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A fuel dryness index for grassland fire-danger assessment
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Abstract
The assessment of fuel moisture content on a large spatial scale requires several observations and estimates and is often time

consuming and costly due to labour and transportation expenses. Therefore, various models based on empirical functions of weather

variables have been developed and applied to determine the amount of moisture in fuel. In this paper, a fuel dryness index (Fd) based

on biophysical principles associated with energy exchange is presented and applied to monitor fuel moisture content for annual

grasslands. Daily values of Fd were determined as the ratio of sensible heat flux density to the available energy using high-frequency

temperature data and the surface renewal (SR) method in combination with net radiation and soil heat flux values. The SR method

was evaluated by comparing with sensible and latent heat flux densities from eddy covariance data measured in a fire-vulnerable

annual grassland. The Fd values and trends were compared with three well-known slow response fire-danger indices including the

Keetch–Byram drought index, two modified versions of the drought factor in the McArthur forest fire-danger meter, and the fast

response fine fuel moisture code of the Canadian fire weather index. Moreover, Fd index was compared with the McArthur grassland

fire-danger meter. The Fd index was more responsive to daily changes than most of the other indices, providing accurate information

on fuel dryness condition of a live vegetation grassland. In addition, it can potentially eliminate the need for calibrated empirical

weather models and fuel stick measurements.
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1. Introduction

Assessment of fire potential at any scale is

commonly based on long-term (static) and short-term

(dynamic) indices, or integrated rating systems that

include both long-term and short-term variables to

produce the potential fire environment. The static fire

risk indices are based on variables that do not change in

a short period of time (i.e., availability of fuel sources

and socio-economic conditions change slowly over

years and topography is assumed constant). The

dynamic indices, mainly based on meteorological
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Nomenclature

a mean temperature amplitude of ramp

events (8C)

A available energy flux density (Rn � G)

(W m�2, MJ m�2 d�1)

AP function of the number of days since the

last rainfall event

C curing percentage (%)

Cp specific heat of the air (J kg�1 K�1)

d duration of the ramp period (s)

dQ daily change in the Keetch–Byram

drought index (mm)

D drought factor in the McArthur forest fire-

danger meter index

DG drought factor in the McArthur forest fire-

danger meter by Griffiths (1999)

DN drought factor in the McArthur forest fire-

danger meter by Noble et al. (1980)

EF ratio of lE to A

Ep potential evapotranspiration (mm)

E0 reference evapotranspiration (mm)

f sampling frequency (Hz)

Fd fuel dryness index

FM Canadian fine fuel moisture content code

G sensible heat flux density to the soil

(W m�2, MJ m�2 d�1)

hn daily minimum relative humidity (%)

H sensible heat flux density to the atmo-

sphere (W m�2, MJ m�2 d�1)

HE eddy covariance sensible heat flux density

to the atmosphere (W m�2, MJ m�2 d�1)

HS surface renewal sensible heat flux density

to the atmosphere (W m�2, MJ m�2 d�1)

K Keetch–Byram drought index value (mm)

KH Keetch–Byram drought index value cal-

culated substituting the Hargreaves and

Samani reference evapotranspiration (E0)

for the potential evapotranspiration (Ep)

(mm)

m fine fuel moisture content (%)

M4 McArthur grassland fire-danger meter

N number of days since the last rainfall

event

P amount of rainfall in the last event (mm)

Q daily soil water depletion (mm)

r time lag (s)

R mean annual rainfall (mm)

Ra extra terrestrial radiation (MJ m�2 d�1)

Rn net all-wave radiation flux density

(W m�2, MJ m�2 d�1)

s duration of the quiescent period between

ramps (s)

Tm daily mean temperature (8C)

Tn daily minimum temperature (8C)

Tx daily maximum temperature (8C)

u horizontal wind speed (km h�1)

y function of P and N

z measurement height (m)

Greek letters

a calibration factor of SR method

uV volumetric soil water content (m3 m�3)

lE evaporative heat flux density (W m�2,

MJ m�2 d�1)

r air density (kg m�3)
variables and vegetation conditions, give information

on the probability of forest fire ignition and the

capability of fire spread. Since vegetation structure and

moisture conditions affect fire ignition and propagation,

short-term indices based on fuel condition measure-

ments or estimates were developed in recent decades.

The combination of static and dynamic ‘‘integrated’’

systems has further improved fire-danger models.

Although integrated rating systems were developed

for specific geographic areas, they are often used out of

the geographical range for which they were calibrated.

