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in an experimental w

rass fires, although not as intense as forest fires, present a
major threat to life and property during periods of drought
' tly, major
urned nearly 1.6 million acres
and destroyed over 730 homes and 1320 other buildings. The
fires resulted in the death of 19 people, an estimated loss of
10,000 head of livestock, and more than $628 million in damage,
making the 2005/06 fire season the worst on record for the state
of Texas (Weaver 2006).

Research scientists and engineers have developed various
models such as BehavePlus (Andrews et al. 2005), FARSITE
(Finney 1998), and Prometheus (Tymstra et al. 2007) to describe
tire behavior as an aid to fire management. Most of these models

Fire spreading across a prairie during
an experimental burn. See Fig. 5 for
more details. emphasize fuels and basic weather conditions reflected by »

AMERICAN METEOROLOGICAL SOCIETY SEPTEMBER 2007 BAMS | 1369




surface temperature, humidity, and wind. No opera-
tional fire behavior model includes any consideration
of the potential role of convective dynamics in fire
behavior. A major difficulty in developing realistic
fire spread models is the lack of observational data in
the immediate environment of wildland fires that can
be used for validating these models. This is no great
surprise, because making meteorological observa-
tions within wildland fires is complicated at best. The
possibility of damaging expensive instrumentation
is high and the dangers to personnel are too great.
Prescribed burns, though, are typically less intense
than wildland fires and offer relatively controlled
situations in which to conduct measurements. Still,
the risk of causing damage to equipment can be high.
Very few studies have been able to describe the atmo-
spheric conditions within and during a wildland fire,
and even during prescribed burns measurements are
very limited (Clements et al. 2006).

Meteorologists and others who study forest and
range fires recognize that the existing fire behavior
models have limitations that stem from the technology
and state of the science when these models were first
developed, 20-30 years ago. There is an effort at
present to lay the groundwork for a next-generation
tire behavior model based more on physics and less
on engineering-style parameterized descriptions
of the fire environment. The vision for this system
includes complex computer models that will capture
the effects of atmospheric turbulence, stability, and
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convective dynamics. Accurate portrayal of these
factors requires knowing what happens in nature
before it can be included in a computer model, and it
is for these reasons that the potential return on any
experiments that can quantify them is significant.
Better fire behavior models potentially save lives and
allow managers to make more informed, scientifically
sound decisions.

The International Crown Fire Modeling
Experiment (ICFME; Alexander 1998) collected a
wide variety data from a number of high-intensity
experimental crown fires. Atmospheric measure-
ments included routine weather observations adjacent
to the experimental plots along with in situ wind,
temperature, and radiation measurements, as well
as aerial/surface infrared imagery. This study did
not capture high-frequency in situ measurements of
flow, temperature, and moisture suitable for exam-
ining the turbulent fluxes associated with the burn.
However, using high-resolution infrared camera data,
Clark et al. (1999) were able to calculate small-scale
velocities and heat fluxes from the infrared imagery.
This study was most likely the first to investigate the
atmospheric dynamics within a fire, and especially
that of a crown fire.

Banta et al. (1992) observed the kinematic struc-
ture of two forest fire plumes using a Doppler radar
for the first and a Doppler lidar for the second. The
lidar showed flow convergence and anticyclonic
rotation of the near-vertical convection column.
They estimated the maximum vertical velocity to be
approximately 15 m s™'. Their measurements showed
the utility of active remote-sensing platforms for the
measurement of fire plumes.

A number of other more recent studies were con-
ducted to better understand wildland fire dynamics
such as the Wildfire Experiment (WiFE; Radke et al.
2000), and the FROSTFIRE experiment (Wilmore
et al. 1998; Coen et al. 2004), which was conducted
to investigate long-term climate effects due to fire.
While these experiments used state-of-the-art digital
IR cameras, they lacked in situ meteorological mea-
surements. However, Clark et al. (1999) and Coen
etal. (2004) did produce detailed analyses regarding
heat fluxes and vertical velocities associated with
crown fires. The estimated vertical velocities were on
the order of 20-30 m s and sensible heat fluxes on
the order of 11-17 MW m~2. Both of these quantities
were derived from IR imagery.

While the FROSTFIRE, WiFe, and ICFME
experiments represent some of the more recent and
comprehensive studies to date, their ability to charac-
terize fire—atmosphere interactions is limited in some



aspects. First, these studies had limited measurement
platforms near or in the experimental fires, and for
the instrumentation that was present the sampling
frequencies were inadequate for capturing detailed
turbulent structures. Second, these studies were
conducted in complex combinations of topography
and fuels such that the fires were only one of many
factors contributing to the turbulence. The simplicity
of grass fires in flat terrain provides a better envi-
ronment for isolating fire—atmosphere interactions.
Previous studies conducted in simple grassland plots
have focused on fire growth and spread rather than
the atmospheric dynamics associated with the fire
(Cheney et al. 1993; Cheney and Gould 1995).

