rate 
and final M̂  values for forest fuels below Mj^^. Their data suggested that the 
cooling action of wind on the drying rate of irradiated fuels is greater than the 
tendency of wind to increase the evaporation rate. The data showed that desorp-
tion rates are slowed and M^ is increased, whereas both adsorption rates and M^ 
values are increased by the action of wind. Other data showed that the wind ef­
fect is reversed in the absence of radiation—i.e., drying rates for nonventilated 
fuels are slower than for ventilated fuels. Van Wagner (1979) conducted labo­
ratory tests on the drying of jack pine litter at 27°C and 30% relative humidity 
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FIGURE 17 Change of free moisture content (that above the equilibrium moisture content, EMC) 
of jack pine litter with time at four wind speeds ranging from 0 to 9.62 km hr"^ (2.7 m s"^). Even 
at the high moisture contents implied here, the effect of wind is evident only during the first hour 
of drying. From Van Wagner (1979). 

in wind but without solar radiation; the resuhs in Figure 17 show that the ht-
ter (which initially contained considerable free water) dried in two stages when 
the wind speed exceeded about 0.75 km hr"^ (0.2 m s"^). These results indi­
cate that differences in drying rate are established during the first hour of dry­
ing; though this first hour constitutes only a small fraction of the total drying 
time, a significant fraction of the moisture content change takes place during 
this period. For times exceeding one hour, the drying rate is roughly indepen­
dent of wind speed. 

The rise in average moisture content fraction, AM, due to rainfall has been 
studied by Stocks (1970) for duff (see Section II.C.2) and by Fosberg (1972) for 
wood cylinders. In his theoretical approach, Fosberg used numerical and ana­
lytical solutions of the diffusion equation to argue that water uptake by wood 
cylinders is limited by the rate at which the wood can adsorb water and that this 
limiting rate is of the order of 1 mm day~^ He also stated that the theory pre­
dicts realistic rates of adsorption and desorption associated with precipitation 
and postprecipitation drying and that M increases exponentially with increas­
ing duration of rainfall. In the empirical approach of Van Wagner (1987), AM 
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is expressed in terms of the initial value of M and the net rainfall (observed 
rainfall amount in the open less a correction of 0.5 mm for canopy intercep­
tion). These and other treatments of AM due to rainfall have been critiqued by 
Viney (1991). Different aspects of rainfall are concerned with interception by 
the canopy (if present as understory or overstory) and infiltration through the 
litter and underlying soil but are not discussed here. These topics are treated by 
Helvey (1967) and Hillel (1980b). 

Nocturnal condensation of water on plant surfaces can be caused by deposi­
tion of water from the atmosphere or by distillation, the upward transport of 
water vapor from the soil by turbulent diffusion (Monteith, 1963b). In a study 
of the effect of condensation on leaf litter moisture content, Viney and Hat-
ton (1990) measured M for single Eucalyptus globulus leaves in contact with the 
ground at two sites in southeastern Australia. They developed a theory of con­
densation into which measured fluxes of net all-wave radiation, soil heat, and 
sensible and latent heat at the leaf surfaces were introduced to obtain a pre­
dicted AM (the change in average moisture fraction attributable to condensa­
tion). Good agreement between observed and predicted values is evident in 
Figure 18, but M is underpredicted by the model when fog is present. Viney and 
Hatton (1990) state that the model tends to predict a zero AM during fog epi­
sodes when, in fact, the leaves may have taken on moisture through direct con-
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FIGURE 18 Comparison of predicted moisture contents of Eucalyptus leaves with those observed 
overnight on 26 May 1988 during experiments in eastern Australia. Moisture content change due 
to condensation of water vapor from the atmosphere and soil is predicted well, but the effects of 
fog apparently are not explained by the model. Reprinted from Agricultural and Forest Meteorology, 
Volume 51, Viney, N. R., and Hatton, T. J., Modelling the effect of condensation on the moisture con­
tent of forest litter, pages 51-62. Copyright 1990, with permission from Elsevier Science. 
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tact with fog droplets. The measured values of M during condensation also may 
be sensitive to fuel shape and orientation which could cause reductions in ab­
sorbed and surface-held water due to runoff (Viney, 1991). 

