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a b s t r a c t

The present study is aimed at quantifying the flame radiosity vertical profile and gas temperature in mod-
erate to high intensity spreading fires in shrubland fuels. We report on the results from 11 experimental
fires conducted over a range of fire rate of spread and frontal fire intensity varying respectively between
0.04–0.35 m s�1 and 468–14,973 kW m�1. Flame radiosity, or radiant emissive power, and gas tempera-
tures were measured with narrow angle radiometers and fine wire thermocouples located at three differ-
ent heights in the flames, 0.6, 1.1 and 1.6 m above ground. Measured peak radiosity within the visual
flame region (reaction zone and free flame) varied between 41 and 176 kW m�2. Measurements within
the intermittent flame region above the visually estimated average flame height varied between 10
and 30 kW m�2. The flame vertical radiometric profile was characterized by a uniform area within the
reaction zone and lower free flame, and a decrease in radiosity with height as the measurements
approach the flame tip.

Crown Copyright � 2011 Published by Elsevier Inc. on behalf of The Combustion Institute.
All rights reserved.
1. Introduction

Fire behaviour modelling aims at developing tools that can be
used to support fire management decision-making and increase
our understanding of fire phenomena. Recent advances in fire
behaviour modelling have applied numerical methods to the theo-
retical analysis of transport processes involved in a fire [1–4]. The
fundamental description of fire and atmospheric dynamics
processes give these models the potential to fully describe the
spread of fires. Knowledge of the thermal radiation produced in
the combustion of gaseous fuels in spreading fires and its contribu-
tion to the preheating of unburned fuels is an important compo-
nent of these models [5,6]. Nevertheless, our understanding of
the fundamental properties of flames, such as, fluid temperature,
radiosity and nonsteady behaviour in wildland fires, is largely
incomplete.

Experimental fires conducted under controlled laboratory con-
ditions have been a source of detailed measurements of flame
geometry [7], fluid temperature and velocity [8,9], emissivity
[10] and radiosity, or radiant emissive power, the total energy radi-
ated per unit area per unit time, [11]. Of relevance to the present
study is the description of flame vertical radiometric profile from
011 Published by Elsevier Inc. on b
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free burning fires by Wotton et al. [11]. Using narrow angle
radiometers [12] these authors quantified the vertical variation
in the radiative properties of flames in fires spreading under no-
wind conditions. Radiation from the free flame was observed to de-
cay with height in the flame. The scale of [11] experiments still
limit the type of inferences that can be made regarding the behav-
iour of high intensity flames, as laboratory fires cannot replicate
the fuel consumption rates, flame size, radiative heat fluxes, flow
velocities and turbulence observed in outdoor fires [13,14]. Acquir-
ing such flame information presents a challenge, due to the safety
and operational constrains associated with conducting outdoor fire
experiments and the technical difficulties in instrumenting a free
spreading fire. The harsh environment associated with wildland
fire also limits the type of sensors that can be used with minimal
effect on flame structure. Butler et al. [15] measured flame
temperatures and radiant emissive power in a number of crown
fire experiments in Northern Canada [16]. Radiant emissive power
measured in these fires were more than double those of [11].
Butler et al. [15] observed a flat radiometric profile within the for-
est stand (sub-canopy and canopy space), which can be viewed as
an extended reaction zone for crown fire flames [17]. Other studies
conducted point measurements of radiant heat fluxes in shrubland
fires [14,18].

The objective of the present study was to measure the radiosity
and gas temperatures of flames spreading in shrubland vegetation,
and understand how such quantities vary with flame structure and
how they are linked with measures of fire behaviour.
ehalf of The Combustion Institute. All rights reserved.
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2. Experimental methods

