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Abstract. Research was carried out to assess the potential of imaging radar systems for monitoring
forest fire danger. In Canada, daily forest fire danger ratings are generated by the Canadian Forest
Fire Danger Rating System (CFFDRS), based on estimates of fire weather indices (FWI) and meas-
ured foliar moisture content (FMC). To evaluate the potential of imaging radar, an experiment was
conducted using test sites consisting of jack pine, black spruce and white spruce stands located in
the MacKenzie river basin, Northwest Territories, Canada. Radar image intensity values from ERS-1
SAR imagery collected over these stands in 1994 were compared to FWI indices and FMC data. FWI
indices were calculated using data from local weather stations. Seasonal trends in radar backscatter
(σ 0) were shown to correlate with temperature and precipitation. Significant relationships were found
between σ 0 and FWI codes and indices, particularly in the case of the black spruce stands, with slow-
drying fuels, like duff moisture code (DMC), drought code (DC), and build-up index (BUI). Rates
of changes in σ 0 were related to rates of changes in FMC, particularly in the case of the jack pine
stands for old FMC and in the case of white spruce stands for composite FMC.

Key words: fire danger, fire weather index, foliar moisture content, black spruce, jack pine, white
spruce, ERS-1 SAR images, Northwest Territories.

1. Introduction

Ignition and spread of forest fires depends on four main factors: (i) the state
and nature of the fuel, i.e., proportion of live or dead vegetation, compactness,
morphology, species, density, stratification and moisture content; (ii) the physical
environment, i.e., weather conditions and topography; (iii) ignition sources (hu-
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man or lightning) and (iv) levels of fire prevention and suppression. The spatial
and long-term variability of fire danger is related to fuel types and topography,
whereas the temporal and short-term variability is related to fuel moisture content
and weather conditions. In Canada, daily fire danger ratings are generated using a
semi-empirical modular system known as the Canadian Forest Fire Danger Rating
System (CFFDRS) (Stocks et al., 1989). It combines, through simulated indices,
weather, fuel, topography and ignition parameters. The simulation is based on
moisture physics and heat transfer theory as well as empirical relationships derived
from data gathered from experimental fires and well-documented prescribed fires
and wildfires.

One of the CFFDRS subsystems, the Fire Weather Index (FWI) system,
provides numerical ratings of relative mid-afternoon fire potentials, based solely
on air temperature, wind, relative humidity and rainfall data recorded daily at noon
local standard time (e.g., Canadian Forest Service, 1987). It considers one single
fuel type, i.e., a generalized pine forest (similar to the jack and lodgepole pine
types), and three fuel layers described by codes: (a) the fine-fuel moisture code
(FFMC) for the fine surface litter, foliage, and small branches; (b) the duff moisture
code (DMC) for the loosely-compacted duff of moderate depth; and (c) the drought
code (DC) for the deep organic matter of the soil (Canadian Forest Service, 1987;
Stocks et al., 1989). The three fuel layers differ as a function of the drying rate
measured by the time-lag period, i.e., the time it takes to lose two-thirds of the
free moisture at equilibrium, when the air temperature is 20 ◦C and the relative
humidity is 40%. FFMC is related to fast-drying fuels with a time lag of half days,
whereas DMC and DC are related to slow-drying fuels, with time-lag periods of
twelve days for DMC and of twenty-five days for DC (Canadian Forest Service,
1987). The three codes are then combined into three indices: the build-up index
(BUI), the initial spread index (ISI) and the fire weather index (FWI).

Another CFFDRS subsystem, the Fire Behavior Prediction (FBP) system, pre-
dicts fire behavior for different fuel types, as a function of: (i) weather records, (ii)
topography, (iii) ignition variables and (iv) foliar moisture content (FMC in % dry
weight) because of its relationship with crown fire (e.g., Canadian Forest Service,
1992).