Though the effects of soil moisture have been neglected in many studies of 
dead fuel moisture, at least two studies have presented evidence that the former 
affects the latter. Hatton et al. (1988) used a randomized block design to study 
the response of leaves of several species of Eucalyptus to wetted (20% dry soil 
weight or less) and untreated dry (8% dry weight or less) soil over a period of 
48 hours. Within each cleared 8 X 8 m plot, leaves were arranged in a 2 X 1 X 
0.16 m mound and also were uniformly scattered over the ground for full ex­
posure to the weather. The leaves were held in place by nylon netting. Hatton 
et al concluded that soil moisture influenced fuel moisture because the scat­
tered leaves approached moisture contents of 100%, well beyond values attain­
able by vapor transport alone (dew was observed). In addition, leaves on top of 
the mound on wetted soil were about twice as moist as corresponding leaves on 
the dry soil. This difference was explained in terms of more water available for 
distillation from the wetter soil. In a different study conducted in aspen stands 
of central Alberta, Rothwell et al. (1991) measured the water potential and vol­
umetric water content (in %) at locations 2 -3 cm above and below the transi­
tion zone between the litter layer and mineral soil. The authors concluded, on 
the basis that water flows from higher to lower levels of water potential, that 
soil water affects fuel availability and fire behavior in stands of aspen because 
upward capillary flow from the soil kept the litter moist in their experiments. 

b. Prediction Models 

Viney and Hatton (1989) measured the moisture content of dead leaves, bark, 
and twigs of Eucalyptus macrorhyncha and Eucalyptus rossii in contact with the 
ground for the purpose of assessing models for predicting the moisture content 
of fine fuels. They reported significant differences in equilibrium moisture frac­
tion Mg within the three fuel types of the study and stated that submodels for 
dew and distillation should be included in models to be used in open or lightly 
foliated areas. Viney and Catchpole (1991) and Viney (1992a, 1992b) devel­
oped a method for estimating fuel moisture response time and timelag (the lag 
of fuel moisture fraction M behind Mj from field observations. The basis of 
their method is shown in Figure 19 in which it is assumed that both M and M^ 
follow a 24-hour sinusoidal cycle. In present notation, the equations describ­
ing such data are 

M(0 =M,, + a Sm[(o{t - (pj] (44) 

M,(t) =E^, + A Sin[(o{t - cp,)] (45) 

where M^̂ , E^̂ , a, and A are constants obtained from least squares regression 
analysis, t is time (h), cp^ and cp^ (h) are phase lags relative to midnight, and ct; 
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FIGURE 19 Idealized sinusoidal variation in equilibrium (dashed curve) and fuel (solid curve) 
moisture contents with time under field conditions. The average values of E and M shown in this 
figure are represented as E^^ and M^̂ , respectively, in Eqs. (44) and (45). The timelag (pj is the dif­
ference in phase for the two curves. From Viney (1992a, 1992b). 

is the angular frequency given by (o = TT/II hr~\ Hourly observations of M and 
Mg over a period of several days are filtered with a time series decomposition 
algorithm to eliminate long-term trends and random fluctuations and to obtain 
(p^ and (p^ from the two sets of data. As Figure 19 shows, the difference (p^ — cp^ 
is the timelag (or phase lag) of the fuel, (pj. The final step is to determine re­
sponse time T from 

T = (1/w) Tan(a)( ĵ) (46) 

The derivation of Eq. (46) is based on three additional assumptions: (1) the re­
sistance to internal moisture transport is small compared to that at the fuel sur­
face, (2) T is constant during the diurnal cycle, and (3) time since midnight of 
the day prior to the first day of the measurement period (t = 0) is large com­
pared with the fuel's response time. These assumptions are reasonable for fine 
or poorly ventilated fuels in which moisture is exchanged with little or no gra­
dient in moisture content. An alternative to evaluating cpj with the sinusoidal 
assumptions is to represent the two data sets with cubic spline interpolations 
and then choose the value of cpj that maximizes correlation between the two 
sets. In a further modification of these methods, Catchpole et al. (in press) com­
bined spline interpolation with the sorption isotherm in Eq. (26) to find esti­
mates of Mg and r without assuming sinusoidal variation in M and M .̂ Accord­
ing to Catchpole et al, tests of the model with data collected in Tasmanian 
buttongrass moorland and Western Australian mallee shrubland have given 
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them "some confidence in the robustness of the method and the appropriate­
ness of the model." The methods described here should be used only for fuels 
with short (3 h or less) response times and would apply during periods of sorp-
tion-controlled moisture exchange rather than periods of rainfall or evapora­
tion and condensation. 