2.1. Site characteristics and fuel complex

The measurements were collected as part of a multi-year exper-
imental burning program designed to characterize wind and slope
effects on fire behaviour in shrubland fuel complexes. Information
regarding the experimental burning program can be found in [19].
The sites are located in the Lousã mountain range (40�150N,
8�100W) in Central Portugal, with Gestosa located at an altitude
of 700–800 m ASL, and Gondramaz at 850 m ASL. Average plot size
and fireline width were respectively 2500 m2 and 55 m. The exper-
imental area vegetation consists of continuous (close to 100% cov-
er) shrublands dominated by the following species: Erica umbellata,
Erica australis and Chamaespartium tridentatum. Fuelbed structure
was determined by double sampling techniques [20]. Destructive
sampling of shrub fuels was aimed at determining fuel load and
bulk density by fuel particle size class and state (live or dead)
per species. As a note, the terms fuel and vegetation are used inter-
changeably here. The linear transect method [21] was used to esti-
mate composition, percent coverage, height, and volume by species
in each burn plot. Fuel age (time since last fire) varied between 16
and 20 years. Average fine fuel load (dead fuels with diameter less
then 6 mm and live fuels with diameter less than 3 mm) per plot
within the shrub canopy averaged 1.4 kg m�2 at Gestosa and
0.77 kg m�2 at Gondramaz (Table 1). The litter layer in this fuel
complex is incipient, and does not sustain fire propagation
[22,23]. Live vegetation accounts for 79% of the fuel load in Gestosa
and 72% in Gondramaz. Average fuel bed height was 0.97 m in Ges-
tosa and 0.29 m in Gondramaz. Canopy bulk density averaged
1.44 kg m�3 in Gestosa and 2.61 kg m�3 in Gondramaz. Further
information on fire behaviour dynamics in this vegetative complex
can be found in [23].

2.2. Weather and fuel moisture sampling

Wind speed and direction (6 m above ground in the open), pre-
cipitation, temperature and relative humidity were recorded by a
network of three automatic weather stations positioned within
the experimental area. The weather stations were located so that
their measurements were not influenced by fire-generated flow.
Collection of hourly observations started 2 months prior to the
experimental burns. During burns weather data consisted of
1 min averages. Fuel moisture (percent mass/oven dry mass)
samples were collected prior to ignition for each experimental fire.
Five samples were collected per dominant species and state, i.e.,
fine live and dead fuels. Live fuel moisture sampling included foli-
Table 1
Descriptive statistics for environmental variables associated with the Gestosa and
Gondramaz experimental fires.

Variable Average (St. dev) Max Min

Slope (degree) 13 (4) 24 4
Temperature (C) 18 (4) 24 10
RH (%) 57 (17) 80 26
6 m open wind speed

(km h�1)
13 (10) 29 9

Live fuel moisture
content (%) a

75 (23) 104 55

Dead fuel moisture
content (%) a

10.3 (3.1) 16 7.4

Gestosa/Gondramaz
Fuel bed height (m) 0.97 (0.37)/0.29 (0.06) 1.64/0.35 0.5/0.25
Fuel load live (kg m�2) 1.15 (0.48)/0.5 (0.08) 2.03/0.64 0.6/0.46
Fuel load dead (kg m�2) 0.30 (0.13)/0.22 (0.11) 0.50/0.33 0.15/0.12
Fuel bulk density (kg m�3) 1.44 (0.53)/2.61 (0.70) 1.88/2.71 0.99/2.40

a Fuel moisture content on an ovendry weight basis.
age and small twigs (diameter less than 3 mm) of the dominant
species. Fuel moisture samples were oven dried at nominally
100 �C for 24 h to determine their dry weight. Table 1 summarizes
the range of environment conditions under which the experimen-
tal burns were conducted.

2.3. Fire behaviour

2.3.1. Instrumentation
Local flame radiosity was measured using narrow angle radiom-

eters (NAR) [12]. These radiometers are designed with a narrow
field of view, verified experimentally to be a half-angle of 4.0�.
The radiometers sense the equivalent flame radiosity occupying
the conical volume defined by the radiometer’s field of view
(Fig. 1). Detailed description of the narrow angle radiometers is
given in [12,24]. Radiometers were calibrated using a blackbody
calibration source (Mikron M300, Mikron Instrument Company
Inc., Oakland, NJ, USA) within the temperature range 380–1100 K
(10–200 kW m�2) with steps of 100 K. The narrow angle radiome-
ters are calibrated to provide a measurement of flame radiosity at
the location viewed by the radiometer. We assume that they pro-
vide a measurement of the flame radiosity averaged over the re-
sponse of the sensor The radiometers showed a linear response
within the calibration range and have a response time of nominally
30 ms. Based on the blackbody calibration source uncertainty the
maximum NAR error was estimated to be approximately 3% at a
temperature of 1300 K [15].