Both CFFDRS subsystems have the limitation of not being able to consider
variations in environmental conditions at finer spatial scales, but only produce
estimates for large geographic regions. This is because the FWI subsystem does not
account for the difference in forest types and is dependent on weather records from
widely dispersed stations. In the FBP system, fuel types represent broad categories
and the approach used to estimate FMC is a generalized semi-empirical method
that does not account for the spatial variability among different forest types nor the
temporal variability associated with climate and plant phenology.

Information derived from satellite systems offers the potential to address both
of these limitations. This rapidly-developing technology offers the advantages of
consistent, repeatable, large-area coverage, and can easily provide information
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from remote regions. In addition, remote sensing data represent in essence the
integrated response of the vegetation to the different factors influencing its status
as a fuel base for wildland fires. CFFDRS parameters that can be potentially mon-
itored using satellite data include fuel type and fuel moisture, and plant phenology.
In previous studies reviewed in Leblon (2001), fuel moisture has been estimated
both from NOAA-AVHRR normalized difference vegetation index (NDVI) images
and NOAA-AVHRR thermal infrared imagery, because of the relationship between
surface temperatures and plant dryness.

The one primary disadvantage of the AVHRR-derived information is that cov-
erage is restricted to cloud-free conditions, a limitation that can be overcome using
data acquired by active microwave sensors (e.g., the imaging radar systems on-
board the ERS and Radarsat satellites). In addition, imaging radar systems are
very sensitive to variations in the moisture conditions of the vegetation canopy,
as well as the ground layer in open canopied forests. Studies have shown that
imaging radars are sensitive to soil moisture variations in burned boreal forests
(Kasischke et al., 1995a; French et al., 1996; Wang et al., 2000) and in pine stands
with low biomass levels (Wang et al., 1994). Saatchi and Moghaddam (2000)
demonstrated a relationship between canopy moisture and radar image intensity
in jack pine forests. Finally, because of these sensitivities, Bourgeau-Chavez et
al., (1999) demonstrated that variations in radar image intensity were positively
correlated with fuel moisture indices derived for black spruce forests in interior
Alaska.

The goal of our study was to further evaluate the potential of using imaging
radar systems to assess canopy and forest fuel moisture conditions of northern
boreal forests. With data acquired during the 1994 fire season over Northwest
Territories (Canada) in black spruce, jack pine and white spruce stands, our study
first investigated how the observed seasonal variations of radar image intensity
(measured as radar backscatter or σ 0 are related to the climate parameters used
to compute the fuel moisture codes. Second, the relationship between seasonal
variations in σ 0 and the FWI codes and indices (FFMC, DMC, DC, BUI and FWI)
as well as in FNC was explored, considering the influences of tree type, biomass
and surface roughness as represented in the different forest stands.

2. Background on Imaging Radars

Studies have shown that radar backscatter (σ 0) measurements of forested areas
depend on (i) vegetation type, species, and structure (e.g., Leckie, 1990; Dobson
et al., 1992, 1995a, b), (ii) vegetation biomass (Kasischke et al., 1995b; Harrell
et al., 1995, 1997; Pulliainen et al., 1996; Saatchi and Moghaddam, 2000), (iii)
topography and surface roughness (e.g., Franklin et al., 1995; Wang et al., 2000)
and canopy height (Riom and LeToan, 1981; Dobson et al., 1995b; Harrell et
al., 1997); (iv) flooding and the presence/absence of standing water (Hess et al.,
1990; Morrissey et al., 1994; Kasischke and Bourgeau-Chavez, 1997), and (iv)
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near-surface soil moisture (French et al., 1996). A detailed review of the use of
imaging radars for monitoring terrestrial ecosystems can be found in Kasischke et
al. (1997). Leblon (2001) reviewed the use of imaging radars for monitoring fuel
moisture and fire dangers.

