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SOLAR RADIATION AND FOREST FUEL MOISTURE!

By GrorGge M. Byrawm, associale meteorologist, AxD Gronrce M. JEMISON, senior
silviculturist, Appalachian Forest Ezperiment Station, Forest Service, United
States Depariment of Agriculture

INTRODUCTION

A major contributioh to progress in forest fire prevention and control
during the past 10 years has been the development and widespread
application of methods of rating forest fire danger.? Fire danger rating
systems are now in use in all the forest regions of the United States.

hey have been described by Gisborne (8, 9),> Brown and Davis (2),
Curry ct al. (4), Matthews (13), Jemison,* and others. Under each
of these systems the major factors affecting fire danger are measured
and the measurements are integrated by means of charts, tables, or
some mechanical device into ratings, on a numerical scale, which are
free from the serious errors common in estimates of fire danger based on
personal judgment alone. The numerical ratings are usually defined
in terms of probable fire behavior or of manpower required for suppres-
sion. They serve as a guide to efficient distribution of fire-control
funds and personnel.

All these fire-danger rating systems include measurement of wind
velocity and of fuel moisture content. Wind velocity, an extremely
important factor whenever fuels are dry enough to burn, is usually
measured with standard instruments. Fuel moisture content is more
difficult to determine, because of the complex nature of fuels. Light-
weight materials such as fallen leaves, needles, and twigs and dead

ss respond readily to changes in atmospheric conditions. The con-
tion of this litter * is determined indirectly from measurements of air
temperature and humidity or, more commonly, is determined directl
by means of calibrated “wood sticks,” the moisture content of whic
nges in hnrmon{ with that of natural fuels similarly exposed. The
moisture content of heavy fuels, such as large branches, logs of all sizes,
snags, and deep, buried layers of duff, changes slowly, and its measure-
ment requires different techniques. In some regions it goes through a
seasonal cycle, so that calendar date is a good index of cumulativeuﬁry-
ing. Elsewhere, elapsed time since rains of different amounts serves
as an index. The seasonal cycle differs between north- and south-
facing slopes and between steep and gentle slopes, according to the
15:’-”‘«&’%“«5’33""““ here, mem the combination of variable elements that
whether fires will start, snd if so, the probable rete of spread and extent of damage.
3 Itallo numbers in parentheses refer to Literature Cited, p. 176
¢ JxMI1S0N, Q. M., THE MEASUBEMENT OF FOREST FJIRK DANGER IN THR EASTRRN UNITED STATES AND
TS APPLICATION IN FIRK FREVENTION AND CONTROL. Appalachian Forest Exp. Bta. Tech. Note 80, 50 pp.,

lus. 1942, [Processed.]
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sition of the sun, hence, the effectiveness of radiation. Another
important element in fuel moisture conditions is smge of development
of forest vegetation—the living fuel. This is ordinarily gaged by
calendar date, ocular estimate, or actual measurement in the labor-
atory.

l;{termination of the best methods for measuring the moisture con-
tent of all types of fuels requires a knowledge of the interplay of con-
trolling factors. For example, standards of how, where, and when to
measure litter moisture and heavy fuel moisture cannot be cstablished
unless the controls of rates of drying and moisture equilibria are under-
stood.® The weight that each gre—danger element should carry in the
final rating, also, can be determined accurately only when the inter-
actions of all controlling factors are known. The significance of
season, elapsed time since rain, and similar indirect indices of fuel
moisture depends on how the complex fuels of a given region react to
the combined effect of the atmospheric factors. ermore, knowl-
edge of the interaction of controls is needed in applying the ratings. In
order to utilize efficiently the manpower available for fire suppression,
a dispatcher needs to know how to adjust the rating available for his
locality to allow for variations in temperature, humidity, and radiation
brought about by variations in cover or topography in other parts of
his district not served by a danger station. A fire boss on the fire line
needs to be able to adapt danger ratings based on measurements taken
elsewhere to fuel and weather conditions for areas in the path of the fire.

Although considerable effort has been made in the past to isolate
the influence of each weather element, very little has been done to
determine the effect of solar radiation on rates of drying of fuels and
on the moisture equilibria of these fuels. The influence of shade on
fuel and micro-climate has been discussed frequently. Stickel (15)
obtained data confirming the importance of a timber canopy in main-
taining high fuel moistures. He also found that in the mixed-hard-
wood-softwood forest rzﬁion of the west-central Adirondacks, evapora-
tion, hours since rainfall, duff temperature, air temperature, depres-
sion of the dew point, and relative humidity are most closely asso-
ciated with litter moisture, in the order given. Mitchell (14) rated
the general influence of individual weather elements on fuel moisture
in the Lake States and showed how forest cover modifies atmospheric
factors and hence fuel moisture. Jemison (1¢) found that absolute
atmospheric moisture alone explained about as much of the vari-
ation In litter moisture content as did 15 weather factors combined.
Thework of these and other investigators brought out only indirect evi-
dence, however, of the importance of solar radiation as a control of
fuel moisture.

Gast and Stickel (6) were probably the first to investigate specifically
the effect of sunlight on the rate of drying of forest fuels and conse-
quently on fire danger. They compared fuel moistures in the open
with those under the shade of bobbinet screens and found that the
reduced radiation resulted in slower drying rates. From these investi-
gations they concluded that degree of cloudiness could be used to
gage fire danger and also that the amount of shade-producing cover
on a cut-over area is an important criterion of the relative danger
(dryness) on the area.

¢ Equilibrium moisture content may be defined ss the asymptotic value which the actual moisture oon-
tent approaches if the litter is subjected to a given temperature and humidity for an infinite length of

tima
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Hayes (11) measured air temperature, relative humidity, wind
litter moisture, maximum litter temperature, precipitation, and soil
moisture on north and south slopes at each of three elevations in
northern Idaho, and made a comparison of conditions as regards the
first six of these elements on north slopes with those on south slopes.
His results showed significant differences between the two aspects for
all six elements except precipitation. He pointed out the importance
of insolation as a control of fuel moisture, as indicated by measure-
ments of maximum litter temperature. On south slopes, he found
minimum litter moisture sometimes varied less than 4+ 1 percent from
one clear day to the next, although maximum air temperature might
range from 70° to 95° F., and minimum relative humidity from 30 to
15 percent. Hayes found that beds of pine duff on south slopes had a
minimum moisture content, for a median day in August, about 2 per-
cent lower than that of comparable beds on north slopes. His data
indicate appreciable differences in fire hehavior indices on north and
south slopes.

The iT(Yortance of solar radiation as controlling fuel moisture was
mentioned by Byram (3). Radiation caused sticks exposed in calm
air to dry m})idly. On wood sticks exposed to full sunlight, the dry-
ing action of wind was more than offset by its cooling action. Gis-
borne (7) found that sticks lying on litter were drier than those
supported 10 inches above the {iltter surface, where circulation of air
was greater.