Flame gas temperature was measured with small diameter bare
wire type K thermocouples (0.125 mm wire diameter/0.25 mm
bead diameter – Omega Corporation, USA). Thermocouple mea-
surements of flame temperatures are subject to errors induced
by heat transfer between the thermocouple junction and its sur-
roundings. Several authors discuss these sources of error (e.g., radi-
ation gains and losses occurring respectively before and after the
flame involves the thermocouple, conduction heat losses) and the
necessary corrections to minimize them [14,25,26]. Nonetheless,
the modification of the thermocouple surface properties as it is im-
mersed in the flame fluid and the absence of fluid velocity mea-
surements within the flame makes the application of these
corrections impractical. The thermocouple size used represents a
compromise between strength and size (large enough to survive
installation and the turbulence yet small enough to minimize error
due to radiative loss or gain). Thermocouple response time was
nominally 150 ms for both heating and cooling. Calculations by
Dupuy et al. [8], Hirano and Saito [13] and, Silvani and Morandini
[14] estimated the uncertainty associated with these fine wire
thermocouples to be between 5% and 7% of the measurement for
a peak average temperature between 1200 and 1300 K, and flow
velocities between 5 and 10 m s�1.

Radiometer/thermocouple pairs were mounted along a 1.7 m
tall tower, with sensors located at 0.6, 1.1 and 1.6 m above the
ground. Figure 1 depicts a typical setup with all radiometers mea-
suring radiation from the free flame. In some cases one or more
sensors were located within the fuel layer. In this configuration
the sensor was measuring radiation in the reaction zone. At each
measuring height the radiometer was oriented horizontally and
parallel to the direction of fire spread. The thermocouple was
placed 0.1 m to the side of the radiometer sensor to minimize error
due to instrument intrusiveness, such as the cooling of flame gases
by the presence of the tower and radiometer encasing. The tower
was insulated with an outer layer of 2.5 cm thick ceramic blanket
and aluminium foil. The tower was placed vertically within the
burn plot in a representative area of homogeneous fuel distribu-
tion, and connected to a datalogger (Campbell Scientific, Logan,
UT, USA, model CR10X) buried in a shallow hole 2 m behind the
tower. The instrument tower was located in an area that ensured



Fig. 1. Schematic of radiometer tower and detail of narrow angle radiometer (NAR) view of approaching flame.

Table 2
Basic fire behaviour information for shrubland experimental fires.

Plot Rate of
spread
(m s�1)

Intensity
(kW m�1)

Residence
time (s)

Flame
depth (m)

Flame
height
(m)

GE517 0.35 14,973 130 45.5 6
GE519 0.14 6808 86 11.7 5
GE523 – – 35 – 1.5
GE527 – – 21 – 2
GE600 0.06 1607 67 4.1 3.5
GE601 – – 18 – 1.5
GE602 0.09 2342 67 6.1 2
GE613 0.08 2465 135 10.1 3.5
GO755 0.04 468 – – 0.5
GO756 0.17 2228 44 7.6 1.75
GO758 0.06 543 21 1.2 0.75

GE – Gestosa; GO – Gondramaz.
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the fire has gone through its acceleration stage and was spreading
at its pseudo-steady state rate of spread when it reached the tower
and there were no boundary effects, i.e., proximity to experimental
plot edge. Tower placement and datalogger sheltering were accom-
plished to minimize disturbance to surrounding fuels. Data was ac-
quired at 1 Hz. The radiometer tower was used in 15 burns. Data
from four burns were discarded due to sensor damage caused by
fire or deficient positioning of sensor tower.