Three sources of moisture variation may contribute to the forest radar backs-
catter: the forest floor, the canopy (including its woody elements) and the environ-
mental conditions (rain events). Forest floor moisture of boreal forests significantly
contributed to σ 0 (Dobson et al., 1992; Rignot et al., 1994; Wang et al., 1994;
Harrell et al., 1995; Kasischke et al., 1995a; French et al., 1996; Bourgeau-Chavez
et al., 1999; Pulliainen et al., 1994, 1996, 1999; Moghaddam et al., 2000). Canopy
moisture variables were related to σ 0 acquired over various forest types (Westman
and Paris, 1987; Way et al., 1991; Weber and Ustin, 1991; Vidal et al., 1994; Beau-
doin et al., 1995; Moghaddam and Saatchi, 1999; Saatchi and Moghaddam 2000;
Leblon, 2001). Moghaddam and Saatchi’s studies used data acquired over a pine
stand with low biomass, for which the seasonal σ 0 variation can also be attributed
to forest floor moisture variations. Indeed, for similar stands, Wang et al. (1994)
showed that σ 0 variation due to soil moisture variation was on the same order of
magnitude than the one observed by Moghaddam and Saatchi (1999). Finally, rain
events increased σ 0 when they occurred prior to image acquisition (Rignot et al.,
1994; Pulliainen et al., 1996, 1999; Bourgeau-Chavez et al., 1999), but decreased
σ 0 when they occurred during image acquisition, because of attenuation by rain
(Pulliainen et al., 1996) and possible specular scattering by water droplets to the
incoming radar energy.

3. Materials and Methods

3.1. STUDY AREA

Our study area is located in the Mackenzie River basin (Northwest Territories,
Canada), between 57◦39′ and 71◦27′ North Latitude and 110◦39′ and 135◦18′ West
Longitude (Figure 1). Forests located in this region experienced a high fire oc-
currence between 1980 and 1989 and in 1994 (Gallant, 1998). It is predicted that
annual area burned in the basin will increase, and by 2050 reach 150% of the
level of 1980 (Rothman and Herbert, 1997). These predictions resulted from the
combination of (i) the actual ratio between burned areas and the Fire Weather Index
(Canadian Forest Service, 1987) (estimated from historical data between 1951 and
1980 for the Yellowknife and Fort Smith areas) with (ii) the predictable changes
in temperatures and precipitations (using the Goddard Institute Space Studies gen-
eral circulation model assuming a doubling of atmospheric CO2). The prediction
assumed climate warming will not affect fire ignition probability.

Our study area falls within the Taiga Plains Ecozone of Canada, and includes
the transitional, the boreal (taiga), and the mixed and deciduous forest zones of the
land cover map of Canada (Figure 1). Ground measurements were performed on
stands located at different sites (Figure 1) selected using the following criteria: (a)
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Figure 1. Location of the study sites on a vegetation map derived from a NOAA-AVHRR
image (after Gallant, 1998).

proximity of a weather station; (b) accessibility for field sampling; (c) variations
in latitude, longitude and elevation. All sites were located in the boreal or mixed
forest zones of Figure 1, except the Yellowknife site, which was in the transitional
forest zone. The stands also varied in terms of the composition of the coniferous
overstory (Table I).

While it would have been desirable to have a distribution of test stands that are
proportional to the area covered by each forest type within the study region, fund-
ing limitations restricted the degree of sampling that could be reasonably achieved.
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The stands used in this study are representative of the forests found in the study
area and are located on sites well distributed throughout the study area (Figure 1).
The stands were selected to not include deciduous tree species, because seasonal
variations in leaf biomass could affect the radar backscatter signature independent
of variations in fuel moisture.

3.2. MATERIALS AND METHODS

Our study used data acquired during the 1994 fire season. FWI codes and indices
were computed from dry-bulb air temperature, relative humidity, wind and precipit-
ation data acquired at the weather stations nearest to the study stands (Table I). The
computation was done using the WeatherProTM package of Remsoft Inc., which
is based on the method detailed in Canadian Forest Service (1987).

