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This  paper  presents  observational  results  of  wind  and  plume  thermodynamic  structures  measured  during
low-intensity  subcanopy  fires.  In-situ  meteorological  data  were  collected  during  the  two  experiments
in  the  Calloway  Forest  in  North  Carolina  during  the early  spring  2010  and  winter  2011.  Plume  updraft
velocities  between  2 and  4  m s−1 were  mostly  observed  during  the  subcanopy  fires  with  fire  intensity  of
1200–2500  kW m−1.  A  maximum  updraft  velocity  of  5.8  m  s−1 and  maximum  temperature  of  100 ◦C were
recorded  at  the  canopy  top due  to  a head  fire.  Negative  vertical  velocities  observed  within  the  canopy
were  associated  with  cooler  air  temperatures  relative  to warm  smoke  plume  temperatures  during  fire
passage  at  the towers.  Increased  convection  due  to  the  head  fire  resulted  in  increased  downward  transport

−2

ow-intensity fire
lume rise
rescribed fire

from  above  the  canopy  to the  surface.  Observed  cumulative  sensible  heat  fluxes  were  52  kW  m and
169  kW  m−2 near  the  surface,  and larger  values  were  found  at mid  canopy  heights at  both  towers.  The
peak  total  heat  flux  of 50 kW  m−2 and  peak  radiative  heat  flux  of 18  kW  m−2 observed  in  2010  were
associated  with  a head  fire  moving  toward  the  sensors,  whereas  lower  values  of  19  kW  m−2 and  9  kW  m−2

were  measured  at the  tower  in  2011  as  a result  of  a backing  fire moving  away  from the  sensors.
©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Moderate to high intensity nature of forest, grassland, and
hrubland fires present great concerns for human hazard, econom-
cal loss, and community safety in the wildland–urban interface
Mell et al., 2010; Morvan, 2011). In contrast, less threatening low-
ntensity subcanopy fires common in small prescription burns, such
s those conducted in the southern United States, pose a greater
oncern for local and regional air quality. Because reduced air qual-
ty has significant impact on human health, aesthetic visibility, and
ransportation over a broad range of spatial and temporal scales,
moke from prescribed agricultural and forest burning has been a
ajor research topic in many countries around the world (Goodrick

t al., 2012).
Wind under a forested environment is highly variable, and
he presence of fire in the forest further complicates the flow.
eilman et al. (2014) suggest that impact of forest on atmo-

pheric flow and the resulting vertical and horizontal dispersion of

∗ Corresponding author. Tel.: +1 408 924 5189; fax: +1 408 924 5191.
E-mail address: daisuke.seto@sjsu.edu (D. Seto).

ttp://dx.doi.org/10.1016/j.agrformet.2014.07.006
168-1923/© 2014 Elsevier B.V. All rights reserved.
wildfire smoke emission may  be significant in the lower atmo-
spheric boundary layer. There have been a handful of field
measurements documenting in-forest winds including Sullivan and
Knight (2001) and Taylor et al. (2004). The focus of these two stud-
ies was mainly on larger scale wind variability and the field trials
were not designed for fine-scale flow measurements at the fire
front. Better understanding of low-intensity subcanopy fire dynam-
ics is necessary to improve current and newly-developed models
related to wildfire and prescribed burning smoke plume transport
and dispersion.

Plume rise and dispersion models are much improved when
more detailed information on fire location, rate of spread, and
heat are given to the models. For example, Daysmoke (Achtemeier
et al., 2011), designed for the simulation of smoke plumes from
fires, requires initial vertical velocity and temperature anomaly
as well as effective plume diameter. A recent development of a
simple three-dimensional model by Strand et al. (2009), originally
designed to simulate pheromone concentrations and transport in

a forested environment, potentially allows for prediction of near-
source smoke concentrations under different forest canopies. If the
model can be used to simulate near-source smoke plume behav-
ior and dispersion in the forest canopy, in-situ wind velocity data