Numerical models of coupled fire—atmosphere
processes have emerged as viable research tools over
the past decade, and grass fires have proven to be a
popular choice for initial model testing (Clark et al.
2004; Linn and Cunningham 2005; Sun et al. 2006).
While these numerical models make it possible to
study the complex interaction between the fire and
the ambient atmosphere, the accuracy of these models
has not been adequately documented largely because
of the lack of appropriate observational datasets,
which puts significant limitations on their usage and
further improvement. Data on fire perimeter evolu-
tion, such as those provided by Cheney et al. (1993)
and Cheney and Gould (1995), are largely inadequate
for validating these models. Because wildland fire in-
volves processes ranging in scale from submillimeter
for combustion to over a kilometer for the convective
plume, it is not currently possible to discretely model
all relevant scales, forcing many of the processes to be
represented as subgrid parameterizations (Sun et al.
2006). The balance between convective and radia-
tive heat transfer that governs the evolution of the
fire is largely controlled by these parameterizations.
Measurements of atmospheric turbulent fluxes
would provide data essential to the development of
these parameterizations and supply a better means
of validating these models than a simple description
of the evolution of the fire perimeter.

In February 2005, a pilot study was conducted
to measure fluxes of water vapor, heat, and carbon
dioxide associated with a prescribed grass fire
(Clements et al. 2006). The study documented these
fluxes quantitatively using a 43-m instrumented
flux tower within the burn perimeter and a tethered
balloon sounding system immediately downwind of
the fire. The measurements revealed significant tem-
perature increases (perturbations up to 20°C), heat
fluxes (greater than 1000 W m), and CO, (larger
than 2000 ppmv) within the smoke plumes as well
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as intensification of turbulent mixing. Furthermore,
the observations revealed an increase in water vapor
mixing ratio of more than 2 g kg™' or nearly 30%
over the ambient air. These observations provided
direct evidence that natural fuel load grass fire
plumes may modify the dynamic environment of
the lower atmosphere through not only heat release
and intense mixing, but also by a large addition of
water vapor.

While this pilot study appears to be one of the first
studies to measure in situ turbulence and moisture
enhancement within a grass fire, the overall instru-
mentation and experimental design were not as
complete as needed to fully document the nature of
the mean and turbulent flows, the plume dynamics,
and the fire-atmosphere interactions. Therefore, a
more intensive study, called FireFlux, was conducted
to collect a more comprehensive set of data for model
validation.

SITE, EXPERIMENTAL DESIGN, AND
INSTRUMENTATION. Site description. The ex-
perimental burn took place on 23 February 2006 at
the Houston Coastal Center (HCC) located in central
Galveston County near La Marque, Texas, approxi-
mately 45 km southeast of the Houston metropolitan
area and 22 km from the western shores of Galveston
Bay. HCC has a number of small- to medium-sized
prairies that are categorized as Texas Gulf Coast
tall-grass prairies consisting of a mixture of native
grasses, including big bluestem (Andropogon gerardi),
little bluestem (Schizachyrium scoparium), and long
spike tridens (Tridens strictus). The experimental
prairie (Fig. 1) is 155 acres (0.63 km?) in size and
consists of 90% native species. Typically, the prairie
is managed by mowing every year in the fall and
prescribed burning every 2-5 years. The prairie was
burned the previous year for the pilot study.

Burn plan. The experiment was designed to document
the flow and turbulence characteristics of both the
fire—atmosphere interface and the plume both within
the fire perimeter and downwind of the burn area.
The primary goal of the burn was to achieve condi-
tions that mimic that of a wildfire—dry fuel condi-
tions with the fire spread being driven in the direction
of the wind. The primary concern in burning this unit
is the requirement set forth by the local fire depart-
ment for burning only on days with northerly flow,
to limit smoke impacts on a shopping center located
to the north of the HCC.

In preparation for the prescribed burn, HCC
mowed the experimental prairie extensively to create

SEPTEMBER 2007 BAItS | 1371



*® Radicsonde
1 Trader
Medium Rangea Sodar

% IR Vidso Camera
X Main Towsr [43 m)
* Marking stakes

X Short tower (10 m)
.—.Temelsonde

W Mini Soder

@ 3 mweather station
ignition kne

FiG. I. Map of HCC experimental prairie and layout of instrumentation.
White dot in middle of ignition line represents starting point
calculated by GPS, black line at southern edge indicates back burn
area, and white dashed box indicates area of cut grass.

o a tethered balloon system im-
mediately downwind of the burn
unit to describe vertical structure
of temperature, humidity, and
wind in the fire plume;

o aweather station located approxi-
mately 100 m from the northern
edge of the prairie to capture
undisturbed ambient conditions
immediately upwind of the burn
unit.