An investigation of the influence of solar radiation on the moisture
equilibria and rates of drying of forest fuels was begun by the Appa-
lachian Forest Experiment Station in 1938, at the Bent Creek Experi-
mental Forest, on the Pisgah National Forest, near Asheville, N. C.
The investigation has included study of the effectiveness of radiation
as a control of fuel moisture during different hours of the day and
seasons of the year, on slopes of varied steepness and aspect. 1e0-
retical relations between solar radiation and fuel moisture equilibria
have been established and have been checked by field and laboratory
experiments.

Under natural conditions, of course, fuel moisture is seldom in a state
of equilibrium, but is usually increasing or decreasing. However,
fuels with large exposed surfaces, such as hardwood leaf litter, ap-

roach the equilibrium moisture content after rain rather quicklg.

he rate of loss of moisture from forest litter in the southern Appalach-
ian region on sunny daKs is so rapid that this layer of fuels may be
considered as being in the equilibrium state most of the time.

The following technical discussion is intended to enable fire special-
ists to understand better the importance of radiation as a control
of fuel moisture, and indicates work yet to be done on the problem.
Suggestions are offered for use of the data, which may lead to refine-
ments in some fire-control practices.

EXPERIMENTAL APPARATUS AND METHODS

In order to supply necessary constants in equations derived in this
study, as well as to establish the effect of radiation on fuel moisture
under a variety of topographic and atmospheric conditions, an
‘“grtificial sun” was constructed. This apparatus is actuslly a
weather synthesizer, simulating variations of sunshine and wind,
and making it possible to obtain quickly the effect of radiation as
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modified by topography on fuel moisture equilibria. It renders
unnccessary the impractical alternative of measuring direetly in the
field the response of fuel moisture to numerous combinations of
weather elements on several kinds of slope throughout a year.

Two such artificial suns are shown in figure 1. The walls of the
artificial sun enclose a rectangular volume divided by a horizontal glass
plate into upper and lower compartments. The lower and shallower
compartment, open at both ends and at the bottom, serves as a wind
tunnel. At the top of the larger compartment, twelve 150-watt
tungsten bulbs are placed on the perimeter of a circle to provide
radiation. 1t bas been shown mathematically that a circular source
of light or radiation gives uniform distribution of energy on a surface
parallel to the plane of the source and situated at a distance from that
plane equal to the radius of the circle.  As the radius in this case was

Figure 1.—Two artificial sunx, or weather synthesizers.

9 inches, the bulbs were so placed that they were separated by a space
of 9 inches from the leaf litter or other fuel tested. The whole in-
terior of the apparatus was painted white, with the result that energy
was uniformly distributed on the fuel even when only two or three
bulbs were burning.  The uniformity of radiation at the fuel surface
was verified by careful checks with a photronic cell. The apparatus
was placed directly over the natural litter in the forest or over fuel
samples in the laboratory. Eleetrie fans were used to draw air through
the wind tunnel and over the fuel. Wind velocity was varied by
adjusting the number of fans in operation or the openings in the box
immediately behind them. Intensity of radiation was varied by
turning on or off some of the bulbs; three or four bulbs, evenly spaced
in the circle, were turned on or off at a time.

Usually two of the artificial-sun devices were operated simul-
tancously, so that results could be checked, or one of the three factors
wind, radiation, and precipitation (sitnulated) could be varied while
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all other factors were held constant. Wet- and dry-bulb tempera-
tures were taken outside the apparatus, 6 to 8 inches above the ground,
with a hand-aspirated psychrometer. Within the artificial sun,
surface fuel temperature was measured by. mecans of a recording
thermometer, the ¥%-inch cylindrical bulb of which was placed on the
litter and covered with a single thickness of oak leaves. Leaf samples
were periodically collected, weighed, and oven-dried, and the moisture
content computed on the basis of oven-dry weight. Tests varied in
length from 2 hours to 2 days, according to the time required for the
moisture content of the fuels to reach equilibrium.

Intensity of radiation was measured with the ice calorimeter (fig.
2), a device composed of two identical ice-containing units, each unit
consisting of a thin-walled copper cup blackened inside and heavily
insulated. Each insulated lid has a 2-inch hole at its center. One
hole is uncovered, to admit radiation; an insulated shade excludes

Frgure 2.—Icc calorimeters used to measure intensity of radiation.

radiation from the other unit. Both units are exposed to the light
source in the enclosed chamber of the artificial-sun apparatus. In
use, each cup is two-thirds filled with ice. The difference in the
number of s of water draining from the two in a given time
interval, multiplied by the heat of fusion of ice, gives the total radiant
energy in calories admitted by the opening in the calorimeter lid
during this interval. This energy, expressed in calories per square
centimeter per minute, closely approximates the energy of solar
radiation. Ten of the 150-watt b gave 1.53 calories per square
centimeter per minute, equivalent to very bright sunlight.

INTENSITY OF SOLAR RADIATION

The intensity of sunlight, varying with time of day, time of yea:,
slope, aspect, latitude, and haziness of the atmosphere, can conven-
iently be expressed as a fraction of the theoretical maximum intensity
or that received by a horizontal plane at the top of the atmosphere
when the sun is at the zenith.
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INTENSITY AS DETERMINED BY POSITION OF SUN, ASPECT, AND SLOPE

If atmospheric absorption is ignored, the intensity of solar radiation
on a horizontal surface can be computed from the geometric position
of the sun with respect to the surface. The sky may be regarded as a
hemisphere, the lower boundary of which is the plane of the horizon.

ELESTIAL

"PLANE OF THE HEMISPHERE

EQUATO '

PLANE OF
THE HORIZON

§—SOLAR DECGCLINATION Z—~AZIMUTH OF SUN
$-LATITUDE h=~HOUR ANGLE
A—ANGULAR ALTITUDE OF SUN

Figure 3.—Diagram of celestial hemisphere.