Well-known integrated indices include the Canadian

forest fire weather index (FWI) (Van Wagner, 1987),

which is used in Canada, Italy and New Zealand, the

McArthur fire-danger (meter) index (FDI), quantified

by Noble et al. (1980), and the remote sensing based fire

potential index (FPI) from Burgan et al. (1998). These

indices differ from the U.S. National Fire Danger

Rating System (NFDRS) (Deeming et al., 1977;

Bradshaw et al., 1984; Burgan, 1988), which determines

fire-danger using occurrence, burning, and fire load

based on spread, energy release, and ignition compo-

nents.

All integrated rating systems include sub-models for

estimating fine fuel availability and fine fuel moisture,

such as the Keetch–Byram drought index (KBDI) from

Keetch and Byram (1968) and the time lag fuel moisture

classes of the NFDRS, the fine fuel moisture, duff and

drought codes of the Canadian FWI, and the drought

factor and the fuel moisture sub-model of the FDI.

The amount of moisture in fuel is the major element

that determines how much of the fuel will burn.

Estimates of fuel moisture content are a key component

of fire-danger research programs, and various

approaches and models have been developed and
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applied to determine moisture content for aerial,

surface, and ground fuel levels.

Aerial fuel is commonly determined using numerous

parameters that define live fuel loads by size class,

surface area to volume ratios of the various size classes,

heat content, etc. (Rothermel, 1972). Recently, geo-

graphic information systems (GIS) and remotely sensed

observations provide data useful for parameterizing the

quantity of moisture content in live vegetation to prepare

greenness maps (Burgan, 1988; Burgan et al., 1998).

Fire-danger models use different methods to predict

moisture content of the surface dead fuel. In the

NFDRS, dead fuel moisture response is separated into

four time lag classes: 1, 10, 100, and 1000 h (Deeming

et al., 1977). A fuel time lag is proportional to fuel

diameter and is defined as the time it takes a fuel particle

to change its moisture content about two-third of the

difference between initial and final conditions in one

time lag period. The 1 and 10 h time lag response

categories were shown to be the most critical dead fuel

classes involved in determining fire spread rate and they

are commonly used to represent the moisture content of

all dead vegetation (Deeming et al., 1977). The 10 h fuel

class is computed from measurements of temperature,

humidity, and cloudiness or observed from a standard

set of 10 h fuel sticks. In FWI (Van Wagner, 1987), three

separate indices for three distinct dead fuel classes are

included. The moisture content of litter and other fine

fuels, with a time lag less than 1 day, is estimated using

the fine fuel moisture code (FFMC), which is function

of air temperature, relative humidity, and rainfall.

A numerical rating of average moisture content of

deep, compact, organic soil layer (ground fuel level) is

often used as indicator of fuel consumption in moderate

duff layers and medium-size woody material and of

seasonal drought and amount of smoldering in deep duff

layers. For example, the FWI system includes specific

duff moisture (DMC) and drought codes (DC) as

described by Van Wagner (1970, 1987), which estimate

the moisture content of duff and deep layers.

The assessment of moisture content for each fuel level

on a large spatial scale requires several observations and

estimates and is often time consuming and costly due to

labour and transportation expenses. Consequently, there

is a need for a simpler, less costly method to remotely

assess fuel moisture content. In this paper, we will present

a relatively low cost method to monitor grasslands and

obtain a fuel dryness index that can greatly improve the

evaluation of both the daily variation and the seasonal

trend of fuel moisture content. The method is based on

biophysical principles associated with energy exchange

rather than empirical functions of weather variables.
1.1. Fuel dryness index theory

The fuel dryness index (Fd) is based on the surface

energy balance, where available energy (A, the

difference between the net radiation, Rn, and the soil

heat flux density, G) is partitioned into sensible and

latent heat exchanges (H + lE). Conventionally, Rn is

positive downwards, both sensible heat flux density (H)

and latent heat flux density (lE) are positive upwards

and G is positive downwards. When soil water is not

limiting, then H is typically small relative to lE and A is

a measure of the maximum possible lE when there is no

horizontal advection. In advective conditions, lE can be

greater than A, but only if the surface is moist. When the

surface is dry and soil water is limited, evaporation from

the surface is reduced and lE decreases relative to A.

The equation

EF ¼
lE

A
(1)

provides a weighted measure of dryness conditions of

available fuels on the surface. When EF > 1.0, the fuel

is clearly moist, so an upper limit of EF = 1.0 is

employed in practice. Note that H < 0 when

EF > 1.0 and this will rarely happen when averaged

over a 24 h day. As a surface changes from wet to dry,

EF changes from EF � 1.0 to EF � 0.0. Therefore, the

fuel dryness index (Fd) can be calculated as

Fd ¼ 1� lE

A
(2)

Fd approaches 0.0 when fire potential is low, because of

high values of ecosystem moisture, and it rises to 1.0 as

the moisture is low and the chances of wildfire increase.