Towers. Two instrumented towers
were used for the experiment. The
main tower is a 43-m guyed tower
located within the prairie approxi-
mately 100 m from its northern edge,
while the secondary tower located
300 m south of the primary tower
was a 10-m portable tower (Fig. 1).
Instrumentation for both towers
is presented in Table 1. To reduce
the risk of instrument damage, the
grass around each tower was mowed

safety corridors all around the prairie. Initial plans
were to simply ignite the field from the upwind edge
(i.e., a headfire) and allow it to move past the in-
strumentation in order to closely simulate a natural
grass fire. Because the hope was to burn with mod-
erate winds, the original burn plan did not include
any effort to light the downwind edge on fire (i.e., a
back burn), which would widen the safety zone on
the downwind side of the fire before the subsequent
head fire reached that side. However, on the day of
the burn, projected fire intensities were at the upper
limit of what was deemed acceptable and mandated
some black lining along the southern edge of the
prairie and around the sodars for increased safety of
personnel and equipment. There was no black lining
around the towers.

Instrumentation and measurements. The meteorologi-
cal instrumentation deployed during the experiment
included the following:

o tower-based high-frequency turbulence measure-
ments at two locations within the burn perimeter
to capture and characterize the turbulent nature
of the atmosphere;

o two sodarslocated on the east and west sides of the
burn unit to capture the vertical wind structure;
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prior to the burn out to a distance of

approximately 5 m from the base and
fireproof insulation (Cotronics, Inc.) was wrapped
around the base of the towers up to 2.5 m (Fig. 2a).
Data were collected using Campbell Scientific, Inc.
CR5000 dataloggers and transferred in near-real
time to a computer located inside the data acquisi-
tion trailer over Ethernet via buried fiber optic cable
(43-m tower) and RF modems. High-frequency data
from the 10-m tower were stored on a memory card
in the datalogger.

Sonic anemometers fail in high-temperature
environments. Even so, sonic anemometers are
the most economical and suitable in situ platform
to measure fluid phenomena that occur on time
scales of seconds and minutes, such as wildland
and range fires. While micrometeorological flux
towers are typically used to study turbulent fluxes
of heat, momentum, and water vapor over seasonal
and annual temporal scales, the same instrumen-
tation can be used to study the dynamic structure
of a grass fire as it spreads through a native fuel
bed. In the case of this experiment, heat and tem-
perature extremes associated with the fire caused
some instrument failure and minor damage (i.e.,
broken thermocouples, cabling, etc.). However,
these standard instruments performed better than
expected and allowed for the first time the collection
of valuable observations of the dynamic nature of



Platform e Variables Measurement height Sampling
(m AGL) frequency
3D sonic anemometers .
(R.M. Young 81000) u v, W, t? 2.1, 10, 28.5, and 43 20 Hz
LI-COR 7500 open-path gas analyzers CO,and H,O 10 and 28.5 20 Hz
Type T thermocouples Temperature Total of I5 mounted between | Hz
(Omega, Inc., 5SC-TT-40) P 0.l and 43 m
Type-K fine-wire thermocouple Temperature 2.1 m on sonic anemometer 20 Hz
(Omega, Inc., CHAL-0005) P :
Kipp & Zonen CNBI four-component Net radiation 6.9 | Hz
net radiometer
Ma("':;::’;’er Heat flux plates (REBS, HFT-3) Soil heat flux ~0.04 | Hz
Soil temperature thermocouple probe
(CSI TCAV), Temperature 0.04 | Hz
Soil water content probe (CSI CS-616) Moisture content —-0.04 | Hz
Ceramic type-K thermocouples
(Omega, Inc., XC-24-K-12) Fuel temperature 2.1, 1.73, 1.47,0.6, 0.13 | Hz
Mean wind speed
R.M. Young 5103 anemometers X k 2,10, 20, 43 | Hz
and direction
CSIE5500 temperzture/RH probes MR 2, 10, 20, 43 | Hz
and RH
3D sonic anemometers
t -9,
(R.M. Young 81000) huw 2ty ) 20 Hz
CSI KH20 hygrometer Water vapor 2.3 20 Hz
. Mean temperature
Vaisala, Inc., HMP45C probe and RH 2 | Hz
Heat flux plates (REBS, HFT-3) Soil heat flux —-0.04 | Hz
Short tower Soil temperature thermocouple probe TR ~0.04 | Hz
(10 m) (CSI TCAV),
Soil water content Probe (CSI CS-616) Moisture content —-0.04 | Hz
Ceramic type-K thermocouples
(Omega, Inc., XC-24-K-12) Fuel temperature 0.47, 0.89, and 1.4 | Hz
Type-T thermocouples Omega, Inc.
(5SC-TT-40) Temperature 2,510 | Hz
Type-K fine-wire thermocouple .
(Omega, Inc., CHAL-0005) Temperature 2.3 m on sonic anemometer 20 Hz

2= sonic temperature

CSI = Campbell Scientific, Inc.

the fire—atmosphere interface before, during, and
after the passage of the fire front.