The daily gaths of the sun are arcs on this hemisphere, as shown in
figure 3. The angular altitude A of the sun is given by the equation

sin A=cos § sin A cos ¢+sin ¢ sin & (1)

where & is the solar declination, A the hour angle’ (measured from
6 a. m.), and ¢ the latitude. The azimuth Z of the sun’s position is
given by the equation

)

Figure 4 shows diagrammatically the conditions that exist when
sunlight falls on a plane (mountain slope) tilted at some angle a from
the horizontal and rotated clockwise through an angle 8 with respect
to the east. The direction of the sun is along the line BC in the verti-
cal plane CEB, and the lines BD and BE are the intersections of this
planc with the tilted plane DH@ and the horizontal plane EFG,

7 In the standard equations given in s solar ephemeris or in most eivil ing handbooks or texts such
as Breed and Hosmer (7), from which equations mand (2) can be derived, the hour angie is measured from
noon and the azimuth angle is measured clockwise from north. Howaver, in this study it was more con-
~venient to measure the hour angle from 6 8. m, and the azimuth angle clockwise from east.
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Fiaurg 4.—Diagram from which the theoretical intensity of solar radiation on a
tilted plane may be determined.

respectively. The angle FGH is the aspect angle 8. For a mountain
slope facing northeast, the aspect angle would be 45°; for one facing
east, 90°; north, 0°; southwest, 225°. The intensity of radiation on
the plane DIIG is proportional to sin 8, which is given by the cquation

6))

the angle 6 is the angle between the dircetion of the sun BC from a
given point B in this plane and the projection of BC on the plane.
Angle ¢ is the angle between the projection of BC on the horizontal
plane and the line DB formed by the intersection of the vertical plane
and the tilted plane; tan ¢ is given by the equation ‘

tan Y=sin (Z—8) tan «
which, when combined with equation (3), gives

cos a
cos ¥

sin 0==sin (A—y)

sin 9==sin A cos a—cos A sin « (sin Z cos B—cos Zsin 8) (4)
EFFECTIVE RADIATION

The total amount of solar heat actually reaching the carth’s surface
is affected by atmospheric absorption of radiation. According to the
law of absorption and Lambert’s cosine law, the effective radiation
reccived on any slope can be found from the equation

]
I=1I,sing pina (5)

where 7 is the incident intensity of radiation on a tilted plane at the
surface of the earth, Iy is the intensity of radiation at normal incidence
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on a horizontal surface at the top of the atmosphere, and p is the
fraction of radiation transmitted at normal incidence through the
atmosphere. The quantity I, the solar constant, equals 1.94 calories
per square centimeter per minute according to Forsythe (5). How-
ever, 1t is often more convenient to express I as unity so that I can be
expressed as a fraction of 7.

he absorption factor p is not constant from place to place or from
day to day in a given locality, because it is affected by a large number
of conditions such as water vapor, smoke, and dust in the air, and by
altitude. In this study » was given an estimated value of 0.7, a
reasonable average for a thin layer of rather dense haze, which is com-
mon at elevations of 2,000 feet in the southern Appalachian Moun-
tains during the fall and spring fire seasons. In western forest regions
of the United States the values of p may average somewhat higher than
0.7, although it is doubtful that they can ever be much above 0.8
except at great elevations. As defined and used in equation (5), p is
independent of the vertical distribution of absorbing haze particles and
the angular altitude of the sun,

The quantity I/I,, which exiresses the fraction of total possible
radiation that a,ctualfy reaches the earth’s surface as determined from
equation (5), has been presented in figure 5 as a function of time of
day for typical combinations of slope, aspect, and season in the south-
ern Apgalachians. (The hour of maximum radiation intensity is that
when the sun’s rays approach the nearest to a 90° angle with the plane
of the slope.) Curves showing fractions of maximum radiation re-
ceived on 20-, 40-, and 100-percent south, north, and east slopes are
plotted for June 21 and December 21, dates when the sun reaches its
greatest and least angular altitudes. For the calculations represented
in determining sin A, a latitude of 35°30’ was assumed. Solar declina-
tions were obtained from a solar ephemeris, northern and southern
declinations having the customary positive and negative signs,
respectively.

he differences in radiation on north and south slopes brought out
by figure 5 are particularly significant because direct sunlight is the
greatest factor in drying exposed forest fuels. In deciduous forests
or on clear-cut conifer forest areas in the eastern mountain regions,
fuels are unshaded, or practically unshaded, during several months of
the year. The hardwood stands are leafless from November into May,
or even longer at some elevations and latitudes, and this period includes
the major part of the annual fire season. On clear-cut or severely
burned forest areas in the West, fuels are completely exposed to the
sun throughout the fire season. Obviously, if ground fuels are partially
shaded by a forest canopy, radiation intensity as represented in
figure 5 is modified.

Among the southern exposures, in summer the 20-percent slope
receives the greatest radiation, because this slope forms an angle of
almost 90° with the sun’s rays at noon. The loo-fercent slope 18 too
steep to receive maximum radiation at this hour. In winter, however,
when the sun is low, the 100-percent slope receives more radiation
than either the 20- or the 40-percent slope. Curves for other seasons
of the year would fall between those shown for June 21 and December
21,

The picture for north-facix:g slopes is somewhat different. At the
latitude of the southern Appalachians, where the sun approaches the
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zenith on June 21, 20-percent north slopes receive almost as much
radiation in the summer as 20-percent south slopes. On 100-percent
north slopes, however, the radiation at noon on that date is 0.38 of
the maximum, as compared with 0.58 on south slopes of the same
steepness. On December 21, 100-percent north slopes are in complete
topographic shade, whereas 100-percent south slopes receive about
0.48 of maximum radiation at noon.

or

FRACTION OF MAXWUG MTENSITY

' TiME OF OAY

or

g s uae IDO-PLACENT WLOM
B H e e 40-PENCENT SAOPE
/ e RO-MEMLENT  ROPE

o

L

~
-

FRACTION OF MAKMSUM INTENSITY

L] 200N
TINE OF OAY

Figure 5.—Intensity of radiation received at different times of day on (A)
- south, (B) north, and (C) east slopes in the southern Appalachians, on June 21
and on December 21,

On east slopes, radiation intensity reaches its maximum before noon.
For west slopes the curves would be mirror images of those for east
slopes, the maxima occurring in the afternoon.

n example of the calculation of I, effective radiation received on
a given surface, is presented as a guide to technicians who wish to
adapt equations (1) to (5) to other regions of the United States.
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Problem: To find radiation I, for a 20-percent east slope at 10 a.m.
on June 21 at a north latitude of 35°30’.

Given: Hour angle h=60° (measured from 6 a.m.).
Latitude ¢ =35°30’ (assumed).
Aspect angle 8=90° (measured from north).
Angle of slope a=11°19’ (for an assumed 20-percent slope).
Solar declination §=23°30" (from solar ephcmeris tables).
Solar constant I,=1.
Absorption factor p=0.7 (assumed).

The following computations are sufficient for determining 7. The
sines and cosines of A and Z are found from equations (1) and (2)
respectively. Sin 6 is computed by means of equation 4 from the sines
amsmcosines of A, Z, a, and 8. The radiation I is then computed from
equation (5). The details of these steps are as follows:

Sin A=cos 23°30’ sin 60° cos 35°30’-sin 35°30" sin 23°30’
=.878, and cos A= 478,
cos 23°30 cos 60°
Cos 2= 478
=958, and sin Z=.287.

Sin 0= 878 cos 11°19’—.478 sin 11°19’ (.287 cos 90°—.958 sin 90°)
=.951,

I=.951 (.7)%
=0.63 of maximum possible radiation.