In larger fuels or fuels that dry in the presence of moisture content gradients, 
internal resistance exceeds that at the surface. Viney (1992a, 1992b) pointed 
out that such conditions require solution of the diffusion equation appropriate 
for the type of fuel particle under consideration. To evaluate the constant mois­
ture diffusivity, D, for different particles, he solved the diffusion equations ap­
plicable to the semiinfinite solid (representing a layer of leaf or needle litter in 
contact with the ground), the slab (a flat leaf), the cylinder (a twig or needle), 
and the long square rod (a fuel moisture indicator stick)—all subject to sinu­
soidal surface boundary conditions. A parameter common to all four solutions 
is the dimensionless number, fed, where k is given by 

k = {OJ/IDY'^ (47) 

and d is the depth of interest for the semiinfinite solid, thickness of the slab, di­
ameter of the cylinder, or side length of the square rod. Though solutions for 
the average moisture fraction were derived analytically, their complexity pre­
cluded evaluation of hd, and hence D. Numerical representations of cpj for the 
four fuel arrangements are shown in Figure 20. If the timelag is evaluated from 

FIGURE 20 Relationship between the fuel timelag and dimensionless parameter kd for the four 
fuel shapes indicated. Quantity d represents the depth for which the timelag is desired in a semi-
infinite solid, thickness for a slab, diameter for a cylinder, and side length for a square rod. From 
Viney (1992a, 1992b). 
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field data and d is known, then k may be determined from Figure 20 and used 
in Eq. (47) to compute D. Viney (1992a, 1992b) compared his calculated D val­
ues for leaf and twig data from the Viney and Hatton (1989) study with those 
reported by Linton (1962) and found good agreement for leaves and 6 mm twigs; 
his D for 3 mm twigs slightly exceeded Linton's values. In a different compari­
son, Viney's D for a lodgepole pine litter layer was within the range of corre­
sponding values measured by Anderson (1990a). 

Several investigators have developed diurnal prediction models from field 
data. Fosberg (1975) derived a model for conifer litter and duff from mass con­
servation equations for water vapor and the first law of thermodynamics. The 
physical properties of litter and duff horizons were taken from measurements 
on ponderosa pine and lodgepole pine layers or from the literature. Fosberg 
adapted his model to field conditions by introducing time-dependent bound­
ary conditions consisting of step changes of arbitrary duration and magnitude. 
Though he did not compare his computed M-versus-t curves with data from 
laboratory or field experiments, Fosberg's predicted response times based on 
layer properties were close to several values in the literature. A predictive model 
of moisture content and evaporative loss in the litter of a mixed deciduous for­
est was reported by Moore and Swank (1975). Weather data requirements in­
cluded daily totals for sunlight and rainfall and daytime means for atmospheric 
temperature and relative humidity. The model contains three hydrologic com­
partments—atmosphere, litter, and soil. In addition to evaporation from litter 
to the atmosphere and liquid drainage from litter to the soil, litterfall and litter 
dry weight (or decomposition) are modeled. Though they are acknowledged 
as important at times, atmospheric condensation and upward flow of moisture 
from the soil are not modeled. Independent data for validating model predic­
tions during a 7-day period in the summer and an 11-day period during the 
winter were collected at the Coweeta Hydrologic Laboratory in western North 
Carolina. Predicted moisture contents usually were within the error limits of 
the experimental values. Simulated evaporation agreed to within 13% of the 
measured evaporation but was more accurate for the first two days after rain 
than under drier conditions. Moisture content comparisons during an addi­
tional 80-day verification study gave similar results. A model for computing fine 
fuel moisture content during the diurnal cycle was developed by Van Wagner 
(1987) using jack pine and lodgepole pine data; it is based on the assumption 
that wetting and drying by vapor exchange with the atmosphere are exponen­
tial, whereas wetting due to rainfall depends on rainfall amount and yesterday's 
fine fuel moisture content. In a different study. Nelson (2000) used diurnal 
weather and moisture content data from two field sites in the eastern United 
States to guide the formulation of a numerical model for computing hourly 
changes in the moisture content and temperature of 1.27-cm-diameter ponder­
osa pine dowels. In the model, water moves by capillarity and combined bound 
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FIGURE 21 Comparison between predicted and observed moisture contents for 10-h fuel indi­
cator sticks under field conditions in western Montana during June 1996. Rainfall occurred prior 
to midnight on June 15 and 16 and at about 1800 on June 17. Solid lines represent predictions; 
circles denote observations. From Nelson (2000). 

water/water vapor diffusion. Either precipitation, evaporation, condensation, 
or sorption determines the surface boundary condition; water takeup due to 
fog is not considered. The model accepts data from remote automatic weather 
stations (RAWS). Input consists of hourly readings of air temperature and rela­
tive humidity, solar radiation flux, and rainfall amount; changes in the four vari­
ables from one reading to the next are assumed to be linear. Independent obser­
vations for testing the model were compared with predicted values; predictions 
generally agreed with observations to within the accuracy of the experimental 
moisture content data, but rates of response appear to be slightly slower than 
the observed rates (Figure 21). 