Characteristics of the overstory trees in each stand were measured, including
tree density, tree height, diameter at breast height and foliar moisture content (based
on samples of canopy foliage). Each site covered an area of 10 ha, and consisted
of pure stands of white spruce (Picea glauca (Moensch) Voss), black spruce (Picea
mariana (Mill.) B.S.P.) or jack pine (Pinus banksiana Lamb.) (Table I). In each
stand, separate samples of new, 1-year and 2-year needles were collected weekly,
beginning from the date of snow melt to the date of the first snowfall. From these
samples, foliar moisture content (in % dry weight) was determined by measuring
fresh and dry weights. Only FMC’s higher than 70% (% dry weight) were further
considered, because a lower value corresponds to dying needles that do not remain
on the branches. As already observed over coniferous stands located elsewhere in
Canada, seasonal variation of new foliage FMC in spring considerably differs from
those of old foliage FMC (Van Wagner, 1967; Canadian Forest Service, 1992). In
spring, as the foliage weight increases with the spring growth, FMC of new foliage
sharply declines and converges to a similar moisture content as the old foliage.
During the same period, old foliage FMC decreases to a minimum before the new
growth flushes and then increases to a relatively constant value. This variation is
known as the spring dip (Van Wagner, 1967; Canadian Forest Service, 1992).

For this reason, two kinds of FMC were considered in the study. The first,
referred hereafter as “old foliage FMC or FMCold”, is the FMC considered in the
CFFDRS method, i.e., the simple mean between FMC of 1-year and 2-year needles.
The second is a composite FMC value, which also accounts for new foliage FMC.
Indeed, spaceborne measurements are also sensitive to new needles that are located
towards the crown outside, while old needles are located within the crown. The new
needle FMC is included into the composite FMC value (FMCcomp) by considering
a weighting factor, as follows (adapted from Nugroho, 1999):

FMCcomp = (FMCn × %n) + (FMCold × (100 − %n)) (1)
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where FMcomp = FMC (% dry weight) of the composite foliage; FMCn = FMC (%
dry weight) of the new foliage; FMCold = FMC (% dry weight) of the old foliage;
%n = part of the new foliage within the crown (%).

The part of the new foliage within the total foliage (%n) is assumed to increase
from early spring to the end of the spring dip period, as follows:

(1) for the period before the end of spring dip (t ≤ te) (Nugroho, 1999):

%n = (t − ts)

(te − ts)
× constant (2)

with t = observed Julian date; ts = Julian date of the snowmelt; te = Julian date of
the end of the spring dip; constant = 20% for the spruce and 33% for the jack pine
(Van Wagner, 1967).

(2) for the period after the end of spring dip (t > te) (Van Wagner, 1967):

%n = constant (3)

with constant = 20% for the spruce and 33% for the jack pine (Van Wagner, 1967).
Radar image intensities were extracted from twenty-two ERS-1 SAR images re-

corded and calibrated by the Alaska SAR facility (ASF) in Fairbanks, AK (Table II)
using the procedures detailed in Fatland and Freeman (1992). The images were
acquired under the weather conditions listed in Table II. The images have a nominal
ground resolution of 30 m.

Only daytime ERS-1 SAR images (descending orbit) were used because they
were acquired close to the time when weather data were recorded to estimate FWI
indices (Table II). Each ERS-1 SAR image was processed using the EASI/PACE
image analysis package, according to the procedure detailed in Nugroho (1999).
The image processing includes: (i) image downloading, (ii) subset image creation
based on the image corners’ coordinates, (iii) geometric corrections and (iv) radar
backscatter (σ 0) computation by the following equation (adapted from Nugroho,
1999):

σ 0 = 10 × log10(a2 × DN2 + a3) (4)

where σ 0 = radar backscatter (in dB); DN = digital number; a2 = noise scaling
factor provided through the trailer file and depending on the receiving station
(1.2E − 5 for ASF); a3 = offset scaling factor provided through the trailer file
and depending on the receiving station (0.0E + 0 for ASF).