The value 0.63 thus derived checks with that plotted in figure 5,
for the conditions assumed. To obtain the value I in calories per
square centimeter per minute, 0.63 would be multiplied by the solar
constant given by Forsythe, 1.94,

SOLAR RADIATION AND EQUILIBRIUM FUEL MOISTURE

To determine the quantitative relation between solar radiation and
fuel moisture it was necessary to analyze the relations between tem-
peratures and humidities of the fuel bed and the independent variables,
air temperature, air humidity, wind, and insolation.

RELATIONS OF RADIATION AND WIND TO TEMPERATURE DIFFERENCE OF FUEL
AND AIR

1£ % is the rate at which s fuel sample in sunlight loses heat and

(-%Qf is the rate at which it gains heat, then the temperature of the fuel
sample remains stationary only if

dQ, doQ,
- ©)

According to Newton's law of cooling, the rate of loss of heat from
an object is directly proportional to the temperature difference existing
between the object and its surroundings, and includes rates of loss due
to free convection, conduction, and radiation. If the temperature
difference is not very great, the radiation loss is small compared with
the loss due to convection and conduction. Thislaw can begeneralized
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to give the rate of loss due to forced convection when the object is
ventilated by an appreciable wind. If it is assumed that rate of loss
of heat from forest fuels is directly proportional to wind velocity, it is
possible to write the equation
L @V+b)(T,~T) @
where V is wind velocity, T, s fuel temperature, T, is air temperature,
and ¢ and b are constants. The values of the constants a and b
depend to a considerable extent on the nature of the fuel bed and the
manner in which 7, is measured. In this study, for example, the
value for T, the temperature of the air in the spaces under the top-
most individual leaves, is considerably less than would be shown by a
thermocouple with the junction cemented to the upper surface of &
leaf. In addition, considerable heat is lost by conduction through the
fuel bed into the ground. Radiation losses from forest fuels are small.
If I is the intensity of radiation in calories per square centimeter
- per minute as measured in the artificial-sun apparatus, and if this is
the only source of heat, then from equations (6) and (7)

from which 7
T’..... Tamm (9)

The relation between T~T, and I for different wind velocities as
established experimentally with the artificial-sun apparatus, is shown
in figure 6 in which measured values of T~T, are plotted against

>
79

7¢ - To r)
S

TS

o} // P ._-—1”’“”
g =mul|
o l-uw:n PER oM PER MINUTE He *

Ficure 6.—Relation of radiation intensity I and wind velocity V to difference
between fuel temperature and air temperature 75— 7', as established experi-
mentally with the artificial-sun apparatus.
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TaABLE 1.-—Ezperimental dala used in determining relation of T—T, to radiation
intensity and wind velocity

Tem- Tem-
Radiation inten- | ., Alr | Burfacel Lors. || Radiation inton- Air | Surface -
sity, 1 (calories | Wind | tom- | fuel | WGr || Gty " Coalories | Wind | tem. | fusl | ELT
percmiper | ¥eloo | pera- |Lember| gigfer. || perom iper | CIoC, | Pers- jlember jiqey.
minute) ity, V| ture, | ature, | ono. minute ty, V| ture, | ature, | T
T | T | PF To | Tr | 1.7,
°F. °F, °F. M.p. A} °F. °F °F.
70 9 13 || Lot 21 8! 102 18
78 9l 13 || 101 37 77 ™ 17
™ o 18 || 127 0 | o 50
7% 86 7.2 . 0 70 122 52
79 82 3l 21 M| 100 2
90 110 041127 ... 59 70 83 13
90 100 10 1] 1.83... 0 78 126 51
80 107 P2ER 1 I P 21 75 103 B
84 109 25 || 1.76__. 0 i 137 60
84 90, 12 |] 1.76 0 80 140 80
78 85 74 1.78.. 0 83 146 63
kel 119 42 11 1.76__. 2.1 76 108 32
83 120 37 i LW 5.9 83 100 17

measured values of /. The ranges in air temperature, fuel tempera-
ture, wind, and radiation under which observations were made are
as follows: Air temperature, 74° to 90° F.; fuel temperature, 83° to
146° F.; wind, 0 to 5.9 miles per hour; radiation intensity, 0.39 to 1.76
calories per square centimeter per minute. Data forming the basis
for figure 6 are given in table 1. Computing the constants a and b by
the method of least squares gives for equation (9), when 7,-T, is in
degrees Fahrenheit,

1
~0.015 V+0.026

which adequately fits the experimental data. When a and b are deter-
mined directly from the data, it is not necessary to know the total
emisgivity or absorption factor of the fuel bed. It should be empha-
sized that, in fuel types in which loss of heat to the soil underlying the
litter and loss to the air proceed at faster or slower rates than in the
beds of hardwood leaf litter used in this investigation, other values for
the constants a and b would be obtained.

RELATIONS OF RADIATION, HUMIDITY, AND WIND TO FUEL MOISTURE

T,—T,

(10)

The relation of radiation and relative humidity to fuel moisture
can most easily be determined by means of the vapor pressure func-
tion. If the range of temperature is not too great, the saturated
vapor pressure P, in a given space at a temperature T is related to T
approximately by the empirical equation

P,=Ke'T (11)

where P, is in millimeters of mercury, T is in degrees Fahrenheit, ¢ is
the base of natural logarithms, and K and ¢ are constants. Table 2
shows the saturated vapor pressure of water for temperatures from
32° to 122° F. and corresponding values of Ke”, when K and ¢ have
values of 1.77 and 0.033, respectfully. That these assumed values
provide a close approximation of P, is seen by comparing the second
and third columns in the table; the values agree closely except at
high temperatures. The values of K and ¢ in equation (11) could
be altered slightly throughout the temperature range of, say, 60°
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to 150°, which would be more suitable for use in summer;-when fuel
and air temperatures are high. This adjustment is unnecessary,
however, because through a temperature range of 100° equilibrium
fuel moisture values are changed only to the extent of about one-
third of 1 percent by errors in the constant ¢. The constant K does
not enter into determinations of fuel moisture equilibria.

TaBLe 2.—Saturaled vapor pressure lgf water for temperatures 82° lo 128° F. and
corresponding values of KeT when K= 1,77 and c=0.083

Baturated Saturated
Tempersture (°F.) | TEBNE Keer Tomperature (°F.) | [ WEAL | KeeT
of water of water
Mm.of Hg| Mm. of Hj Mm.of Hyg | Mm. of Hp
B Rt kv 1| P9 - R O
6.54 6.85 |{ 95.. . 4218 40.69
.21 .22 )| 104.. 55.32 64.76
12.78 12.40 |} 113.. 71.88 .70
17.54 16690 {1 122..... ....... ... .. 92 51 9. 18
28.76 2.47

The vapor pressure P existing when the space is not saturated is
related to P, by the equation

P=HP, (12)

where H is the relative humidity. Hence, if P, is the pressure of
the water vapor in a given space at air temperature T, and relative

humidity H,,
P,=H K™« (13)

and if P, T, and H, refer to the same properties in a space imme-
diately adjacent to the fuel particles,

P,= H K1y (14)

But when fuel moisture is in equilibrium, P, and P, are equal, hence
(13) and (14) can be combined, which gives

gz._. =008 (T/~T4) (15)

Substituting (10) in (15) gives
gjz e~ 1103V+a88) (m)'
Solutions for gf can be found from the nomographic chart figure 7.