One advantage of the Fd index is that it provides a

weighted measure of dryness of all surface fuels, as

opposed to only material used in a ‘‘fire stick test’’ or in

plant-leaf relative water content measurements. When

both the surface litter and the plants show little evapo-

transpiration, this implies local drought conditions are

severe and the fire-danger is high. Therefore Fd repre-

sents a weighted average of the 1, 10, 100, and 1000 h

time lag fuel moistures, with decreasing weights (albeit

unquantified at the moment) for the longer time lags.

Integration (averaging) of Fd over time could provide an

index roughly equivalent to the longer time lag moisture

components and to the KBDI. Similar equivalences

could be made for the FFMC, DMC, and DC, which

are included in the Canadian FWI.

Clearly, any method to measure or accurately

estimate Rn, G and lE can be used to calculate Fd.

The problem is to find a method that is low cost, robust,
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accounts for local microclimate conditions, and that

lends itself to simplified networking or remote

monitoring. Such a method could be used in conjunc-

tion with remotely sensed methods and indices such as

the FPI, to assist in ground-truthing remotely sensed

data and analysis.

1.2. Surface renewal theory

The surface renewal (SR) method for estimating H in

conjunction with Rn and G measurements provides a

simple, robust and low-cost method to determine lE for

grasslands and possibly for forests. The method lends

itself to remote measurements using telemetry or

infrequent visits to retrieve the stored data and it can

potentially provide the data needed to obtain spatial

estimates of Fd. It is a low cost method because the cost

ratio of a sonic anemometer to a fine-wire thermocouple

is approximately 100:1. The technology to remotely

monitor the thermocouples exists and is continually

decreasing in price.

The SR method (Paw U and Brunet, 1991) is based on

the concept of coherent structures, which are character-

ized by air sweeps and ejections to and from the surface

(Gao et al., 1989). When in or near the canopy, air parcels

heat or cool as sensible heat exchanges with canopy

elements. The rate of temperature change over time is

related to sensible heat flux density (Paw U et al., 1995).

Under unstable conditions, cool air sweeps into a canopy

from above and the air parcels are gradually heated by the

canopy elements. Hence, temperature traces initially

drop sharply with time and are then followed by a slow

rise as the air is heated. Then the warmed air ejects from

the canopy and it is again replaced by a sweep of colder

air from above. Under stable atmospheric conditions, the

pattern is reversed with a sharp temperature increase

followed by slow cooling. The air temperature falls

slowly as heat is transferred from the air to cooler plant

elements. When plotted, temperature traces show ramp-

like characteristics, and the mean amplitude (a) and

duration of ramp event (d + s), where d is the duration of

the ramp period and s is the duration of the quiescent

period between ramps, can be quantified using structure

function analysis (Van Atta, 1977).

Paw U et al. (1995) showed that an expression for H

can be derived from the conservation of energy:

H ¼ aHS ¼ a

�
rCp

a

d þ s
z

�
(3)

where z is the measurement height (m), r the air density

(kg m�3) and Cp is the specific heat of the air
(J kg�1 K�1). The factor HS is the SR sensible heat

flux density assuming uniform heating from the

ground up to the measurement height and a accounts

for unequal heating of the air volume under the

temperature sensor and other factors (Paw U et al.,

1995). The a factor is determined by calculating the

slope of the linear regression (through the origin) of H

from an accurate independent method such as eddy

covariance using a sonic anemometer versus HS.

Once determined, a seems to be relatively conserva-

tive for a given surface regardless of weather condi-

tions (Snyder et al., 1996, 1997; Spano et al., 1997a,

2000).

The methodology to remotely collect high frequency

temperature data in a format that can be easily stored in

a data logger and later transferred to a computer for

calculation of HS was developed and used for measuring

evapotranspiration of agricultural crops (Snyder et al.,

1996, 1997; Duce et al., 1997; Spano et al., 1997a,b,

2000). A CR10X data-logger program was written to

collect high frequency temperature data to compute

half-hour means of the second, third, and fifth order

moments of the time lag temperature differences, which

constitute structure functions (Van Atta, 1977; Snyder

et al., 1996). The half-hour statistical structure function

moments are stored in the logger memory until

transferred to a computer where HS is calculated

following the procedure described in Snyder et al.

(1996).