IV. MOISTURE CONTENT ESTIMATION 

Aside from prediction models, other means of estimating the moisture content 
of live and dead fuels include weighing, correlation with Advanced Very High 
Resolution Radiometer (AVHRR) data from NOAA satellites, resistance meters, 
and artificial fuel sticks available with RAWS. Moisture content calculations re­
quire a sample ovendry weight. Drying in the usual convection oven is slow, 
and the fuel is subject to loss of volatiles if dried too long at a high temperature. 
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In the literature, drying temperatures for wood and foliage range from 60 to 
105°C. Perhaps the safest procedure for foliage is to dry at 100°C until a con­
stant weight is reached. This method, of course, requires frequent weighings to 
prevent loss of volatiles due to prolonged drying. King and Linton (1963) con­
cluded that materials ovendried prior to testing adsorb water about half as fast 
as those that have been dried only to a low moisture content. Thus experimen­
tal error may be reduced by determining ovendry weights after the measure­
ments are made. To avoid the slowness and labor intensiveness of this method, 
instruments composed of a small balance and oven (or electric heater) have 
been developed, but this method is suitable only for small samples. Commer­
cially available kitchen microwave ovens were tested by Norum and Fischer 
(1980). Wet duff (up to 230% moisture content) and 0 to 0.64-cm-diameter 
branchwood (up to 90%) samples weighing about 40 g were ovendried in 
24 minutes or less. Live fuel moisture content can be estimated from satellites 
with the Normalized Difference Vegetation Index (NDVI) which operates by 
sensing red and near infrared radiation reflected from the surfaces of green or 
curing vegetation. Burgan et al. (1991) showed that the NDVI is useful for cal­
culating overall site moisture content, whereas Pinol et al. (1998) developed a 
rapid method for measuring the moisture content of individual plants. Chladil 
and Nunez (1995) used AVHRR to follow curing of grasslands in Tasmania and 
concluded that the NDVI gives good results for fuel and soil moisture contents 
but is not a suitable standalone system for fire managers. Electrical resistance 
meters are useful for estimating the moisture content of wood in the hygro­
scopic range but are sensitive to contact resistance and presence of a mois­
ture gradient (Skaar, 1988). Other factors mentioned by Clark and Roberts 
(1982) include wood species, density, and grain angle; they used a minimum of 
20 samples for calibrating their meter to the species utilized in their study. The 
moisture content of the 10-h fuel moisture indicator sticks used in the U.S. Na­
tional Fire Danger Rating System (Bradshaw et al, 1983) may be estimated with 
an artificial fuel moisture and fuel temperature stick that can be supplied with 
RAWS installations. The stick is equipped with sensors to measure its relative 
humidity and temperature, from which a moisture content is derived. 

Most fire suppression and control organizations maintain a system with 
which they assess the moisture content of the live and dead fuels within their 
areas of jurisdiction. For operational applications, equations for estimating fuel 
moisture content are found in fire danger rating and fire behavior prediction 
systems around the world. A brief description of how moisture content is evalu­
ated in several of the fire danger rating systems is presented in Chapter 9 in 
this book. In addition, operational models for prediction of dead fuel moisture 
content in the hygroscopic range have been discussed and compared by Viney 
(1991, 1992a). The reader is referred to Van Wagner (1987) and to the Forestry 
Canada Fire Danger Group (1992) for details of the Canadian systems, to Brad­
shaw et al (1983) and Rothermel et al (1986) for the American systems, and 
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to Noble et al. (1980) and Sneeuwjagt and Peet (1985) for the Australian sys­
tems. Another aspect of fire danger involves water loss from deep soils and large 
fuels during extended dry periods. As before, the reader is referred to pertinent 
papers on the subject. Discussions of drought and drought indexes are given in 
key papers by Van Wagner (1987), Keetch and Byram (1968) and Alexander 
(1992), and Mount (1972) for the Canadian, American, and Australian sys­
tems, respectively. 