Postprocessing of the sonic anemometer data
proved to be a challenge because despiking routines
would eliminate most of the observed sharp increases
in the wind and temperature fields associated with
the fire front passage. Instead, data were bounded by
maximum and minimum values that were associ-
ated with invalid data. These data were determined
by visual inspection of actual instrument output
voltages. Eliminated points in the time series were
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then used to flag data points in other fields. For
example, if the recorded voltages were at the maxi-
mum of the instrument output, then each variable at
that time was flagged and set to “invalid”. After the
data were bounded, tilt corrections were applied by
use of the planar-fit method (Wilczak et al. 2001).
Moisture influences on the sonic temperature were
corrected following Schotanus et al. (1983).

SoDAR sysTEMs. Two Doppler sodars were operated for
the experiment. A medium-range sodar (Scintec, Inc.,
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WEATHER STATION. Back-
ground meteorological
measurements were made
using a basic weather
station located upwind
and outside of the burn
perimeter (Fig. 1). This site
consisted of a 3-m tripod
that included a Vaisala,
Inc., HMP45C probe to
measure temperature and
relative humidity and R.M.
Young 3001 cup and vane
sensors to measure wind
speed and direction. Data
were sampled at 1 Hz and
stored as 1-min averages to
a CR-23X datalogger.

In addition to these
meteorological instruments,
a digital infrared video
camera, digital SLR camera,

FiG. 2. Photographs of main tower base (a) after burn showing protection around
sonic anemometer and tower, (b) mini sodar (Remtech, Inc., PAO) after burn,
and (c) tethersonde system deployed in tower mode with five sondes.

MFAS-64) is operated continuously on site next to the
prairie, consistently providing wind profiles at 10-m
vertical intervals from the first gate (set at 30 m AGL)
up to 600 m AGL. The minimum averaging period
for this sodar was 10 min. The second sodar deployed
for the experiment was a mini sodar (Remtech, Inc.,
PAO; Fig. 2b) and was operated on the day of the burn
starting at 0600 Central Standard Time (CST). This
sodar was positioned approximately 150 m east of the
south tower in the cut area.

SOUNDINGS AND TETHERSONDE SYSTEM. An

and multiple digital video
cameras were used to docu-
ment fire behavior and fire
spread rate. Orange markers
were placed in the fuel at
10-m intervals from 50 m north to 300 m south of the
main tower to aid in spread rate determination.

PRELIMINARY RESULTS. Fuel conditions and fire
behavior. On the day before the burn, total fuel loading
(mass of fuel per unit area) was estimated through
destructive sampling of ten 0.38 m x 0.38 m plots.
Locations of the 10 samples were determined via a
random walk process. The mass of the 10 samples
is given in Table 2. Based
on these samples, the fuel
loading for the burn unit is

RS-92 GPS radiosonde was launched Sample Mass (kg) estimated to be 1.08 kg m=
onsite at 0655 CST on the morning of l 0.171 (or 4.8 tons acre™), which
the burn to document the background 2 0.137 is more than 50% higher
atmospheric conditions for the burn. 3 0.149 than the 3.0 tons acre™!
The tethersonde system (Vaisala, Inc.) 4 0.130 of the standard tall-grass
was used in the tower mode (Fig. 2¢) 5 0.239 fuel model (fuel model 3 in
with five sensors located at fixed Anderson 1982).

heights of 3, 10, 50, 80, and 130 m 6 0.137 Fuel moisture content
AGL, respectively. The sensors can 7 0.224 (the ratio of the differ-
measure winds, temperature, and 8 0.127 ence between the wet and
humidity at 1-Hz sampling rate, but 9 0.193 oven-dried weights to the
with five sensors this sampling rate 10 0.066 oven-dried weight) was
was reduced due to the time required measured for three of the

Mean 0.157

to sequence through each sensor.