After calculating HS, the sensible heat flux density

aHS is computed using Eq. (3) and the a factor

calibrated for that vegetation or crop type. For practical

purposes, a changes little with stability, wind speed, or

other weather factors. lE is determined using measured

or estimated Rn and G and aHS in the energy balance

equation:

lE ¼ Rn � G� aHS (4)

The lE calculations are done on a half-hourly basis, and

the daily energy fluxes due to Rn, G and lE are

computed. The daily Fd is computed (Eqs. (2) and

(4) combined) as an index for fuel dryness:

Fd ¼ 1� lE

A
¼ aHS

A
(5)

Although the methodology presented here is specifi-

cally for SR estimates of sensible heat H, other methods

(including eddy covariance and the Bowen-ratio energy

budget, BREB) to estimate H could be substituted to

calculate Fd. If BREB were used, the equation simpli-
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fies to:

Fd ¼
b

1þ b
(6)

where b = H/lE. Under appropriate fetch-height ratios,

this method would require measurements of the differ-

ences of mean air temperature and vapor pressure at two

heights to estimate Fd.

2. Materials and methods

The research site was located near Ione, California,

USA (latitude: 388N; longitude: 1208W; elevation:

129 m). Data were collected over a grazed grassland

opening into oak/grass woodland with about 200 m of

fetch in all directions around the station. The site is flat,

but is surrounded by undulating oak/grass savanna. The

landscape has been managed to remove brush and cattle

graze on the grass and herbs. More than 95% of species

composition at the site is represented by Brachypodium

distachyon L., Hypochaeris glabra L., Trifolium dubium

Sibth., Trifolium hirtum All., Dichelostemma volubile

A., and Erodium botrys Cav. During the experiment, the

canopy averaged 0.25 m in height. The grassland is

actively growing between November and May and it is

dry and warm from mid-spring through early fall. For

other detail site information, readers are referred to Xu

and Baldocchi (2004) and Baldocchi et al. (2004).

A three-dimensional sonic anemometer (Model

1352, Gill Instruments Ltd., Lymington, UK) was

installed at a height of 2 m. Air temperature and three

wind components were recorded at 10 Hz. An infrared

gas analyzer (Li-7500, Licor Inc., Lincoln, NE, USA)

was used to collect high frequency humidity data. The

data were collected and H and lE were calculated using

the eddy covariance method accounting for axis rotation

and the WPL correction (Webb et al., 1980). Data from

the eddy covariance system were collected from

January 2001 through 9 September 2003 using a laptop

computer. In addition, net radiation (Rn) and soil heat

flux density (G) were measured with a net radiometer

(model NR Lite, Kipp and Zonen, Delft, The Nether-

lands) and soil heat flux plates (model HFP-01,

Hukseflux Thermal Sensors, Delft, The Netherlands).

Soil temperature was measured with thermocouples

above the heat flux plates to correct G for heat storage

above the plates. Shielded and aspirated air temperature

and relative humidity data were collected with a

shielded platinum resistance thermometer and a

capacitance based humidity sensor (model HMP-45A,

Vaisala, Helsinki, Finland). Rainfall was recorded with
a tipping bucket rain gauge (model TE 5252, Texas

Instruments, Dallas, TX, USA) and volumetric soil

water content (uV) was measured at 0.1 depth using a

frequency-domain reflectometry probe (model ML2x,

Delta-T Devices, Burwell, Cambridge, UK).

From 2001 to 2003 sonic anemometer data, sensible

heat flux density values were computed using the eddy

covariance method (HE) and temperature ramp char-

acteristics were calculated using sonic anemometer

temperatures sampled at a frequency f = 10 Hz, time

lags r = 0.5 and 1.0 s, and the structure function (Van

Atta, 1977). Then HS was computed using the ramp

characteristics and Eq. (3). The a factor was determined

from the regression through the origin of H from eddy

covariance (HE) versus HS.

During the period 9 February–2 October 2002, a

separate weather station with a CR10X data-logger

was installed to measure high-frequency temperature

with fine-wire thermocouples for estimating H using

the SR method. Two 76.2 mm diameter chromel–

constantan thermocouples were mounted at 1.0 m

height to measure temperature. The sampling fre-

quency was f = 4 Hz and time lags r = 0.25 and 0.5 s

were used with the structure function to estimate ramp

characteristics for a short canopy. The current reading

and two previous temperature readings (e.g., 0.25 and

0.5 s earlier) were stored in the data logger. For the two

time lags, temperature differences were calculated and

the second, third and fifth moments of each tempera-

ture difference were computed. At the end of a half

hour, the means of the three moments were saved in the

output table for each of two time lags and two

thermocouples. The half-hourly data were periodically

down loaded to a computer and the structure function

method (Van Atta, 1977) was used to determine four

sets of a, (d + s), and HS data. The average HS value for

the two thermocouples and two time lags was

compared with H from eddy covariance (HE) to obtain

the slope of the regression (a factor) through the

origin. Then the aHS values were used in the Fd

analysis.