2.3.2. Fire behaviour descriptors
Fires were ignited as a line source with drip torches ensuring a

flame front spreading at a pseudo-steady rate of spread within
25 m of the ignition source. Fire behaviour information collected
during the experimental fires and relevant for the present study in-
cluded: rate of spread, fire intensity, residence time, and flame
dimensions. Rate of spread was determined from oblique infrared
(AGEMA THERMOVISION� 550) and visual cameras (SONY
DCR-VX2000E PAL). Individual digitized frames were sampled at
constant time intervals, varying typically from 30 s to 1 min
depending on burn duration, and georeferenced using Computer-
aided design (CAD) software (MicroStation 95). Flame front posi-
tion was determined for each image frame, followed by rectification
to a vertical plane to remove bias from the oblique view. The
rectified images were then used to determine the rate of spread
of the experimental fire. Fireline intensity (IB), as defined by [26]:

IB ¼ R �wa � h ð1Þ

with R being the fire rate of spread (m s�1), wa the fuel consumed in
flaming combustion (kg m�2), assumed to be all fuels (live and
dead) with a diameter lower then 6 mm, and h the heat released
by the combustion of fuel (assumed to be 18,600 kJ kg�1 for live
and dead vegetation [17]). Residence time was derived from the
time–temperature profiles measured in the experiments. Residence
time was assumed to be the time the thermocouple temperature re-
mained above 600 K (assumed as ignition temperature for vegeta-
tive fuels [27]) at the top of the fuel layer and indicates the
presence of pyrolyzing flames. Flame depth (FD) was inferred from
the product of rate of spread and residence time. Flame height
was estimated by averaging the flame dimension from digitized vi-
deo frames and still photographs as the flame front passed the radi-
ometer tower. For these measurements the radiometer tower was
used as reference dimension.

Table 2 summarizes the basic fire behaviour characteristics for
the 11 fires where radiosity and/or flame temperature data were
collected. Rates of spread and fireline intensity varied between
0.04 and 0.35 m s�1, 468 and 14,973 kW m�1 respectively. No reli-
able rate of fire spread data, and hence fireline intensity (Eq. (1)),
were collected in three of the fires (plots 523, 527 and 601) due to
instrument malfunction. Residence time varied between 18 and
135 s in the Gestosa experiments, and between 21 and 44 s in the
Gondramaz experiments. Low residence time values, e.g., <30 s,
were associated with low intensity burns (flame heights < 1.5),
either no wind or flanking fires, whereas the high residence times
were associated with experiments with fireline intensities higher
then 2000 kW m�1.
3. Results and discussion

3.1. General behaviour

Radiant energy emissions were collected in 11 experimental
fires. In order to smooth local fluctuations in the flame radiosity



Table 3
Smoothed (n = 5) peak radiosity and temperature measured in Gestosa and Gondr-
amaz shrubland fires.

Plot Fuelbed
height (m)

Peak radiosity (kW m�2) Peak temperature (K)

Measurement height (m)

0.6 1.1 1.6 0.6 1.1 1.6

GE517 1.4 110.2 156.5 140.8 1177 1330 1198
GE519 1.2 169.6 110.8 175.7 1175 1124 1252
GE523 1.6 68.7 48.1 22 1094 841 666
GE527 1.2 94.9 92.4 77.9 747 804 794
GE600 0.9 112.1 157.7 161.3 1306 1283 1120
GE601 0.7 127.8 113.4 90.3 790 600 625
GE602 0.5 116.5 125.4 105.2 1241 1135 1144
GE613 1.1 sm sm sm 1198 936 1007
GO755 0.3 50.1 29.6 10.1 sm 613 577
GO756 0.4 51.7 30.6 11.8 1021 764 629
GO758 0.3 40.8 16.2 28.3 818 685 608