dx.doi.org/10.1016/j.agrformet.2014.07.006
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2014.07.006&domain=pdf
mailto:daisuke.seto@sjsu.edu
dx.doi.org/10.1016/j.agrformet.2014.07.006
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ollected near the heat source (i.e., fire) are necessary to test the
erformance and reliability of this model. More recently, Heilman
t al. (2013) conducted two comprehensive field measurements
uring low-intensity prescribed fires in forested environments in
rder to evaluate the capability of existing coupled meteorological-
tmosphere dispersion models to adequately resolve small-scale
re-atmosphere and forest interactions. Such observational data
an be used to improve our understanding of fundamental fire-
tmosphere-canopy interactions that govern fire and smoke plume
ehavior. Additionally, recent advances in fire-atmosphere cou-
led models make it possible to resolve small-scale turbulence and
re-atmosphere interactions. In fact, some of the fire–atmosphere
oupled models have shown successful reproductions of wind and
hermodynamic structures, necessary for smoke plume model-
ng, observed during a grass fire experiment (Filippi et al., 2013;
ochanski et al., 2013). To date; however, these models and other
re-atmosphere coupled models (e.g. Linn et al., 2010; Coen et al.,
013) have not been used to simulate subcanopy fires and a suite of
bservational datasets and knowledge regarding fire-atmosphere
nd canopy interactions are needed to evaluate these and future
odels. Accurate numerical simulations require realistic heat input

alues to set up initial conditions, and those values should ideally be
btained through field experiments or numerical results validated
n similar conditions.

Both coupled fire-atmospheric and smoke dispersion mod-
ls benefit from detailed knowledge in fire-induced heat fluxes.
onvective and radiative heat fluxes are not only the two  main
echanisms for heat transfer that controls fire spread (Butler

t al., 2004; Morandini et al., 2006; Silvani and Morandini, 2009;
ruz et al., 2011) but are a direct indication of the fire’s inten-
ity. Frankman et al. (2012) measured the convective and radiant
eat fluxes from 13 wildfires including surface fires over pine nee-
le fuel. Their results showed the peak radiant heat flux values
f 18–77 kW m−2 while peak convective heat flux values ranged
rom 13 and 140 kW m−2. Silvani and Morandini (2009) showed
eak radiant and total heat fluxes of 25 and 40 kW m−2, respec-
ively, over pine needle fuel. Because there is a wide range of the
bserved heat flux values due to various measurement platforms,
urther investigation is worthwhile to characterize the heat fluxes
ased on flame height, fire intensity, or flame geometry. These heat
ux values measured under specific wind conditions and in various

uel types in the field are needed for evaluating numerical simula-
ions and improving smoke plume dispersion models (Linn et al.,
010).

Surface sensible heat flux released from the fire also deter-
ines the final height that the plume reaches. Sensible heat flux
easurements during experimental fires are far more uncommon

han convective and radiative heat fluxes, but it is an important
arameter in model simulations for representing a fireline as a line
ource of heat (e.g. Sun et al., 2006; Heilman et al., 2013). Clements
t al. (2007) measured the sensible heat flux emitted by a grass
re, which was allowed to burn under the flux tower, and Jenkins
t al. (2001) provided estimates of typical sensible heat flux values
mitted by a forest fire. Clark et al. (1999) and Coen et al. (2004)
easured the sensible heat flux from forest fires using infrared

ideo camera imagery and image flow analysis scheme. While these
easurements provided realistic sensible heat flux values that can

e used to represent heat output above a wildfire fireline in numer-
cal simulations, these values are from much higher intensity fires
han the lower intensity surface fires, suggesting limited usefulness
n simulating subcanopy fires. Realistic surface heat flux values are
ecessary to represent low-intensity fires and subsequent smoke

lume transport. Additionally, remote sensing measurements of
adiative and/or convective heat from wildfires such as Riggan
t al. (2004) provided useful information for simulating plume
ise (Freitas et al., 2007; Sofiev et al., 2012), and in-situ heat flux
teorology 198–199 (2014) 53–61

measurements serve necessary data for validating the measure-
ments from above.

The objective of this paper is to present observational results
of wind and smoke plume thermodynamic structures measured
during low-intensity subcanopy fires. Two in-situ wind and tem-
perature datasets were collected from two  prescribed burns that
took place in southeastern United States in a longleaf pine forest.
These datasets were used to compare winds and plume tem-
peratures for a better understanding of fire and plume behavior
similarities and differences in the same forest environment. Total,
radiative, and sensible heat fluxes are also discussed to provide
some quantitative insight into prescribed fires in forested environ-
ment.