above samples plus a fourth
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sample collected the morning of the burn (Table 3).
Note that these samples were not exclusively dead
vegetation as all fuels (live + dead) within the sample
plot were collected. Live fuel was estimated to consti-
tute between 3% and 5% of the total fuel load. Since
live fuel moisture values are typically much higher
than dead values, a small percentage of live fuel can
dominate the measurement. Assuming 4% of the fuel
collected was live with a moisture content of 200%,
the dead fuel moisture content can be estimated
to be between 11% and 19%. Using temperature
and humidity observations (14.5°C and 80%) from
the morning of the burn (0900 CST) and the fine
fuel moisture tables of the fire behavior appendix
of the National Wildfire Coordinating Group Fire
line Handbook, the dead fuel moisture content is
estimated to be 13% at the time of sampling, which
is in good agreement with the measured data when
the live fuel component is considered. Continued
drying of the fine dead fuels as estimated from the
tables indicates that dead fuel moisture levels were
approximately 9% at the time of the burn (tempera-
ture of 17.7°C and relative humidity of 63%).

Fire behavior (rate of spread, flame length, and heat
release per unit area) was estimated using the Behave-
Plus application (Andrews et al. 2005) and observed
weather conditions at the time of the burn. Using the
average wind speed measured at 2 m (3 m s™), the
predicted rate of spread for the fire is 0.68 m s™ with
aflame length of 5.1 m and an estimated heat released
in the flaming area of 11.4 k] m~. With this rate of
spread, the estimated time to burn the study area
is approximately 18 minutes, with the fire reaching
the main tower in approxi-
mately 3.3 minutes.

Using an abandoned
tower near the north-
west corner of the burn
unit, images from a digi-
tal infrared video camera
located approximately 10 m
AGL were used to docu-
ment the early stages of the
fire development just after
ignition (Fig. 3). Figure 4a
shows the development of
the fire one minute after
ignition began. Images
in Figs. 4b,c,d occur at
10-s intervals thereafter.
Maximum temperatures
recorded during this 40-s
period ranged from 752°C
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TaBLE 3. Fuel moisture subsamples.

Sample Wet mass Dry mass Fuel moisture
(kg) (kg) (%)
3 0.149 0.118 263
6 0.137 0.111 234
9 0.193 0.158 222
Dbau’;gf 0.154 0.130 18.5

in Fig. 4a to 834°C in Fig. 4d. Peak fire temperatures
showed similar variability as the fire approached the
main tower approximately 3 minutes after ignition,
ranging from 767° to 835°C, with an average of
809°C.

The evolution of fire behavior and fire line
propagation was documented with time lapse pho-
tography using a tripod-mounted digital SLR camera
(Canon Rebel XT). The camera was focused on the
main tower, including the markers north and south.
Figure 5 shows a photo time series of the head fire
as it approached and passed the main tower. The
time listed in each panel in Fig. 5 corresponds to
the datalogger time on the tower. In the first panel
(1246:02 CST), the head fire is approximately 45 m
from the tower and there is significant smoke and
soot in the plume, which is tilted in the downwind
direction. At this time, most of the plume impinges
on the upper levels of the tower. This can be com-
pared with thermocouple measurements shown in
Fig. 6. In Fig. 6a, the temperature increase of the
upper plume is not as strong as observed at the lower
levels due to the entrainment of environmental air

FiG. 3. Photograph of westward ignition (1243:30 CST). The 43-m main tower
is shown in the background. Photo by Glenn Aumann.
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FiG. 4. Infrared image sequence covering the ignition of the experimental
burn. Peak temperatures measured were (a) 796°, (b) 774°, (c) 760° and (d)

834°C.

from outside of the plume. The temperature increase
of the upper plume occurred much sooner than at
the mid- (Fig. 6b) and lower (Fig. 6¢) levels. As the
lower plume and head fire approach the tower base,
stronger (Fig. 5; 1246:32 and 1247:02 CST) increases
in temperature occurred, as indicated in Fig. 6 in
all panels. The maximum temperature measured
within the plume was 295°C and occurred at a height

12:46:32 CS T

of 4.5 m at 1246:45 CST
(Fig. 6b) and corresponds to
a time in the photos when
the head fire is just passing
the tower. This maximum
represents plume tempera-
ture and not the in-fuel gas
temperature associated with
the actual fire. The maxi-
mum recorded temperature
in the fuel was 751.5°C. This
temperature was the tem-
perature recorded at a height
of 0.2 m near the base of the
fuel bed. Radiation effects on
the actual temperature are
somewhat limited because of
the relatively small diameter
of the thermocouple and its
placement within the dense
grass fuel at the surface.
The tilted structure of
the fire plume indicates an
environment that is associated
with wind shear. In addition, regions within the
plume are much cooler and are associated with the
entrainment of environmental air. These regions are
indicated in Fig. 6 as sharp decreases in plume tem-
perature as the plume passed the tower and indicate
strong mixing within the entire depth of the plume. The
tilted-plume structure during FireFlux is similar to that
found during the pilot study (Clements et al. 2006).