If any given values of V and I are connected with a straight edge,

solutions for the ratio ff-' are given by the intersection of the straight

edge with the line representing gf‘ The value of H, can be found

from the ratio if H, is known.
544308—43—3
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Ficure 7.-—~Nomographic chart for solving the equation
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H,

The equilibrium moisture content of forest fuels (and cellulose
materials in general) is determined chiefly by relative humidity,
although temperature has considerable influence. From figure 8,
which applics to an ﬁneéy divided fuel,* equilibrium fuel moisture
content can be founcf if fuel temperature 7, and fuel humidity H, are
known. With no sunlight, or if the fuel is completely shaded, fuel
temperature and humidity are approximately the same as air temper-
ature and humidity. Under either of those conditions, figure 8 ma
be used to find equilibrium fuel moisture by considering that 7,=T,
and that H,=H,.

It is possible to determine fuel moisture equilibria for any given
combination of air temperature, relative humidity, wind, and radiation
by computing the effective temperature T, and effective humidity H,
and a pll)ying these to figure 8. For example, what is the fuel moisture
equiligrium when air temperature is 80°F., atmospheric relative
humidity is 30 percent, wind velocity is 0, and radiation intensity is
Bt spmscn woeh Eiven by Lo . Tiawiey (10, 5. 8, aod with & soris of ssmpar riations ot sevorsl kinds

8}, an
of light fuel reported in the following: DUNLAP, gi E. THR RELATION OF HUMIDITY 70 THE MOISTURE
CONTENT OF FOREST FiRE FURLS. U, 8. Forest 8crv., Forest Prod. Lab. 9 pp., illus. 192¢. (Unpublished).
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Fiavre 8,—Chart for determining equilibrium fuel moisture eontent on the
basis of fuel humidity and fuel temperature. (Adagted from chart based on
results of experimental work by the U, 8, Forest Products Laboratory and
published in the following: Gray, L. G. PRELIMINARY REFOBT ON FIRE
HAZARD RATING sTUDY, U. 8. Weather Bur. 8an Francisco, 1933, [Proc-
essed.] The broken lines have been added by extrapolation.)

0.80 calories per square centimeter per minute on a slope fully exposed
to the sun? From figure 6 the difference between litter and air tem-
perature (T,~T,) is found to be 29°, which means that effective or fuel

temperature is 109°. The relative-humidity ratio H, is found from
H,

figure 7 to be approximately 0.4. Effective humidity (at fuel surface)
is then easily found; since

%=0.4 and H,=30

H,=12 percent

When 109° and 12 percent are used in figure 8 as the values for T,
and H,, respectively, equilibrium fuel moisture is seen to be about
2.5 percent.
nder the conditions assumed above—air temperature of 80° F.
and humidity of 30 percent- ~but with radiation intensity of 0, equi-
librium fuel moisture as determined from figure 8 would be 6 percent.
Thus, under these air conditions, where fuel in the sunlight would
have an equilibrium moisturo content of 2.5 percent, fuel in shade
would have one of 6 percent.
Closc agrecment between equilibrium fuel moistures experimentally
determined and those computed from figures 7 and 8 is indicated by
the data presented in table 3. The experimental values are from 0
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TaBLE 3.—Comparison of experimenially and theoretically determined fuel moisiure
zquih;?fia for different combinations of radiation, wind, temperalure, and
umidity

THIN BASWOOD SLATS

Equilibrium fuel
Wing | Surface Air { Humid- | Fuel maisture
Radiation intensity, I (calories per veloo- fuel  jhumid- it humid-
cm.? per minute ity, V temper- ilt;y. ratio, ity,

' ature, T - HIHs 7 | Theoret- | Experi-

ical! | mental?

Mop.h °p, Percent Percent | Percent | Percent
039, . e 0 9 78 0.62 48 7.7 77
39 21 86 78 .80 62 1.0 11.1
.56. . 110 54 .52 = 4.3 5.3
S8 .. 21 100 54 .1 38 6.1 6.6
I v 2N 0 100 30 .42 13 25 38
B 2.1 9% 30 .64 19 3.6 47
1.01... 0 120 50 .30 15 2.6 3.8
101... 21 102 50 .55 » 4.7 5.4
1.7 124 680 .22 13 28 3.8
1.27. .. 2.1 100 [ ] .48 % 52 53
1.53 0 128 58 A7 10 2.0 29
1.58. .. 2.1 108 o8 .40 ] 4.2 5.3
1.76. .. 0 13 56 .13 7 L8 36
1.76 21 108 56 .34 19 3.8 43
170.. 136 o0 .13 8 1.9 3.0
1.786 3.7 102 60 .88 35 59 59
1.78. . 148 54 .13 7 1.5 2.4
1.76. 59 100 ] . 87 3 5.2 6.4

HARDWOOD LEAF LITTER

| T A O [ 160 47 . 013 L) L8 28
) T S 5.7 9% 47 . 56 » 4.6 506
| O S I [ 126 53 13 7 20 27
) I/ SN 6.5 91 5 .58 31 60 7.0

t Computed from figures 7 and 8.
1 Determined by use of the artificial-sun spparatus.

to 1.8 percent higher than those oom%uted from the graphs; the average
departure is 0.8 percent. Undoubtedly, this difference was due
partly to a slight lag in rate of drying but mostly to hysteresis.

EFFECT OF WIND ON MOISTURE EQUILIBRIA OF IRRADIATED FUELS

From equation (16) one would be inclined to deduce that fuels
exposed to both radiation and wind have higher equilibrium moisture
contents than fuels exposed to radiation in still air. Although con-
trary to the usual ideas of drying phenomena, this deduction is
conclusive}{ borne out by the fuel moisture curves in figures 9, 10,
and 11, and by the data presented in table 3. Figure 9, based on data
for thin basswood slats immersed in water and then exposed in
artificial-sun apparatus, shows that the slats had higher equilibrium
moisture contents in wind than in calm air. Figure 10 indicates a
similar contrast between slats in wind and in calm air that were started
at oven dryness. Figure 11 shows the rate of drying of hardwood leaf
litter having an initial moisture content of about 20 percent, a value
within the inflammable range. This fuel responds in a manner ident-
ical to that of the wood slats represented in figures 9 and 10.

The higher moisture equilibra of irradiated surface fuels subjected
to wind are due to the higher humidities associated with lower fuel
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temperatures. For irradiated fuels the cooling action of wind more
than offsets its drying action. Figure 10 demonstrates that a cool fuel
can absorb and hold more moisture than a hot one. (This is a partial
explanation for the fact that higher moistures exist on cut-over areas
bearing residual stands than on comparable clear-cut areas.)