Reference evapotranspiration (E0) was calculated

using a modified Penman–Monteith equation for refer-

ence evapotranspiration of short canopies (ASCE-EWRI,

2005) and hourly weather data measured at the research

site for comparison with the Fd estimates. E0 is

approximately equal to the evapotranspiration from a

0.12 m tall, cool-season grass that is not water limited,

and it serves as a measure of evaporative demand, which

is commonly used in irrigation management. This

comparison was included to illustrate the differences

between evaporative demand (E0) and Fd.
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Fig. 1. Daily energy balance data measured over grassland during the

2002 experiment, where H and lE were calculated using the SR

method and high-frequency temperature data from thermocouples.

Fig. 2. Plots of daily rainfall totals and fuel dryness index values (Fd)

from SR analysis using thermocouple data during the period 9

February–2 October 2002.
The Fd index was compared with three slow

response fire-danger indices including the KBDI

(Keetch and Byram, 1968) drought index (K) and

two modified versions (Noble et al., 1980; Griffiths,

1999) of the drought factor (D) in the McArthur (1966,

1967) forest fire-danger meter, and the fast response

FFMC of the Canadian FWI. In addition, the McArthur

grassland fire-danger meter (Mk4), derived by Noble

et al. (1980), was compared with the Fd index. A

detailed description of the equations used to calculate

each index is noted in Appendix A.

3. Results and discussion

Using all of the half-hour data for 3 years,

regressions of H + lE versus A from the eddy

covariance system had slopes of 0.89, 0.88 and 0.79

in 2001, 2002 and 2003, respectively, which are

acceptable values for energy balance closure (Baldoc-

chi, 2003). Regression of HS calculated from sonic

anemometer temperature versus H from eddy covar-

iance gave a factors equal to 0.96, 0.97 and 0.94 with R2

values of 0.81, 0.81, and 0.76 for the 3 years. Root mean

square errors between H and aHS were 41.8, 51.5 and

39.6 W m�2 for 2001, 2002 and 2003, respectively. The

results indicate that good SR estimates of H are possible

using temperature from the sonic anemometer.

Regression of HS from thermocouple data versus HE

gave an a factor equal to 0.45. The difference in a factor

values obtained from sonic temperature and thermo-

couple data depends on sampling frequency, time lag

values, and measurement heights. These results confirm

earlier analyses, with the a differing greatly from unity

when compared to the sonic temperature-based analy-

sis, and match previous reports on the sensitivity of

surface renewal to the selected temperature sensor size

(Duce et al., 1998) and to measurement height (Spano

et al., 1997b). When aHS values from thermocouple

data were compared with HE, a slope b = 1 and an

R2 = 0.92 were obtained, demonstrating that a low-cost

thermocouple and SR analysis can provide accurate H

estimates without the need for temperature profiles and

wind speed data (Spano et al., 1997a) and can be used to

attain accurate Fd values, which depends on the ratio of

H to A (Eq. (5)). Since this method does not require the

computation of atmospheric stability parameters (Sny-

der et al., 1996), it can be also helpful to assist in

boundary layer stability assessments, which are used in

fire weather analysis as outlined in Brotak and

Reifsnyder (1977), Haines (1988), Reifsnyder and

Albers (1994) and Potter (1996), when local atmo-

spheric soundings are unavailable.
Fig. 1 shows the daily energy flux density values

from 9 February to 2 October 2002, where H was

estimated using thermocouples and the SR method and

lE was calculated as the residual of the energy balance

equation (Eq. (4)). Most of A was balanced by lE from

February until early May. Then there was a sharp

increase in H and decrease in lE as the soil dried and

grass became water stressed. From mid-June through

the remainder of the summer, the lE rates were low with

values less than 2.0 MJ m�2 d�1 most of the time.

The time trace of Fd index calculated with Eq. (5)

shows a strong response to rainfall (Fig. 2). Fd generally

ranges between 0 and 0.2 early in the year, linked to

frequent precipitation and a wet surface. As rainfall

amounts and frequencies decrease from late March to

mid-May, Fd increased from about 0.3 to 0.7. Rainfall

caused a temporary drop to Fd = 0.3 in mid-May

followed by an increase to about Fd = 0.8 in mid-June.

Then the Fd values fluctuated about 0.8 during most of

the summer drought period until mid-September.