Fic. 5. Photo time series of fire spread, fire behavior, and fire line propagation. Listed times are corrected to
the data logger clock. Main tower is shown and is used as a reference point.
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Observed flow and turbulence structure. Fire—atmosphere
interactions create very complex flow structures
near the earth’s surface. The influence of the fire
front on the surface layer

nearly tripled in magnitude from approximately 3 to
over 10 m s'. Coinciding with this increase in hori-
zontal wind speed is a period of strong updrafts and

during FireFlux is shown = (a) Upper

in Fig. 7 using a time series Ly

of 1-s-averaged 2-m wind 80

and temperature obtained 601

from the sonic anemom- i

eter and fine-wire thermo-
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arrow). Wind direction 000 A
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(1246:40 CST; Fig. 5) wind
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back to the ambient north-
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(a)

Fic. 7. Time series of I-s
average data from the 2-m
sonic anemometer on the f@
main tower. (a) Wind speed

Fic. 6. Thermocouple measurements of temperature at different levels on
the main tower, (a) the upper levels, (b) the midlevels, (c) the low levels, and
(d) the fuel temperatures measured away from the tower.
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downdrafts reaching speeds of nearly 5 m s™* (Fig. 7b).
Just as the fire front passed the tower, a period of
downward motion occurred, as indicated in Fig. 7b
with the small red arrow. This period was compared
to the video and time-lapse photography and is
actually associated with the formation of a horizontal
vortex immediately ahead of the fire front. This was
visually indicated by soot particles dropping out in
front of the head fire. Maximum 1-s-averaged tem-
peratures at 2 m at the time of the fire front passage
were on the order of 200°C, as measured by the
fine-wire thermocouple, while the maximum sonic
temperature was limited to the instrument limit of
50°C. Upper levels of the plume were associated
with the strongest vertical velocities of ~10 m s™ (not
shown), when compared to surface values. The largest
downward motion also occurred in the upper plume
after the fire front passed. This consistent downward
motion has also been shown in model simulations to
occur behind the fire front (Sun et al. 2006).

Plume moisture concentrations can increase
dramatically due to the combustion of the fuels
from the fire (Potter 2005). Water-vapor mix-
ing ratios obtained from the tethersonde system
located immediately downwind of the burn area

within the tolerable range of the tethersonde system,
strong downdrafts pushed the balloon down and as
it regained upward buoyancy, the force was strong
enough to break the carabiner that connected the
tetherline to the balloon. At this point all five teth-
ersondes fell to the ground. Despite this loss, data
up to that point show interesting plume features that
warrant mention here. Water vapor mixing ratios
were initially at 8 g kg™ at 1030 CST, and began
to decrease slightly to 7.5 g kg™. At approximately
1210 CST, the back burn along the southern edge of
the prairie was initiated and the moderate plume
associated with this had instantaneous mixing
ratios at the 3-m level of up to 10.5-11.8 g kg™ while
1-min-averaged values were on the order of only
8.5-9.0 g kg™'. Mixing ratios obtained from the
humidity probes on the main tower (not shown) in-
dicated greater increases of up to ~2.5 g kg™, but for
the main plume, which was much more intense than
that produced by the back burn. These increases
are important because they show the amount of
moisture released due to the fire’s consumption of
native coastal grasses. Clements et al. (2006) showed
similar increases from this prairie during the pilot
study with much wetter surface conditions and less
fire intensity.

Figure 9 shows the time
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-l
=T,

— 10m

w

(=]

6

series of 1-min-averaged-
sensible heat fluxes for each
of the four levels on the

+
+
O main tower. The heat flux

magnitude increases with
height even though the
lowest level closest to the
fire front had the highest
measured temperatures
(Fig. 6). The magnitude
of heat flux is greatest at
43 m, and there is a delay

11:30:00 12:00:00

Time (CST)

10:00:00 10:30:00 11:00:00

FiG. 8. Water vapor mixing ratio obtained from tethersonde system downwind
of the burn unit during black lining operations. Solid lines are |I-min-averaged

values and crosses are 10-s instantaneous values.

are shown in Fig. 8. One-minute-averaged and 10-s
instantaneous mixing ratio values are plotted from
1005 to 1255 CST. Data after this point are missing
due to the loss of the tethered balloon as a result of
strong vertical downdrafts during the initial plume
impingement on the balloon. While maximum
horizontal winds were similar to those observed at
the main tower during fire passage (~10 m s™') and,
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12:30:00 13:00:00  intheincreases of heat flux
on the lower levels. This
delay is consistent with
the observed temperatures
measured by the thermo-
couples (Fig. 6). The maxi-
mum kinematic heat flux was ~25.8 Km s, which is
approximately 28.5 kW m~. While these large values
seem high given the circumstance of the measure-
ments, the in situ-measured fluxes are actually less
than expected due to the maximum temperature
limits of the sonic anemometry. We can estimate
however, the heat flux using the observed values at

2 m of w~5m s! and the instantaneous values of the



FiG. 9. Sensible heat fluxes calculated for each level of
the main tower.