2. Field experiment description

2.1. Site and fuel description

Two low-intensity prescribed burns took place on 7 March 2010
and 16 February 2011 at The Nature Conservancy’s (TNC) Calloway
Forest/Sandhills Preserve in North Carolina, USA (Fig. 1). The exper-
imental burns were surface fires under a longleaf pine canopy (Pinus
palustris Mill.) sitting on gently rolling terrain of old sand dunes.
TNC restores this forest by using prescribed fires to mimic the
natural fire-return interval, reduce fuels, and to build a healthy
habitat for the endangered red-cockaded woodpeckers. The mean
tree height (hc) was 20 m.  The soil was sandy with little to no organic
matter beyond the surface duff layer. The surface fuels consisted of
longleaf pine litter, both cured and live wiregrass (Aristida stricta),
American turkey oak (Quercus laevis), gallberry (Ilex glabra), and
regeneration longleaf pine. Although small dead tree stems and
branches were present on the ground, they were very few and did
not carry the fire. Pre-burn fuel loadings in Burn 1 (2010) and Burn
2 (2011) were 0.78 kg m−2 and 1.44 kg m−2, respectively. The man-
aged fire-return intervals over the previous ten years were 2 years
on average for Burn 1 and 3 years for Burn 2. The stand density for
Burns 1 and 2 was  203 stems ha−1 and 348 stems ha−1, respectively.
A majority of the stems were approximately 1 m mean diameter at
breast height (dbh). Further site and fuel information is summa-
rized in Table 1.

2.2. Weather

Background weather observations were made using upper-air
rawinsondes for determining stability and local vertical wind pro-
files. The rawinsonde sounding was  conducted in a large clearing
near the burns prior to ignition. For Burn 1, winds were westerly
and <5 m s−1 up to 1 km above ground level (AGL), while for Burn
2 winds were from southeast to southwest and mostly <10 m s−1

from the surface to 1 km AGL (Fig. 2). The mixing height was around
1.5 km AGL for Burn 1 and 1 km AGL for Burn 2, as indicated by
a capping temperature inversion and sharp drop in the dewpoint
temperature. The atmospheric stability below the mixing height
was neutral to weakly stable except near-surface where an unsta-
ble superadiabatic layer was observed. A relative humidity of 20%
was observed at the tower before ignition of Burn 1 and it ranged
from 13% and 18% during the burn. For Burn 2 the relative humid-
ity prior to ignition was 30% and it remained between 35% and 40%
throughout the duration of the burn.

2.3. Fire
The burn manager and interior ignition crews controlled the fire
by slowing down the interior ignition to cool down the fire when
necessary. It kept the flame height relatively low to prevent canopy
scorch. Initial backing fires (fire moving against predominant wind
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Fig. 1. A map  of experimental site showing Burns 1 and 2 and instrument tower locations (SJ10 and SJ11). Firelines are shown with orange dotted lines to give a general idea
of  the interior ignition pattern near the tower and types of fire. Direction of head fire (red arrow) and backing fire (orange arrow) are shown. Shaded areas indicate burnt fuel.
Background wind directions are also shown in large blue arrows. Blackline ignitions are not shown here but can be seen in Figs. 3 and 4. (For interpretation of the references
to  color in this figure legend, the reader is referred to the web  version of this article.)

Table 1
Burn and fuel information including the flux tower names. Fuel moisture values are averaged across all fuel beds.

Tower Burn date Latitude Longitude Size (km2) Start of hand
ignition (EST)

End of hand
ignition (EST)

Fule load Fuel moisture
content (%)

Maximum flame
height (m AGL)

Pre-burn
(kg m−2)

Post-fire
(kg m−2)

SJ10 7 Mar  2010 35.2333N, 79.369W 0.25 11:20 15:20 0.78 0.21 35 11
SJ11  16 Feb 2011 35.6360N, 79.5038W 0.71 11:00 17:00 1.44 0.21 38 2

Fig. 2. Sounding profiles of temperature (red), dew point (green), and wind speeds and directions plotted with height observed prior to the ignition; (a) at 11:20 EST on 7
Mar  2010, (b) 11:18 EST on 16 Feb 2011. Lines of dry adiabat (light brown lines), and saturation mixing ratio (blue dash lines) are also shown in the background. Statically
stable  (unstable) layers are where the temperature line is steeper (less steep) than the nearest dry adiabats, and neutral layers are where the two lines are parallel. (For
interpretation of the references to color in this figure legend, the reader is referred to the web  version of this article.)
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ig. 3. Photographs showing (a) SJ10 tower, heat flux sensor box in front of the tow
pwind of the tower; (c) and (d) flames engulfing the tower and heat flux sensors.

irection) at the downwind corner of the burn unit and along the
urn perimeter were followed by strip and spot head fires (fire mov-

ng with predominant wind direction) ignited by interior fire crews.
or both towers, the downwind side of the tower was first ignited
backing fire) before a head fire was ignited on the upwind side
Fig. 1).