Radar image intensity is measured in a log scale because of the large dynamic
range exhibited in this data type (values can vary by two to three orders of mag-
nitude within a single scene). For reference purposes, if two radar backscatter
measurements are 1 dB different, then they vary by a factor of 1.25, if they are
2 dB different, they vary by a factor of 1.6, and if they are 3 dB different, they vary
by a factor of 2.0.
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Each stand was then located on the georeferenced images and a 10 by 10
sampling window was extracted for each study stand. This window size is statist-
ically large enough to remove speckle effect from the computed radar backscatters
(French, 1996), while at the same time, preserving the average σ 0 values. Radar
backscatters were then compared to climate parameters, computed FWI codes and
indices and measured FMC using the regression and correlation procedures of the
SAS statistical package.

4. Results and Discussions

4.1. SEASONAL VARIATION OF σ 0

Our initial examination of the radar imagery collected around the Lone Mountain
sites showed that the radar backscatter from this region might be affected by topo-
graphic influences, e.g., shadowing and radar layover (e.g., Franklin et al., 1995).
Because of this effect, the data from these sites were not used in this analysis.

Average σ 0 values for each individual stand for all dates ranged between
−7.77 dB for the white spruce stand in Fort Smith and −10.61 dB for the black
spruce stand in Norman Wells (Table III). The range of seasonal variation in σ 0 was
between 0.23 dB for the white spruce at Hay River and 2.70 dB for the white spruce
stand at Norman Wells (Table III). At the site level, average σ 0 values for all dates
ranged between −9.25 dB in Yellowknife and −10.18 dB in Inuvik (Table III). On
average, per site, the range of seasonal variation in σ 0 was between 0.72 dB in
Iunvik and 1.95 dB in Fort Simpson. Average σ 0 values for all stands and all dates
for the three different forest types were −10.01 dB for black spruce, −9.41 dB for
white spruce and −9.55 dB for jack pine. On average, per species, the range of
seasonal variation in σ 0 was 1.26 dB for black spruce, 1.21 dB for white spruce
and 1.67 dB for jack pine. Overall, the average σ 0 value was −9.67 dB, but the
σ 0 values ranged between −7.16 to −11.17 dB for all the different stands over
the entire growing season. On average, the range of seasonal variation in σ 0 was
1.34 dB.

The observed ranges of variation were similar to those observed with ERS-1 C-
VV SAR images over unburned Alaska spruce forests (0.8 to 2.0 dB in Rignot
et al., 1994; Harrell et al., 1995; Kasischke et al., 1995; Bourgeau-Chavez et
al., 1999) and with JPL AIRSAR polarimetric images over jack pine stands at
the southern BOREAS site (1.46 to 2.8 dB in Moghaddam and Saatchi, 1999;
Moghaddam et al., 2000).

4.2. INFLUENCE OF WEATHER CONDITIONS ON SEASONAL VARIATION OF σ 0

For this analysis, we assumed that the rainfall and temperatures observed at weather
stations near the site were indicative of the overall climate conditions of the test
sites. Figure 2 presents a plot of three weather parameters: (i) daily dry-bulb air
temperatures (Figure 2a), (ii) rainfall accumulated during 24 hours prior to image
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Table III. Mean, maximum, minimum and range of variation (in dB) of
ERS-1 C-VV backscatters observed over the studied sites