GE – Gestosa; GO – Gondramaz, sm – sensor malfunction.
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and fluid temperature data, the collected time series data were
smoothed using a 5 s moving average. Figure 2a presents the
instantaneous and smoothed radiosity traces measured at 1.1 m
above ground in experimental fire GE602. The inset in this figure
considers the distance between the flame and the sensor. This is
based on the assumption of a constant rate of spread (Table 2),
with negative distances indicating that the fire is moving toward
the radiometer tower (located at distance = 0). Flame arrival was
assumed to occur when the thermocouple measurement reached
600 K. Figure 2b presents the variation in radiosity at 0.6, 1.1 and
1.6 m for this experimental fire. The inset of this figure shows that
the different NAR start sensing radiant energy fluxes at different
distances from the flame. For this fire, the lower NAR senses the
lowest radiosity until the flame front reaches the radiometer
tower. This is explained by the existence of vegetation obstructing
part of the field of view of the sensor while the flame front was
some distance from the tower. Fuel bed height in this plot averaged
0.51 m, 0.09 m below the lower sensor (z = 0.6 m), but fuel hetero-
geneity result in a certain amount of shrubs with heights above
0.6 m. In this experiment the top NAR sensed significantly less en-
ergy than the middle NAR before the flame front arrived (Fig. 2b).
This was caused by flame flickering, which made the flame to be
occasionally out of the sensor field of view. Other factors contrib-
uting to the lower radiosity measured by the top NAR were, cooling
due to entrainment and decreased flame depth with flame height.

As the fire reaches and immerses the NAR in hot fluid the sen-
sors will warm and induce measurement errors. As the intent of
the experiment was to quantify the flame radiosity, we were inter-
ested in the measurements performed immediately prior to and at
flame immersion. Our measurement window excluded NAR mea-
surements conducted 10 s after the arrival of the flame front. For
plot 602, peak smoothed radiosity were 117, 125 and 105 kW m�2

respectively for sensors at a height of 0.6, 1.1 and 1.6 m. Table 3
presents peak flame radiosity measurements for the various fires.
Fig. 2. Flame radiosity measured at experimental fire 602. (a) Plot of instantaneous
(dots) and smoothed (moving average n = 5) radiosity measured at 1.1 m. (b) Plot of
smoothed radiosity measured at 0.6, 1.1 and 1.6 m. Negative time values indicate
fire approaching the radiometer sensor. Time = 0 indicates arrival of flame front to
sensor. Inset x-axis assume constant rate of fire spread.
3.2. Flame radiosity

Flame radiosity in the most intense fires were measured above
150 kW m�2, reaching 161 and 176 kW m�2 in plot 519 and 600
respectively. Figure 3 depicts how the measured peak radiant en-
ergy flux varied with height above ground for each fire. The data
do not identify a definite trend relative to how radiosity varies with
height in the flame. The measurements in Table 3 and Fig. 3 are not
directly comparable between fires as fuel bed height and fire char-
acteristics are unique to each burn. The variety of fuel bed heights,
ranging from 0.3 to 1.6 m meant that sensors at a given height
were measuring distinct areas of the flame in different fires. As
an example, in all the Gestosa burns but plot 602, the lower sensor
was within the reaction zone, whereas for the Gondramaz plots all
sensors were measuring radiosity within the free flame (Table 3).
In Gondramaz 755 and 758 the top NAR was measuring radiation
above the estimated average flame height, hence above the per-
ceived visual flame height.

The low peak radiosity measured in the Gondramaz burns (be-
tween 41 and 52 kW m�2) were associated with short and narrow
flames derived from low fuel availability for combustion (a combi-
nation of lower fuel load and high fuel moisture content). The fires
in Fig. 3 with a maximum measured radiosity lower than
125 kW m�2 had flame heights lower than 2 m. These fires show
an overall decrease in radiosity with height. In this experiments
the top narrow angle radiometer (z = 1.6 m) was sensing an area
of intermittent flame presence. In the experimental fires with
Fig. 3. Peak radiosity variation with height (m) above ground for shrubland
experimental fires. Numerals indicate plot number.
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flame heights higher then 3 m (e.g., Gestosa 517, 519 and 600) an
observable increase in peak radiosity occurred from the 0.6 m sen-
sor to the sensors above. This was likely to occur because the lower
measurements were well within the gaseous fuel rich environment
of the reaction zone in deep flames. For these burns the measure-
ments at 1.6 m were just above the fuel layer height, where opti-
mal fuel – oxidizer mixing would occur. This suggests that for
high intensity flames the oxidizer limited environment of the reac-
tion zone restricts the radiant energy output within the fuel layer
and peak radiant flux emission occurs in the free flame above it.