NOTATION 

ROMAN LETTERS 

C specific water capacity m " \ ŝ  m"^ 

c constant-pressure specific heat J kg"^ K~̂  

D local moisture diffusivity m^ s"^ 

D ŷ particle or layer average moisture diffusivity m^ s~^ 

Dh hydraulic diffusivity m^ s~^ 

d particle radius or half-thickness, layer depth m 

E fraction of evaporable moisture 

e base of Naperian logarithms 

G Gibbs free energy J mol"^ 

g gravitational acceleration 9.8 m s~^ 

H ambient air relative humidity fraction 

h hydrostatic pressure head m 

h^ surface emission coefficient ms~^ 

J mass flux kg m"^ s~̂  

K specific permeability m^ 

k parameter in Eq. (47), thermal conductivity ni~\ J m"^ s"^ K~ 

L root length m 

In Naperian logarithm 

M particle or layer average moisture content 
fraction 

M^ molecular weight of water 0.018 kg moP^ 

Ml M value when i// = — 1 J kg~^ 

m local moisture content fraction 

P fluid pressure, saturation vapor pressure J m"^ 
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Pc 

V 

Q 

9/ 

Qu 

QT 

a 
RWC 

r 

n.rj 

S 

s 

T 

t 

U 

V 

V 

W 

w 

X 

z 

bound water spreading pressure 

capillary pressure 

gas phase partial pressure 

transpiration or evapotranspiration rate 

demand to heat dry fuel from ambient 
to 400°C 

heat required to evaporate water at 100°C 

heat of ignition 

heat flux 

relative water content 

radial distance, flow resistance, mean 
radius of the gas-l iquid interface 

radii of curvature of a gas-liquid interface 

liquid water saturation 

slope of E versus t^^^ plot 

ambient air temperature 

time 

root sink strength 

specific volume 

velocity 

plant tissue weight, duff weight consumed 
by fire 

rate of evaporation 

coordinate in direction of moisture transport 

vertical distance from reference elevation 
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Jm-^ 
Jm"^ 
J m - 3 

tn s~' 

k j k g - i 

kj kg-^ 

kj kg-^ 

J m - ^ s " ^ 

m; s m ~ \ 
b a r - s n i ~ \ 
m^ kg '^ s~^ m 

m 

s-'^' 

K 

s, hr 

kg m~^ s"^ 

m^kg- i 

m s~^ 

kg, kg m"^ 

kg m~^ s~^ 

m 

m 

GREEK LETTERS 

a hysteresis ratio 

P fuel layer packing ratio 

jS„ nth root of pTm/S = Bi 

y surface tension of water J ni"^ 

A finite change in associated variable 

8 fuel layer depth m 
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E 

V 
0 
6 

K 

A 

Aa 

f^ 

P 

Pr 

a 

T 

<P 

<i> 
^ 
0) 

fractional void volume 

kinematic viscosity 

temperature 

volumetric soil water content 

hydraulic conductivity 

latent heat of evaporation/condensation at T 

differential heat of sorption 

chemical potential 

mass density 

root density 

particle surface-to-volume ratio 

moisture response time 

sinusoidal phase lag 

phase volume fraction 

water potential 

angular frequency 

m^s-i 

°C 

m s ~ \ kg-s m~^ 

Jkg- i 

Jkg- i 

J m o r ' 

kgm"^ 

m - 2 

m - i 

s, hr 

hr 

J m - ^ J k g - l 

77/12 hr"' 

DiMENSIONLESS GROUPS 

Bi mass transfer Biot number 

Fo mass transfer Fourier number 

CONSTANTS 

R universal gas constant 8.32 J mol~^ K~ 

SUBSCRIPTS 

a atmospheric air, dry air component of the gas phase 

av particle or layer average 

h bound water phase 

c current state 

cw cell wall 

d dry state 
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e 

f 
fsp 

g 

h 

i 

in 

I 
m 

n(d) 

max 

0 

P 

pwh 

r 

s 

s(a) 

so 

sat 

T 

t 

V 

va 

w 

equilibrium state 

fuel 

fiber saturation point 

gravitational potential, gas phase 

hydraulic head 

phase designator 

initial state 

leaf 

ma trie potential, moisture 

apoplast matric potential 

maximum value 

reference state 

pressure potential 

pseudo-wet-bulb value 

root 

solution (or osmotic) potential, solid phase, surface 

apoplast solution (or osmotic) potential 

soil 

saturated state 

total value 

turgid state 

water vapor component of the gas phase 

vacuole, vapor in ambient air 

liquid water phase 
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