Site1 Species2 Mean Max Min Range M3

FS BS −10.28 −9.11 −10.87 1.76 3

WS −7.82 −7.16 −8.37 1.21 3

JP −9.75 −8.80 −10.88 2.08 3

Mean −9.28 −8.36 −10.04 1.68 3

HR BS −9.59 −8.96 −10.21 1.25 2

WS −9.83 −9.72 −9.95 1.25 2

JP −10.41 −9.65 −11.17 1.51 2

Mean −9.94 −9.45 −10.44 1.00 2

SF BS −9.81 −8.44 −10.79 2.35 4

WS −9.98 −9.01 −10.97 1.96 4

JP −9.31 −8.40 −9.94 1.54 3

Mean −9.70 −8.62 −10.57 1.95 4

YK BS + WS −9.51 −9.17 −9.85 0.68 2

JP −8.72 −7.95 −9.49 1.54 2

Mean −9.25 −8.76 −9.73 0.96 2

NW BS −10.69 −10.33 −10.89 0.56 5

WS −9.16 −7.78 −10.48 2.70 5

Mean −9.93 −9.06 −10.69 1.63 5

IN BS −10.20 −9.58 −10.52 0.95 3

WS −10.15 −9.84 −10.33 0.49 3

Mean −10.18 −9.71 −10.43 0.72 3

Mean BS −10.01 −9.27 −10.52 1.26 3

WS −9.41 −8.78 −9.99 1.21 3

JP −9.55 −8.70 −10.37 1.67 3

Mean −9.67 −8.94 −10.29 1.34 3

1FS = Fort Smith, YK = Yellowknife, HR = Hay River, SF = Fort
Simpson, NW = Norman Wells, IN = Inuvik, Mean = mean amongst all
the sties; 2WS = white spruce, BS = black spruce, JP = jack pine; Mean
= mean amongst all the species; 3Number of cases (images × dates) (one
image can have several stands).

acquisition (Figure 2b) and (iii) rainfall accumulated during 72 hours prior to image
acquisition (Figure 2c). Each parameter was collected measured at noon local time,
1 to 3 hours prior to the ERS-1 overpasses over the study sites (Table II).

Radar backscatter (σ 0) exhibits a decreasing trend with increasing air temper-
atures (Figure 2a). Several studies already interpreted seasonal σ 0 variations in



244 BRIGITTE LEBLON ET AL.

Figure 2. Plots of σ 0 versus daily weather data for (a) dry-bulb air temperature during image
acquisition; (b) rainfall during 24 hours prior to image acquisition and (c) cumulative rainfall
during 72 hours prior to image acquisition.

terms of air temperature fluctuations (Moghaddam and Saatchi, 1999; Bourgeau-
Chavez et al., 1999). Bourgeau-Chavez et al. (1999) found a similar decreasing
trend between non-freezing air temperatures and ERS-1 SAR backscatters acquired
over Alaska burned and unburned black spruce forests. These authors explained
this negative trend by the fact that high air temperatures induces plant water stress
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that can lower radar backscatter from the canopy. For our study area, 1994 was
shown to be exceptionally dry and hot (Gallant, 1998).

Precipitation was described in two ways: (a) Rn24 is the rainfall for the last 24
hours prior to image acquisition; and (b) because rainfall can affect soil moisture
(and hence σ 0), which dries over a longer-time frame than 24 hours, the 3-day
cumulative rainfall prior to image acquisition (Rn72) was also examined (see, e.g.,
Pulliainen et al., 1996). For each case, there is the suggestion that σ 0 increases with
the rainfall (Figures 2b and c). Bourgeau-Chavez et al. (1999) observed an increase
in ERS-1 SAR radar backscatter until about 20 mm cumulative rainfall, but then
the backscatter remained constant until 30 mm cumulative rainfall.

4.3. RELATIONSHIP BETWEEN σ 0 AND FWI CODES AND INDICES

Table IV summarizes the correlation coefficients between radar backscatter and
the various FWI codes and indices. The data in Table IV showed that within the
individual regions, there was no systematic relationship between the FWI codes ob-
served radar backscatter. In some regions (Fort Simpson and Alaska, for example),
significant relationships do occur, but in most regions, none exist. Fort Simpson
was already shown to be the site, where the cumulative precipitation before image
acquisition (Rn72) was the highest (Table II). This site also experienced the highest
amount of rainfall accumulated throughout the fire season. At this site, the correl-
ation was the highest for BUI (r = −0.720) and the lowest for DC (r = −0.647)