The general conclusion may be drawn that, in regions where forest

60

S0

= SLATS VENTILATED BY A
WINO OF 6.7 MILES PER HOUR

== SLATS NOT VENTILATED

3

MOISTURE CONTENT (PERCENT)
~n
° 8

10

0 %0 %0 120 160 “200 240
ELAPSED TIME (MINUTES)

Fiaure 9.—Drying curves for irradiated wood slats exposed in calm air and for
others exposed to & wind of 6.7 miles per hour. Slats were initially immersed
in water. Relative humidity during test, 55 percent; sir temperature, 80° F.;
radiation, 1.76 calories per square centimeter per minute,

fuels are normally exposed to sunlight, higher fuel moisture equilibria
are associated with clear windy weather than with clear calm weather.
The difference may be as Freat as 6 percent, depending chiefly on
levels of the atmospheric factors temperature, humidity, and wind.
It is greatest for the range of fuel moisture below about 15 percent,
This influence of wind operates only to a slight extent on steep north
slopes, where insolation 1s low.
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Fiaure 10.—Curvesshowingeffect of wind on rate of gain of moisture by wood slats
initially oven-dry and exposed toaradiation of 1.76 calories per square centimeter
per minute. Relative humidity during test, 62 percent; air temperature, 82° F
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Figure 11.—Curvesshowingeffect of wind on equilibrium moisture content of hard-
wood leaf litter exposed to a radiation of 1.76 calories per square centimeter per
minute. Relative humidity during test, 51 percent; air temperature, 84° F.
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SOLAR RADIATION AND RATE OF DRYING OF FOREST FUELS

As has been stated, the moisture content of the surface forest litter
in the southern Appalachian region may be considered as being in the
equilibrium state most of the time. The moisture content of lower
layers of forest fucls, on the contrary, is not often in equilibrium with
the humidity of the air immediately above the fuel bed; and it has
almost as great an influence as that of the surface fuels in determining
the inflammability of the total fuel layer. The rate at which sub- .
surface fuels dry out after a rain is therefore particularly important.
Only after determining the princ?l}:s that govern this rate of loss of
moisture can fire-research specialists supply fire dispatchers with

ides that will enable them to judge when fuel is a})pronching an
inflammable state. A complete solution of the rate-of-drying prob-
lem would find more immediate application than one of any other
phase of fuel moisture studies.

Complete solution of the rate-of-drying problem is outside the
scope of the present investigation, but this })mblem deserves discus-
sion in connection with a general analysis of the factors upon which
fuel moisture content depends. For the benefit of other investigators,
some of the theoretical concepts of rate of drying of forest fuels will
be outlined.

If g is the moisture content of a thin layer within a thick (about 2-
inch) bed of fuel, the rate of loss of moisture from this layer should be
given with reasonable accuracy by a differential equation of the form

Y 1@ P —~HPIUVIHD) ()

where P, is the pressure of water vapor within the fuel layer, P, the
Kressure of saturated water vapor at air temperature, /1, the relative

umidity of the air at the surface of the fuel bed, fi(g) some undeter-
mined function of fuel moisture, #3(V) some function of wind velocity
V, and f3(D) some function of the thickness D of the fuel above the
selected thin layer.

The evaporating force is pr(:gortional to the term (P,—H.,P,), but
the rate of evaporation depends also on the vapor pressure gradient
existing between the fuel layer and the space immediately above the
surface of the fuel bed. The vapor pressure gradient is determined in
part by the thickness and porosity of the fuel above the layer under
consideration, and in part by wind velocity. The rate of evaporation
depends in some com&}ex way on the water supply or on f,(¢9). The
vapor pressure P, in the fuel layer is a function of the temperature of
the fuel layer, which in turn is determined by air temperature, wind

velocity, intensity of radiation, and rate of evaporation v If a

temperature gradient exists in the fuel bed, P, depends also on D. If
the moisture content ¢ is below the fibre saturation lHoint (about 30
ggzcoent) P, is a function of ¢, since the water molecules in that case

me partially bonded to the molecules of wood substance and this
causes 8 decrease in P,. For this reason equation (17) cannot easily
be integrated if ¢ is less than 30 percent. For values of ¢ above the
fibre saturation point, equation 17 can be integrated as follows, pro-
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vided that the rate of loss of heat due to evaporation cooling is small
compared with the intensity of radiation:

(] dq _ . .
F@=~ PrmHPIH(VD) f ot

F(q,)—F(q)= (P~ H,P),(V)fy(D)t (18)
where F(q) is the integral of f,(g)

To find the time required for two similar layers of fuel to lose equal
amounts of water under different intensities of radiation and wind
velocities, it is possible to write

F(go)—F(q) = (Py—H.P)fo(V) fs(D)t= (P’ ,— H, P)fo (V') (D)t

or
(P—H,P)f;,(V)t=(P',—H,P,)f,(V")t (19)

where P’; V’, and t’ are fuel vapor pressure, wind velocity, and time,
respectively, for the second fuel layer. P, and P'; must be the satu-
rated vapor pressures corresponding to the fuel temperatures, and
should be regarded as the vapor pressures existing on the surface of
individual wet leaves in the fuel layers. After substitution of the
exponential relation (equation 11) for vapor pressures and simplifica-
tion, equation (19) becomes

[ecrTa — H\fy(V)t=[e™rTo— H fy(V')t

or

Substituting EV!'—FE for T,— T, (equation 9) gives

el L
[e'"+"--H.]/,(V)tz[eﬂ"“—»H.]/,(\")t’ (20)
When an assumed wind velocity value of 2.5 miles per hour was
inserted in equation (19) along with the values of a, b, and ¢ previously
given, the equation was simplified to

(€' — H )t = (" — H,) ¥ (21)

Values computed from this equation for relative time required for
thin layers of fuel near the surface of fuel beds on north and south
sl%;ies t:) lose equal amounts of moisture after a rain are presented in
table 4.

TaBLE 4.— Relative drying time * of fuel near surface of fuel bed on north and 20uth
slopes in May and November

May 6 November 6
8lope (percent) i
North South North South
N... 2.8 2 7 4
B0 et e e e 2.5 2 9 3.6
0. .. 3 2 15 3.8

' Calenlated by use of equation (21). Wind velocity of 3.5 m. p. b, and 40 percent relative humidity are
assumed. Valnos may b?mguu as sither durlnr‘mm P

* According to the current resultaof to determine the effect of terrestrial radiation on fuel moisture,
on most forest areas the ratios of time for onnonhmtomtmnmdonmth may
'b:oconsuenb mm&nindl::dud ngble 4. et:nmem m%‘&gg ogpg‘;my iuin

isture on cloudless days nights while adjacent sou pes e moisture. Equa-
tion (17) is sufficiently general to include in its solution the effects of terrestrial mdiation on fusl moisture,
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The tabular value of {, relative drying time, for a given slope and
season of year is the reciprocal of the area between two curves plotted
on the same graph, one representing hourly values of the quantity
e "% the other representing values of relative humidity H, drawn as
a smooth curve from 100 percent at sunrise to 40 percent at noon to
70 percent at sunset., It was assumed that no significant drying
occurred during the night. The area between the two curves repre-
sents the integrated value of ¢*%!'—H, for the daylight hours.