Only a few studies report measurements of flame radiosity in
spreading fires. [11,12] applied narrow angle radiometers in shal-
low fuel layers in a laboratory setting. These laboratory fires were
conducted under a range of burning conditions with maximum
mean flame heights attained around 2 m tall. These authors mea-
sured radiant energy fluxes comparable to the ones attained in
our study in which flame heights were lower than 2 m. [11] re-
ported peak radiative emissive power of 90 kW m�2 for experi-
ments with flame heights of 2–2.2 m; whereas [12] measured
peak values of 60 kW m�2, for flames 1–1.5 m tall. [11] also quan-
tified a decrease in radiation intensity in the free flame with height.
Our results for fires with flames smaller then 2 m in Fig. 3 shows
similar trend. Silvani and Morandini [14] measured radiant heat
fluxes peaking at 51 kW m�2 on the top of the fuel array in 0.8 m
tall shrubs. Their values are consistent with our measurements ob-
tained in short and narrow flames.

Butler et al. [15] measured radiosity in experimental crown
fires, where peak flame radiant energy fluxes surpassed
250 kW m�2 in the most intense fire. By relying on two 13.8 m tall
towers instrumented with narrow angle radiometers, [15] was able
to capture both the vertical profile and horizontal variability in
Fig. 4. Flame vertical profile characteristics. (a and c) Peak radiosity and maximum tem
numbers indicate distance from tip towards flame base. (b and d) Peak radiosity and maxi
0 is located at flame tip and 1 at lower boundary of reaction zone, i.e., the ground.
radiosity. Their measurements suggest that the horizontal variabil-
ity in flame radiosity is comparable to the vertical variability when
considering the flame profile between the ground and the top of
the canopy fuel layer. By averaging the vertical flame profile of 6
experimental burns their results suggest a constant peak radiant
energy flux within the subcanopy and canopy space, which could
be considered the reaction zone of an active crown fire. These re-
sults agree with our measurements of radiant energy flux within
the reaction zone in shrubland fires. Considering the group of fires
with flame heights above 3 m, the average radiosity was 103, 105
and 101 kW m�2 for 0.6, 1.1 and 1.6 m height, respectively. As for
[15] our measurements in the tall and deep flames were limited
by the relative small dimension of our tower relative to the ob-
served flame heights. For these burns we were unable to capture
the radiant energy profile of the upper free flame.

Wotton et al. [11] considered that flame radiative characteris-
tics follow a consistent pattern as a function of the distance from
the flame tip (z0 = 0 in Fig. 1). This hypothesis considers that flames
of distinct heights, e.g., 1 and 2 m tall, will yield comparable radi-
ant energy fluxes at the same distance below the flame tip. We
analysed flame profile data considering: (1) the NAR measurement
location as a vertical distance from the tip of the flame (following
[11]); and (2) a nondimensional approach with the average flame
height to vary between 0 (visual flame tip) and 1 (lower boundary
of reaction zone, i.e., the ground). Figure 4a and b shows the verti-
cal profile of flame radiosity as a distance from the flame tip for the
data in Table 2. The data in Fig. 4 shows considerably larger scatter
than that found by Wotton et al. [11] for laboratory fires burning
under zero wind. This is likely to be the result of several factors,
namely the larger range in flame heights measured in our experi-
ments, the nonsteady ambient wind speed and localized flame
perature as a function of vertical distance from flame tip. 0 is flame tip; positive
mum temperature as a function of nondimensional position in flame vertical profile.
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front–atmosphere interactions that results in highly turbulent
flame flow. Analysis of the variation in flame characteristics con-
sidering the nondimensional flame profile shows a linear variation
in flame characteristics.
3.3. Flame temperature