(Table IV).
When one examines correlation coefficients when specific forest types are con-

sidered across all regions, some significant patterns emerge. First, within black
spruce stands, there does appear to be statistically significant correlations between
radar backscatter and the duff moisture code (DMC), drought code (DC), and
build up index (BUI), with backscatter decreasing as each of these codes in-
creases (Figure 3). Second, there appears to be a significant relationship between
radar backscatter measured in white spruce stands and the fine-fuel moisture code
(FFMC), again with radar backscatter decreasing as the FFMC increases (Figure 4).
Finally, for the jack pine stands, a significant correlation between σ 0 and the fire
weather index, with σ 0 decreasing as FWI increases (Figure 5). The significant
relationships between σ 0 and the DMC and DC in the black spruce stands is logical
from the standpoint of the physical principles of radar scattering. In the Northwest
Territories and Alaska, black spruce stands have open canopies, with much of the
ground layer exposed to the incoming microwave radiation. Therefore, variations in
the moisture conditions of the ground layer would be expected to alter the amount
of energy scattered from these surfaces. The variations in ground surface moisture
that the radar is sensitive to also result in changes in the DMC and DC.

It seems, therefore, that σ 0 is sensitive either to fast-drying fuels, in the case
of white spruce and jack pine stands, or to slow-drying fuels, in the case of black
spruce stands. However, the lack of relationships with one or another type of FWI
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Figure 3. Relationship between σ 0 and slow-drying fuel moisture codes and indices for the
black spruce stands located both in Alaska and in Northwest Territories. Data acquired over
Alaska stands are from Bourgeau-Chavez et al. (1999). The regression relationships were
derived from the combined dataset.

indices may preclude the use of ERS-1 radar backscatters to predict fire danger.
Indeed, according to Stocks et al. (1989), single FWI codes alone cannot be used
to describe fire danger and should be considered all together to predict fire danger,
because each code represents a different fire feature. FFMC drives surface litter fire
spread, whereas DMC drives the contribution of duff to frontal fire intensity and
DC, the ground fire persistence.

Since FWI is the index used for ratings the fire danger “very low” to “extreme”
(as described in Canadian Forest Service, 1987), we also computed average σ 0

values for each fire class. These values tend to decrease as the fire danger increases
(Figure 6).
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Figure 4. Relationship between σ 0 and FFMC for white spruce stands.

Figure 5. Relationship between σ 0 and FWI for jack pine stands.

4.4. RELATIONSHIP BETWEEN σ 0 AND FMC

As reviewed in the introduction, σ 0 of forested areas depend not only on canopy
moisture, but also on (i) vegetation type, species and structure; (ii) vegetation bio-
mass; (iii) surface roughness, i.e., topography and canopy height and (iv) surface
moisture. However, for a given stand, the three first factors can be assumed to be re-
latively time constant, at least over a fire season. The effects of these factors can be
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Figure 6. Variation of mean σ 0 as a function of fire danger class (the vertical bar shows one
standard deviation).

largely accounted for in the relationship between rates of change in σ 0(�σ 0/�t)

and rates of change in FMC (�FMC/�t). At the Fort Simpson site, �σ 0/�t was
significantly correlated to �FMC/�t (r = −0.917). At this site, a significant
relationship was already observed with FWI codes and indices. It was related to
the excessive rainfall amount accumulated at this site during the fire season.

Because vegetation type and structure is largely species-dependent, we pooled
the data from all sites together per species. There was a significant linear positive
relationship with �FMCold/�t for the jack pine stands, if the stand in Yellowknife
is not considered (Figure 7c). At this site, the mean tree height, i.e., 6 m is
about half of the mean tree height at the other sites, i.e., 12 m (Table I). For
�FMCcomp/�t , there was a significant quadratic relationship for the white spruce
stands, if Norman Wells data are excluded (Figure 8b). At this site, the stand dens-
ity was excessively high (8953 stems/ha), compared to the other sites (less than
3000 stems/ha) (Table I).

For both FMC’s, there was no significant relationship for the black spruce stands
(Figures 7a and 8a). This could be related to the rather narrow tree shape of that
species, which increases the importance of the ground effect over the measured
radar backscatter. For the white spruce stands, the relationship is significant with
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Figure 7. Relationship between rates of change in σ 0(�σ 0/�t) and rates of change in old
FMC (�FMCold/�t) in the case of the Northwest Territories stands.