2-m fine-wire thermocouple, T, of ~200°C, to arrive
at values of wT_ of about I MW m™. This magnitude
is more reasonable for heat flux associated with mod-
erate wildland fires and similar to that estimated by
Clark et al. (1999).

Fire-induced flow. Observations of wind and tempera-
ture structure taken from all levels on the main tower
provide a unique opportunity to develop a conceptual
model of combustion-zone winds associated with a

description of the surface flows and verification
by direct observation of the convergence zone that
should be present in the region just ahead or down-
wind of the fire front. While the wind direction did
not change dramatically, the wind speed did. As
the fire front approached, surface wind speed more
than tripled. At the upper levels of the plume, there
were large increases in wind speed, but not as long
in duration as observed at the surface. Before the
increase in wind speed occurred, there was a brief
calm period that coincided with the initial increased
updrafts. This calm period is associated with low-
level convergence ahead of the fire line; however, this
convergence zone was farther ahead of the fire than
previously thought. At the time of fire front passage,
horizontal wind speeds increased due to fire-induced
circulations; background winds observed outside
the burn perimeter (not shown) remained constant
at this time.

Measurements from the south tower also indi-
cate interesting fire-induced circulations ahead of
the fire front. Figure 10 shows a similar time series
to that shown in Fig. 7. At 1246:00 CST, 2-m-level
winds shifted from northeasterly to easterly and
then at ~1247:15 CST, the winds became calm and
shifted to southerly, indicating inflow into the
approaching fire front. This feature is very similar
to that shown in Fig. 7 for the fire-induced winds.
Soon after (~1248:15 CST), the winds became easterly

fast-moving head fire in tall
grass fuel. First, the surface 15 T
winds do not change in

w0
. . E
direction for more than a g P . 180 &
L 4 k|
few seconds. For example i o B AL 190
. ) pie, o e ety N P ' = s .
the winds shifted from 1240 1242 12:44 1248 12:48 12:52 12:54 12:56 13:00

north-northeast to south-
easterly for only a few
seconds, and then shifted
to northwesterly before

shifting back to the am- 3 ' : L
: ) ) 240 1242 1244 1248 1248 1280 1252 1254 1286 1256 1300
bient flow direction of
northeasterly. This may
. 200 T T T T T T T T 3
be due to the location of 1sof® 3
the apex of the head fire oy S | 3
. : = I
being very close and just sof A1 3
s o E
to the west of the tower. 9 L I L I L ! L ! L
1240 1242 1244 1248 1248 1280 1282 1256 1258 1256 1300
Observers on the west flank Tk STy

of the fire noted very strong
west-northwest winds as
the head fire approached.
Thus, an array of towers
aligned east-west would
have provided a better

Fic. 10. Time series of |-s average data from the 2-m sonic anemometer on
the south tower. (a) Wind speed is indicated by the blue line and wind direc-
tion by black circles. (b) The vertical velocity, w, where blue crosses are the
instantaneous 20-Hz tilt-corrected values and the solid black line is I-s data.
(c) Fine-wire thermocouple temperature (T). (a) The convergence zone is
indicated by CZ.
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and increased in magnitude to over 10 m s™'. At
1250:10 CST the winds became calm again as vertical
motion was very strong. Instantaneous upward verti-
cal velocities were ~7 m s™' and downward velocities
were over 4 m s™'. This motion is associated with the
horizontal vortex that occurred immediately in front
of the fire front as observed at the main tower. Just
after the vortex passed the tower, the fire front passed
as indicated by the dramatic increase in temperature
(up to ~180°C). At ~1250:30 CST, winds immediately
switched to a steady northerly flow while downward
motion occurred for the next 1.5 minutes. This period
is associated with the downdrafts that occur behind
the fire front and horizontal winds that cross the
fire line.