Experimental data obtained with the artificial-sun apparatus show -

70 ~
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0 ] 10 18 20 25 30 38
EXPOSURE TO SUNSHINE ( HOURS)
Ficure 12.—Drying curves for lower layers of fuel efgosed toradiation, as measured
re

by thin slats buried in the lower layers of litter. aks in curves indicate effect
of turning off fans and lights in artificial-sun apparatus at night.)

that, in bright sunlight, winds of low velocities (1 to 3 miles (Fer hour
at the fuel surface) have no appreciable net effect on rate of drying of
subsurface fuel. This is illustrated by drying curves for the lower fuel
gresent-ed in figure 12. The same tl{ing is true of basswood slats of

igh moisture content, as is shown by the portion of fi 9 represent-
ing moistures above the fibre saturation point. In this figure it will
be noted that when their moisture content was above 30 percent, the
slats dried at almost the same rate in calm air as in a wind of 6.7 miles
per hour. A logical explanation is that although wind has a pro-
nounced tendency to hasten drying this is offset, when wind velocity
is low and radiation intensity is high, by its tendency to cancel the
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influence of radiation on temperature, just as is the wind’s tendency to
lower the equilibrium moisture content of surface fuels. Figure 13,
which shows the effect of wind on the rate of drying of basswood slats
in the absence of radiation, indicates that this explanation is correct,
because the fuel in wind dried faster than that in calm air.

Probably several other factors influence the form of the basic equa-
tion (18), and the values presented in table 4 may be only rough
approximations. For example, the moisture gradient within a drying
fuel bed is affected by the loss of moisture from all fuel layers, not just

80
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Ficure 13.—Rates of drying of ventilated and nonventilated wood slats in
absence of radiation.

one layer. However, equations (19) to (21) probably would not be
changed appreciably i;y variation in the moisture gradient. A verti-
cal temperature gradient also exists within a fuel , and T-T, is
smaller for lower fuel layers than for layers near the surface. For
thin basswood slats exposed so that the air can circulate freely about
them, the rate of heat loss due to evaporation cooling is not small
compared with the intensity of radiation received; it may occasionally
be almost half as great as the radiation intensity. However, evapo-
ration cooling is probably much less in fuel beds.

The development of rate-of-drying equations for moisture contents
below the fibre saturation point is & p of the problem that has
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received relatively little attention from technical foresters, but is one
of extreme importance.

Work on the entire rate-of-drying problem is continuing at the
Appalachian Forest Experiment Station.

SIGNIFICANCE AND APPLICATION OF FINDINGS

As was mentioned in the introduction, fire-danger ratings are used
as guides in the employment and disposition of fire-control personnel.
When the weather becomes dry and windy, more lookout men and
suppression crews are required—especially in the drier and windier
parts of a forest. Danger ratings help fire-control administrators to
estimate how many men they need and to distribute their forces
advantageously. In order to increase the refinement with which
forest fire-danger ratings are made and applied, one necessity is to
gain a better understanding both of the influence of topography and
of “‘season of the year” on fire danger. In the United States the signif-
icance of seasonal changes in radiation intensity is particularly great
in northern latitudes; in hardwood forest types that are leafless dur-
ing late spring, when radiation is intense; on areas of rugged topog-
raphy; and on western burned-over areas where dead forest fuels are
exposed to sunlight during the summer months. This paper provides
technicians in all regions with & general technique and equations for
computing moisture equilibria of surface fuels for any combination of
date, hour, slope, aspect, air temperature, air humidity, and wind
and with information on some of the basic relations governing rate of
drying. This should lead to a better undersmdin%r:(giarding these
factors on the part of workers engaged in perfecting anger rating
systems. Eventuall({, by ux%xirmg and using a knowledge of radia-
tion effects, it should be possible to modify the soveral measurements
made at a skeleton network of fire-danger stations to fit all topography
adjacent to the stations, thus greatly reducing the labor and cost of
danger measurements.

Rates of drying of forest fuels calculated in this study can be used
as & partial correction for ratings of fire danger at key stations, to
make them apelg to areas where conditions cannet measured.
Table 4 compiF in connection with the theoretical development of
rate-of-cirying relations, brings out differences in rate of drying for
several aspect-slope-season combinations. After a rain in early May,
it indicates, the fuel on a 60-percent south slope in the southern Ap-
palachians loses as much moisture in 2 days as that on a corresponding
So—erement north slope loses in 3 days. Likewise in November the
fuel on the south slope dries from a saturated condition down to an
inflammable one in 3% days, but the fuel on the north slope does not
reach this point until after 15 days of the same type of weather.

Rate-of-drying data will become esgzcially valg,%le to fire-control
administrators when more is learned about variations in effect of wind
corresponding to topographic variations and about variations in tem-
%emture and humidity corresponding to variations in elevations.

ayes (11) has worked on the latter problem in the northern Rocky
Mountains, and similar studies have been in progress for 3 years in
the southern Appalachians. Thus far, the most important variation
isolated in these studies is that of ground wind velocity with elevation
and aspect.
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An example will indicate to fire specialists how the findings of this
study may eventually be applied, at the same time indicating defi-
ciencies in present knowledge and a direction for future work.

A small portion of the Pisgah Ranger District of the Pisgah National
Forest, in western North Carolina, has been used for this illustration.
For May 6 and November 6, near the peak of the spring and fall fire
scasons, a typical set of conditions has been assumed; namely, air
temperature of 70° F., relative humidity of 40 percent, no wind at the
litter surface, and the hour of 2 p. m., when the moisture content of
light fuels is likely to be close to the equilibrium point. Usually, on
those dates, a typical hardwood forest at the average elevation of the
Pisgah district, about 4,000 feet, is leafless and a maximum of sunlight
penetrates the stand and reaches the fuels of the forest floor.

To illustrate in detail the variations in fuel moisture equilibria
associated with topography, due to unequal insolation, lines passi
thro:gh points of etziual surface fuel moisture equilibria as determin
according to the findings of this study have been superimposed on an
enlai-fcd contour map of this area, which is roughly 2% miles square,
for May 6 and November 6 (fig. 14). The variation brought out em-
phasizes the problem confronting one who must locate fire-danger
stations to sample ‘‘representative” conditions of fuel moisture.
Knowledge of this variation, however, should help him choose loca-
tions that meet the specifications set up. The spread in equilibrium
fuel moisture on November 6 is 5 percent, & difference particularly
significant in such a low range of fuel moisture as that represented
here. On May 6 fuel moistures are lower and there is less difference
between north- and south-facing slopes, because the sun is higher and
its rays are more effective.