�FMCcomp/�t (Figure 8b), but not with �FMCold/�t (Figure 7b). This difference
between �FMCcomp/�t and �FMCold/�t can be related to the higher range of
variation of �FMCcomp/�t , because of the drastic change in new foliage FMC due
to foliage growth (Van Wagner, 1967). For jack pine stands, the significant linear
relationship obtained with �FMCold/�t on jack pine stands is derived from a small
sample (Figure 7c), but jack pine stands have a low density (956.6 stems/ha on av-
erage) compared to spruce stands (more than 3000 stems/ha on average) (Table I).
The high data scattering with �FMCcomp/�t in Figure 8c could be related to the
influence of highly variable new foliage FMC’s in spring due to foliage growth
(Van Wagner, 1967).

While both significant relationships were obtained on a small sample size, they
are in agreement with previous studies. Relationship between moisture content (in
% dry weight) and C-band backscatters were already found using an empirical
model over pigmy coniferous forests (Westman and Paris, 1987). Beaudoin et al.
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Figure 8. Relationship between rates of change in σ 0(�σ 0/�t) and rates of change in
composite FMC (�FMCold/�t) in the case of the Northwest Territories stands.

(1995) explained seasonal variations of C-band radar backscatters by change in
drought levels over Central France forests, whereas diurnal and day-to-day vari-
ations in radar backscatter measured over walnut trees followed changes in water
content (Way et al., 1991; Weber and Ustin, 1991). Semi-empirical models were
developed to relate radar backscatters to FMC of cork oak stands in French Medi-
terranean forests and (Vidal et al., 1994), to the moisture content of the young jack
pine stand located at the BOREAS Southern study area (Moghaddam and Saatchi,
1999) and to the canopy water content of various BOREAS stands (Saatchi and
Moghaddam, 2000).
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5. Concluding Remarks

We analyzed the potential use of ERS-1 SAR backscatters (σ 0) for retrieving FWI
codes and indices and foliar moisture content (FMC in % dry weight) of conifer-
ous stands located in the Northwest Territories, Canada. Seasonal σ 0 trends were
shown to depend somewhat on weather variables like dry-bulb air temperature
and the amount of rainfall prior to image acquisition. Relationships were found
between σ 0 and FWI codes and indices, in the case of the black spruce stands,
between the rate in changes in σ 0 and in FMCold, in the case of jack pine stands
and between the rate in changes in σ 0 and in FMCcomp, in the case of white spruce
stands.

These relationships are only indicative of the potential of ERS-1 images to mon-
itor fuel moisture regimes. First, they were estimated for the year 1994 which was
shown to be exceptionally hot and dry in the study area (Gallant, 1998). Second,
the revisiting period of ERS-1 does not allow a daily monitoring of fuel moistures.
However, although ERS-1 SAR images give different kind of information than
optical or thermal infrared images, they may be used as a complementary source of
remotely sensed data when optical and thermal infrared images like those acquired
daily by NOAA-AVHRR are not available because of cloudy conditions. There is
then the need to develop methods which combine radar images to optical or thermal
infrared images.

On the other hand, one may expect to have an improved usefulness of radar
images in fire danger monitoring, thanks to the recent availability of sensors having
a shorter revisiting period. For example, the 1995 launched Canadian radar satel-
lite, RADARSAT-1, has a revisiting period which allowed daily image acquisition
over the Northwest Territories, Canada (Giugni, 2000), but with a different spatial
resolution and incidence angle configuration. The use of RADARSAT-1 images in
fire danger monitoring will be investigated in a next study. The potential of SAR
images in fire danger monitoring will also be improved in the near future with
the availability of a new generation of radar sensors, like RADARSAT-2 which
will provide data having a finer spatial resolution (up to 3 m) and in a polari-
metric mode (CCRS, 1998). Multipolarization and multifrequency SAR images
were already shown to be suitable to estimate canopy water content of grasslands
(Saatchi et al., 1995) and of boreal forests (Moghaddam and Saatchi, 1999; Saatchi
and Moghaddam, 2000).
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