Smoothed (n = 5) peak flame temperatures varied between
1200 and 1300 K in the experiments with flame height higher then
3 m, and 750–1000 K in experiments with flame heights lower
then 2 m. The lower flame temperature (i.e., <700 K) data in Table
3 originates from thermocouples located within the intermittent
flame and plume region (Fig. 4c). It is felt that the relatively low
sampling rate (1 Hz) limits the inferences that can be made from
the fires with smaller flame residence times, i.e., <30 s. Peak gas
temperatures were significantly correlated with peak radiosity
(Pearson’s r = 0.73). Peak flame temperatures correlated with flame
size, i.e., height and depth, and the measurement location in the
flame (reaction zone, free flame or intermittent flame region).
Within the subset of experiments with flame heights above 3 m
flame temperature measurements were concentrated in the rich
and persistent flame regions. In these regions of the flame the mea-
surements did not show an increase in flame temperature with
flame depth and/or height; temperatures seem to asymptote to
1250 K (Fig. 4c). The highest flame temperatures were measured
in the interface between the reaction zone and the free flame
(Table 2). The data showed a noticeable decrease of flame temper-
ature in its last meter, the area of intermittent flame (Fig. 4c). Our
results indicate flame tip temperatures between 600 and 800 K,
with the large variability in flame temperature around the flame
tip associated with the variability in flame structure due to its tur-
bulent nature and the inherent difficulty in estimating flame
height. A plot of flame temperature as a function of the adimen-
sional location within the flame (Fig. 4b) shows a linear decrease
in temperature with proximity of the flame tip.

Our peak flame temperatures were consistent with measure-
ments obtained in the persistent flame region in laboratory
[8,11,28] and outdoor shrubland fires [18]. Our peak flame temper-
atures were somewhat lower then measured within the rich and
flame region of high intensity crown fires [15] and [29]. These
authors report maximum temperatures averaging 1450 K. The rich
and persistent flame regions in these experimental fires were char-
acterized by a consistent maximum flame temperature [30]. This is
comparable to our results (Fig. 4c).
4. Conclusions

A series of outdoor experimental fires in shrubland fuels con-
ducted under variable fuel (e.g., fuel layer bulk density and load,
fuel moisture content) and fire environment conditions (e.g., slope,
air temperature, relative humidity, wind speed) provided quantita-
tive data on flame radiant energy flux and temperature profiles
over a range of flame sizes. Our measurements showed that flame
radiosity vary considerably with flame structure and size. Our
higher intensity burns yielded peak radiant energy fluxes between
150 and 175 kW m�2 and flame gas kinetic temperatures between
1200 and 1330 K. The dataset identified a radiometric gradient
within the vertical dimension of the shrubland flames. This radio-
metric profile was characterized by no change in energy flux with-
in the reaction zone and the lower portion of the free flame,
followed by decay as the measurement location approached the
flame tip. Measurements of radiative energy flux at the flame tip
showed the highest variability, likely due to the pulsating nature
of the flame, and its intermittent presence in the conical volume
element targeted by the narrow angle radiometers. In an outdoor
setting, with variable wind speed and direction, the fluctuating
nature of the flame is amplified compared to what is observed in
a controlled laboratory environment.

The comparison of our results with experimental measure-
ments of flame radiant energy flux in laboratory and high intensity
experimental crown fires reveal the significance of scale in quanti-
fying fundamental fire phenomena. Our radiant energy flux mea-
surements were substantially higher than measurements
obtained within a laboratory setting, and lower than found in ac-
tive crown fires. Peak gas temperatures in the flame seemed to
not be as affected by scale. Our measurements were consistent
with those reported from laboratory and outdoor experimental
fires [11,12,15].

The present dataset constitutes a unique description of funda-
mental flame properties that provide insight into flame dynamics
and heat transfer phenomena. The dataset has further use to cali-
brate and evaluate physical model components.
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