Fig. 3 shows the trend in Fd, K and KH (KBDI values

using Ep and Hargreaves–Samani E0 in Eq. (A.2),
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Fig. 3. Plots of daily fuel dryness index (Fd) from SR analysis using

thermocouple data, KBDI values using Ep and Hargreaves–Samani E0

in Eq. (A.2) (K and KH, respectively), and the volumetric soil water

content (uV) measured at 0.1 m depth from 9 February to 2 October

2002.

Fig. 4. Plots of the fuel dryness index (Fd) and the drought factor of

the McArthur’s fire-danger meter as reported by Noble et al. (1980)

and Griffiths (1999) (DN and DG, respectively) from data collected

during 9 February–2 October 2002.
respectively), and the volumetric soil moisture content

(uV) measured at 0.1 m depth during the spring and

summer of 2002. As expected, daily weather conditions

and rainfall events had little impact on K variation. In

addition, the highest K values (about 180) were reached

at the end of September maintaining the index below the

maximum potential value (203.5). Eq. (A.1) includes an

exponential function of the mean annual rainfall in the

denominator to adjust Ep estimates for rainfall effects:

higher annual rainfall total leads to higher daily Ep rates.

Since mean annual rainfall is low in this area compared

with the annual values typical of the regions where the

KBDI was calibrated, Ep from the KBDI seems to be

underestimated during most of the year. When the

Hargreaves and Samani (1982) equation for reference

evapotranspiration (E0) was substituted for Ep in the

Keetch and Byram (1968) KBDI calculations to obtain

KH, the seasonal trend changed dramatically and values

greater than 180 were observed from early July (Fig. 3).

Since KBDI was proposed as an estimate of long-term

drought effect on fuel availability, the seasonal trend of

KH obtained using E0 from the Hargreaves–Samani

equation seems consistent with the actual seasonal

changes in fuel availability and fire-danger. The E0 from

the Hargreaves–Samani equation is an estimate of the

evapotranspiration flux from a well-watered, 0.12 m

tall, cool-season grass, and it provides a good

approximation of the grassland evapotranspiration

during the winter and spring rainy periods. The KBDI

equation from Keetch and Byram (1968) and mean

annual rainfall of the site (577 mm) gave unrealistically

low values for Ep relative to E0. When an artificially

increased rainfall of 1270 mm was used, as shown by

Keetch and Byram (1968) in the original paper, again

unrealistically high Ep values were obtained. Based on
agricultural studies, it is known that the maximum

evapotranspiration rate for a well-watered crop with

adequate fetch is unlikely to exceed E0 by more than

25% (Allen and Pereira, 1998). Using the exponential

function of Tx to estimate Ep in the KBDI equation is

questionable and it should be revisited. Also, the KBDI

correction for fuel availability in the denominator of the

Ep equation should be studied.

The Fd trends were also compared with the drought

factor (D) of the McArthur fire-danger meter (FDI) as

reported by Noble et al. (1980) – DN – and Griffiths

(1999) – DG. These two models showed a faster

response to rainfall events than the KBDI, and their

general trends were similar to the Fd trend line (Fig. 4).

However, both indices had values above 5 during the

winter rainy period, when fire-danger was essentially

non-existent and both were at the maximum value of 10

during most of the summer. While DN and DG dipped in

response to rainfall, the magnitude and duration of the

drops were unrelated to the surface conditions that were

quantified by the Fd calculations. Except for reduced

fire-danger during rainy periods, neither of the

equations provided information on daily variations in

fuel dryness.

The fine fuel moisture code seasonal trend was

computed and plotted (Fig. 5). The FFMC did not seem

to give a reasonable estimate of fire-danger for

California grasslands. The FFMC indicated a high

fire-danger during most of the sampling period with

short-term drops only occurring during rainy periods.

While the FFMC performs well in Canadian forests, it

clearly is not designed for the conditions of California

grasslands.

The final comparison was made between the Fd

index and the grassland Mk4 fire-danger meter (M4)

(Noble et al., 1980). The Fd index and M4 gave

somewhat similar trends (Fig. 6), but the M4 continued
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Fig. 5. Plots of the fuel dryness index (Fd) and the fine fuel moisture

code (FM) of the Canadian forest fire weather index from data

collected during 9 February–2 October 2002. Fig. 7. Comparison between McArthur’s grassland Mk4 fire-danger

meter (M4), the fine fuel moisture code (FM) of the Canadian forest fire

weather index, KBDI index (K) from Keetch and Byram (1968), KBDI

index computed using the Hargreaves and Samani (1982) E0 equation

(KH) and the fuel dryness index (Fd) from data collected during 9

February–2 October 2002. Each line fits the experimental data.
to show values of about 0 during late April and early