Table 5, showing the relative portions of the area on which equi-
librium surface fuel moisture content was theoretically of given classes
on the two dates, emphasizes the significance of the seasonal differences
brought out in figure 14. In the southern Appalachian system of
danger rating, fuel moisture of less than 4 percent is classed as critical.
In May, equilibrium moisture content falls in this extreme class on
76 percent of the area used in the illustration; in November, under
exactly the same atmospheric conditions it does so on only 9 percent.
In other words, in November it is likely that fewer fires will start and
those that start will spread more slowly and be easier to control on
much more of the area than in May, even though all atmospheric
conditions are the same for both dates.

Basic information such as that used to construct figure 14 can be
tabulated as in table 6 to gain an appreciation of the range in equi-
librium fuel moistures that may be expected in mountainous country
and to facilitate its use by ficld men.

TaBLg 5.—Fuel moisture classificalion of sample area for May 6 and November 6

Propartion of total area Proportion of total area
Equilibrium fuel mojs- R e et Equilibrium fuel mols-
ture content (percent) ture content (percent)

May 6 | November 6 May 6 | November 6

Pereent Percent Pereent Percent
Leasthan3. ... .. ______. 5 O} Lessthan 7. ... . .. ... f..........
Lessthan 4. . .. .___.. 76 9l Lessthan8. .. . . ...} ......... 97
Tessthan ... ... ...... 96 401 Lessthan®...............0.......... 100
Iessthan 6. . . ... 100 70
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TaBLE 6.-——Fuel moisture equilibria for sample area, by aspect, slope, and wind
class, when air temperature is 70° F,, relative humidily is [0 percent, and hour
i52p. m,

MAY 6
Fuel moisture by steepness of slope (percent) and velocity of wind
Aspect! 20 40 60 80 100
0 mph | 3mph | 0mph | 3 mph | 0 mph | S mph | 0 mph | 3 mph | 0 mph | 3 mph
Pet. Pet. Pet. Pet. Pet, Pet. Pet. Pet. Pet. Pet.
N... . 3 8 3 [] 4 [ 4 [] 4 6
NE . .. 3 5 4 -] ] 8 ] [] [} 7
E. . . - 3 ] 3 ] 8 [} 5 ] 5 7
8E. .. .- 3 5 3 5 4 5 4 5 4 [}
S... .. 2 4 2 ] 3 5 3 L] 3 5
BW. . . 2 4 2 4 2 4 2 4 2 4
Ww.... . 2 4 2 4 2 4 2 4 2 4
NwW._ . 3 5 3 ] 3 5 3 ) 3 L}
NOVEMBER ¢
3 7 6 7 7 8 8 8 8 8
5 7 6 7 8 8 8 8 8 8
5 [) [ 7 (] 7 H 8 8 8
4 [] 4 8 4 [] 4 6 8 6
4 [} 4 6 3 5 3 5 3 5
4 [ 3 5 3 5 3 5 4 5
4 [ ] 4 8 4 ] 4 ] ¢ [}
5 ] ] [} 5 [ ] [ 7 [) 7

1 For flats, the fuel moisture percent is as follows: Wind of 0 mph, 2 pereent an May 8, 4 percent on Nov.
6; wind of 3 mph, § percent an May 8, 8 percent on Nov. 6. oh » pe

Obviously, one condition that complicates the application of the
findings regarding equilibrium fuel moisture relations to a hetero-
geneous forest area is the variation in air temlferature, air humidity,
and wind from one locality to another. Until more is known about
such differences, much of the significance of the relation of radiation
to equilibrium fuel moisture must lie in the basic theory developed
rather than in everyday application by fire-control administrators.
Nevertheless, the importance of determining the variations of at-
mospheric factors with topography becomes more evident when the
potential differences in actual rate of spread of fires resulting from
the extremes of fuel moisture noted in figure 14 are estimated. The
rate-of-spread figures vary not only with atmospheric fyctors, but
also with steepness of slope, fuel type, and perhaps other factors.
On the average slope, on a calm day, and in leaf litter typical of the
southern Appalachians, fires burning in fuel with 4 percent moisture
would increase their perimeter about 4 or 5 chains per hour faster
than fire burning in fuel with 8 percent moisture. All other things
being equal, a dispatcher recognizing such a difference in fuel moisture
would have to send two or three more men to a fire in the drier fuels
than to a similar fire in the more moist fuels, if control were to bo
accomplished in the average length of time.

It must be emphasized that several other considerations influence
manpower requirements for fire control to a much greater extent than
4- or 5-percent differences in fuel moisture. It must be remembered
also that only for the very light surface fuels is moisture content
frequently near equilibrium with that of their surroundings; therefore,
the data presented here do not apply to fuels heavier than hardwood
leaves, dead grass, and surface layers of pine needles.
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SUMMARY

Forest fire-danger rating systems, now in use in all forest regions
of the United States, are based chiefly on measurement of wind and of
fuel moisture. While many workers have investigated atmospheric
and rclated elements that control fuel moisture, little research has
been done on solar radiation and its influence on fuel moisture equilibria
and rates of drying. With a view to contributing to the refinement of
fire-danger rating systems and application of the ratings, a study of
solar radiation and fuel moisture was begun in the southern Ap-
palachians in 1938.

A method has been developed whereby radiation intensity can be
determined for any season of year, hour of day, slope, and aspect.
Examples are given showing the widely different radiation intensities
that are to be expected under different combinations of these factors
even though atmospheric conditions are the same. The relation of
solar radiation intensity to surface fuel moisture equilibria and, to a
lesser extent, its relation to rates of drying have been established on the
basis of theory and of data obtained by use of an “‘artificial sun”
apparatus, a specially constructed weather synthesizer. This ap-
paratus permits both field and laboratory observation of moisture

uilibria and rates of drying under various combinations of radiation,
wind, and humidity. Formulae have been developed so that for any
combination of air temperature, relative humidity, and wind velocity,
equilibrium moisture content of forest litter can be derived for any
season, slope, and aspect. These formulae can be used universally,
provided radiation intensities are adjusted for latitude.

The influence of wind on fuel drying is emphasized. In bright
sunlight, contrary to popular belief, wind maintains levels of fuel
moisture higher than those in calm air. The reason is that for fuels
in the sun the wind's cooling action more than offsets its drying action,
This is important in some regions where fuels are fully exposed to
sunlight during the fire season.

Fuel moisture equilibrium maps are presented showing variations
with season, aspect, and slope that result from variations in radiation
intensity alone. A table is presented showing differences in drying
rates caused by differences in radiation.
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