Mechanisms that are responsible for the formation
of fire-induced winds have been discussed extensively
in the literature (e.g., Church et al. 1980; Haines
1982; Heilman and Fast 1992; Heilman 1994; Clark
et al. 1996; Sun et al. 2006). The modeling studies
of Heilman and Fast (1992) and Clark et al. (1996)
suggest that the convection column is linked to the
fire at the surface and tilts in the downstream direc-
tion with height when ambient winds are present.
This is observed in the tower thermocouple data
(Fig. 6) as the plume impinges on the upper levels of
the tower first. These modeling studies also suggest
that the effect of the downstream tilting shifts the
center of low-level convergence ahead of the fire front.
If the convergence zone remains in front, but adjacent
to the fire line, then the flow will be continuously
induced across the fire line. More recently, Sun et al.
(2006) suggested another mechanism for fire-induced
winds. They show that fire-induced flow across the
fire line is caused by downdrafts that are formed
from the interaction between the fire plume and
large eddies in the convective boundary layer. Their
simulations show regions of convergence ahead of
the fire line and areas of strong downdrafts directly
behind the fire line that contribute to cross-fire line
tlow. They suggest that the role of the downdrafts
is to bring higher momentum aloft to the surface,
increasing the rate of fire spread.

Observations from FireFlux also indicate the pres-
ence of downdrafts just behind the fire front (Fig. 7).
While Sun et al. (2006) present vertical velocities
at 147 m AGL, our measurements are at 2, 10, 28.5,
and 43 m AGL and indicate similar magnitudes.
Their simulated plots are 3 times larger in length
than the prairie burned during FireFlux and so a
direct comparison may not be valid. The time series
photos in Fig. 5 also show that at the time of the fire
front passage, the upper levels of the tower were in
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clear air and indicate entrainment of air from aloft
by downdrafts. Downward motion did, however,
continue to occur sometime after the fire front had
passed.

SUMMARY AND CONCLUSIONS. This
paper presents an overview of a field experiment
aimed at better understanding the atmospheric
dynamics of wildland grass fires and providing a
dataset for fire~atmosphere model development and
validation. The FireFlux experiment represents the
most intensively studied fire—atmosphere interac-
tions associated with a grass fire to date. Preliminary
results indicate that fire-induced flows are very
complex and that large upward vertical motion on
the order of 10 m s™' can be associated with small
grass fires while downward vertical motion occurs
behind the fire line, confirming the simulations
performed by Sun et al. (2006).

Key preliminary findings from this study
include the following:

e Maximum measured sensible heat fluxes were
~28.5 kW m™ and occurred in the upper plume
rather than near the surface. However, estimated
instantaneous near-surface heat fluxes were on the
order of 1 MW m™.

o Observed fire-induced surface winds were 2-3
times the background ambient winds. A similar
doubling in wind speed for fire-induced winds was
observed through IR image analysis for intense
crown fires (Coen et al. 2004).

o A convergence zone formed ahead of the fire line
and was indicated by a surprisingly short period
of very weak inflow at the surface.

e Observed instantaneous upward vertical veloci-
ties were on the order of 10 m s and downward
vertical velocities were ~5 m s™'. Updraft velocities
were similar in magnitude to those observed by
Banta et al. (1992) for wildfires. While the updraft
velocities of Coen et al. (2004) were stronger by a
factor of around 2.5, the sensible heat flux from the
crown fire was an order of magnitude greater.

o Fifty meters downwind of the burn perimeter,
turbulent downdrafts at 130 m AGL were strong
enough to push the tethered balloon downward to
the point where the upward return motion broke
the carabiner that attached the balloon to the
tetherline.

e Vertical temperature structure showed that
stronger temperature increases occurred at higher
elevations much earlier than near the surface due
to the forward tilting of the plume.



o Observations of soot falling just ahead of the fire
front indicate strong downward motion near the
surface that can be attributed to a horizontal roll
vortex just in front of the head fire.

o Water-vapor mixing ratios increased ~1-2.5 gkg™!
within the plume as measured downwind of the
burn unit, confirming similar results from Clements
et al. (2006).

FireFlux produced a wealth of data, of which only
a small fraction has been presented in this paper.
More detailed analyses of the momentum, moisture,
heat, and turbulent kinetic energy budgets associ-
ated with the head fire are planned in addition to
a full analysis of the CO, measurements. A goal of
FireFlux was to provide as comprehensive a dataset
as possible on fire—atmosphere interactions that can
be used for developing and validating the next gen-
eration of fire behavior tools. Modeling studies of
the FireFlux burn are currently underway that hope
to use FireFlux measurements to improve/validate
model parameterizations. While the previous genera-
tion of fire behavior models was content at being able
to describe the evolution of the fire front, the focus
of the next generation of physics-based fire models
is to get the evolution of the fire perimeter right
for the correct reasons. Advancing the state of the
science, which serves as the foundation upon which
the next-generation fire models will be based, will
allow fire managers to make more informed, scien-
tifically sound decisions, and develop more effective
fire management strategies that help protect property
and save lives.
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