May, when meteorological and fuel conditions usually

determine a low to moderate potential fire-danger in

California [http://www.fire.ca.gov]. Curing is included

in the M4 as a measure of the long-term effect of the

grass changing from green to brown as it dries and goes

dormant in the spring. In the literature, it was

recommended that the ‘‘greenness’’ must be visually

evaluated to determine the curing coefficient. In our

experiment, the grass changed from green to brown

mainly during the period 15 April to 15 May, and a

linear trend from 0 to 100% curing was used to calculate

the curing for the M4 model during that period. In

addition to providing a more credible estimate of fire-

danger during the 15 April to 15 May period, another

advantage of the Fd method was that no visual

inspection of the grass greenness was required.

The Mk4 fire-danger meter showed more fluctua-

tions in general than the Fd index, partly due to the

inclusion of wind speed in the model as an indicator of

fire spread. Wind speed is not included in the Fd model,

which is meant to index fuel dryness rather than fire

spread. A modified index using Fd could be formulated
Fig. 6. The fuel dryness index (Fd) and McArthur’s grassland Mk4

fire-danger meter (M4) plotted versus time from data collected during

9 February–2 October 2002.
to include fire spread factors such as wind speed, but

that is beyond the scope of the current study.

A comparison was made between the McArthur

grassland Mk4 fire-danger meters (M4), the fine fuel

moisture code (FM) of the Canadian forest fire weather

index, KBDI values using Ep and Hargreaves–Samani

E0 in Eq. (A.2) (K and KH, respectively) and the fuel

dryness index (Fd) using data collected during 9

February–2 October 2002 (Fig. 7). Clearly, the line

fitting of the experimental data indicates that only the

KBDI using Hargreaves–Samani E0 showed a linear

relationship with the biophysically based Fd index.

However, the KH is empirical and thus the relationships

are likely to vary between locations, whereas the Fd

index should be universally applicable. In addition, FM

values were relatively high and constant during most of

the experimental period (ranging from 80 to 100),

except for sharp decreases when rainfall occurred.

4. Conclusions

Based on the results, one can conclude that

estimating H, using thermocouples and the SR method

in combination with Rn and G data, provides a relatively

low-cost method to calculate Fd (Eq. (2)) as an indicator

of fuel dryness. If telecommunication were used to

transmit data from a remote site, in combination with

the SR analysis, this method can potentially improve

site specific information on daily fire fuel dryness

without the need for travel and labour to visit hard-to-

access sites. The Fd index was more responsive to daily

meteorological and biological changes than the KBDI,

McArthur’s fire-danger meters, and the Canadian

http://www.fire.ca.gov/
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FFMC index. It was also noted that KBDI calculation

could be improved by substituting the reference

Hargreaves–Samani evapotranspiration equation for

the potential evapotranspiration estimation method.

This could improve the indices of Noble et al. (1980)

and Griffiths (1999) as well because they use the KBDI

in their equations.

The Fd index was shown to provide useful

information on fuel dryness conditions of a vegetation

grassland. Future experiments should investigate the

potential for characterization of fuel dryness in shrub-

lands and forests where the canopy volume is larger and

the fuel includes living vegetation and dead material.

Since the Fd index quantifies fuel dryness, it could be

used with remotely sensed data on fuel availability to

improve fire-danger models and as ground truth to

develop correlations with fuel moisture values esti-

mated from satellite data. In addition, the Fd index

could be modified to be incorporated into the NFDRS

supported KBDI which is used partially to assess soil

and ecosystem dryness.
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Appendix A

The procedures used to compute the Keetch–Byram

drought index (KBDI), two modified versions of the

drought factor (D) in the McArthur forest fire-danger

meter, the fast response fine fuel moisture code (FFMC)
of the Canadian fire weather index, and the McArthur

grassland fire-danger meter (Mk4) are reported here.

A.1. Keetch–Byram drought index (KBDI)

The KBDI is calculated by adding the change in the

dryness index (dQ) on each day to the KBDI from the

previous day. On each day, a value for the soil water

depletion (Q) in mm is computed as the KBDI from the

previous day minus the net rainfall (mm) on the current

day. If the result was negative, then Q = 0 is used. The

net precipitation (mm) is calculated as the recorded

precipitation (mm) minus 5.08 mm, which corresponds

to the rainfall in inches minus 0.2 in. that was used by

Keetch and Byram (1968). The soil moisture depletion

is calculated as 203.2 mm minus Q (mm), which

corresponds to 800 (hundredths of inches) minus Q

(hundredths of inches) as used by Keetch and Byram

(1968). The potential evapotranspiration (Ep) is

reduced as a linear function of the soil water depletion

(203.2 � Q) to account for the drying effect as the soil

water content decreases from 203.2 mm. The potential

evapotranspiration in mm is estimated on a daily basis

as the ratio of an exponential function of the daily

maximum temperature (Tx) in 8C divided by an

exponential function of the mean annual rainfall

(R) in mm:

Ep ¼
�

0:97 expð0:0875Tx þ 1:555Þ � 8:3

1þ 10:88 expð�0:00174RÞ

��
25:4

100

�

(A.1)

The equation is converted from the original by Keetch

and Byram (1968), which had inputs of temperature in

8F and rainfall in inches to temperature in 8C and

rainfall in mm. The daily change in dryness index

(dQ), expressed in mm, is calculated as

dQ ¼
��

203:5� Q

1000

��
100

25:4

��
Ep (A.2)

where the (100/25.4) converts (203.5 � Q) from mm to

hundredths of inches, and (203.5 � Q)/1000 adjusts the

Ep for reductions in evaporation as the soil dries.

Finally, the new value for KBDI on the current day

is calculated as

K ¼ Q� dQ (A.3)

It is assumed that the soil water content starts at field

capacity, so the calculations start with K = 0 prior to the

first day.

In this study, a modified version (KH) of the KBDI,

with the reference evapotranspiration (E0) from the
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Hargreaves and Samani (1982) equation substituted for

the Ep in Eq. (A.1), was also computed. The reference

evapotranspiration value is an estimate of the maximum

evapotranspiration rate for a 0.12 m tall, cool-season

grass. The Hargreaves and Samani equation calculates

E0 values from daily maximum (Tx) and minimum (Tn)

temperatures as

E0 ¼ 0:408ð0:0023Ra½Tm þ 17:8�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tx � Tn

p
Þ (A.4)

where Tm is the daily mean temperature, is calculated as

(Tx + Tn)/2, and the 0.408 = 1/l factor converts from

MJ m�2 d�1 to mm d�1. Extra terrestrial radiation (Ra)

in MJ m�2 d�1 is calculated from the latitude of the site

and day of the year following ASCE-EWRI (2005).

A.2. Drought factor (D) in the McArthur forest fire-

danger meter

The equation used to calculate the drought factor (D)

in the McArthur (1966, 1967) forest fire-danger meter

proposed by Noble et al. (1980) – DN – is given by

DN ¼
0:191APðK þ 104Þ

3:52AP þ P� 1
(A.5)

where K is the KBDI in mm and P is the amount of

rainfall (mm) in the last event. The variable AP is

calculated as

AP ¼ ðN þ 1Þ1:5 (A.6)

where N is the number of days since the last rainfall

event.

The Griffiths (1999) equation for the drought factor

(DG) is

DG ¼ min

�
10:5

�
1� exp

�
K þ 30

40

��
�

yþ 42

y2 þ 3yþ 42

�
; 10

�
(A.7)

where y is defined as

y ¼

P� 2

N1:3
if N � 1 and P> 2

P� 2

0:81:3
if N ¼ 0 and P> 2

0 if P � 2

8>>><
>>>:

(A.8)

where P and N are already defined.

A.3. Fine fuel moisture code (FFMC)

The Canadian FFMC (FM) follows daily changes in

the moisture content of litter and other fine fuels. In the
calculation, two phases are considered, one for wetting

by rain and atmospheric humidity and one for drying.

The FFMC scale is described by the following

equation:

FM ¼
59:5ð250� mÞ

147:2þ m
(A.9)

where FM is the code value and m is the actual fine fuel

moisture content on a dry weight basis (%). The higher

values of the code represent lower moisture contents. A

complete description of FFMC theory and calculation is

reported by Van Wagner (1987).

A.4. McArthur grassland fire-danger meter (Mk4)

The Mk4 fire-danger meter (Noble et al., 1980) for

grasslands, of the McArthur FDI, includes a long-term

(slow) response fire-danger component as a function of

‘‘curing’’ (i.e., greenness of the grass), fire spread

potential as a function of wind speed, and fuel dryness

as a function of midday temperature and relative

humidity. For this research, the following Mk4

equation, as reported by McRae (2002), was used

M4 ¼ 2 exp½�23:6þ 5:01 lnðC þ 0:001Þ þ 0:0281Tx

� 0:226
ffiffiffiffiffi
hn

p
þ 0:633

ffiffiffi
u
p
� (A.10)

where C is the curing percentage, Tx the daily max-

imum temperature (8C), hn the daily minimum relative

humidity (%), and u is the daily mean wind speed

(km h�1).
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