Rate of fire spread was measured in Burn 2 by placing a transect
f 1 m aluminum poles perpendicular to the ignition lines, and then
he fire propagation was recorded via video by an interior igniter.
he rate of fire spread was calculated using the known distance
etween the poles and the time it took for the head fire to reach the
ole. Maximum flame height was also estimated with video and the
oles, which were painted black and white alternately every 0.3 m
Table 1).

In this paper, blackline refers to a burning technique used by
he hand igniters during the experimental burns to create a safe
re perimeter and to protect the endangered red cockaded wood-
eckers’ nesting trees and the research towers. The technique
urrounded the instrument towers with a small amount of con-
umed fuel (‘blackline’), which reduced the heat intensity directly
ear the instrument. For Burn 1, fire was allowed to approach the

nstrumented tower after the downwind side of the tower was
lacklined (Fig. 3). Given the conditions of the day the tower base
as fully blacklined during Burn 2 (Fig. 4).

. Instrumentation and data processing

.1. Instrumentation

A 20 m guyed aluminum tower, deployed within each burn unit

as equipped with instrumentation that measured wind and tem-
erature structures. Hereafter, we refer to these towers as SJ10
Burn 1) and SJ11 (Burn 2). The SJ10 was located in the middle
f Burn 1 and the SJ11 was located in the interior but near the
d blackline ignited downwind side of the tower; (b) a line of strip head fire ignited

southern edge of Burn 2 (Fig. 1). Both towers were equipped with
three 3-dimensional sonic anemometers. Two  (Sx-probes, Applied
Technologies, Inc., Colorado, USA) were custom-calibrated beyond
100 ◦C and placed at 3 m and 10 m AGL and one sonic anemometer
(Model 81000, R. M.  Young Company, Michigan, USA) calibrated
up to 50 ◦C was mounted at 20-m AGL. The sonic anemometers
recorded winds at 10 Hz.

A type-T fine-wire thermocouple (5SC-TT-T-40, Omega, Inc.,
Connecticut, USA) was placed every meter from the ground up to
20 m AGL to measure plume temperature profiles. Because small
wire and bead size reduce losses or gain due to radiant energy trans-
fer and also decrease thermocouple response time (Butler et al.,
2004), the 40 American Wire Gauge (AWG) size thermocouples
(0.076 mm diameter at bead) were used to minimize the effect of
radiation on thermocouple temperature measurements near the
flame. The thermocouple data were sampled at 10 Hz and saved to
5 Hz. Clements (2010) has shown successful measurement of plume
thermodynamic structure during a grass fire experiment using the
same thermocouple diameter.

Additionally, total and radiative heat fluxes were measured at
both tower sites using a Schmidt–Boelter gauge total heat flux sen-
sor (Hukseflux, SBG01, Delft, The Netherland) and a Gardon gauge
radiant heat flux sensor (Medtherm, 64P-50-24, Alabama, USA),
respectively. These sensors are widely used in fire research and
in fire testing laboratories to measure heat flux (Pitts et al., 2006).
The Hukseflux total heat flux and the Medtherm radiative heat flux
sensors have 180 and 150◦ field of view, respectively. The heat flux
sensors were mounted in a rectangular aluminum box, and the sen-
sor box was  attached to a fence post placed approximately 3 m from
the tower. A temperature and humidity sensor (HMP45C, Campbell

Scientific Inc., Utah, USA) was  mounted on the tower at 3 m AGL to
monitor in-canopy atmospheric conditions. Both the tower base
and heat flux sensor box were protected from the extreme heat of
the fire using fireproof insulation material. To prevent flames from
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Fig. 4. Photographs showing SJ11 tower, heat flux sensor box (indicated with a red arrow), blackline ignited around the tower, and backing fire approaching to the tower.
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For  interpretation of the references to color in this figure legend, the reader is refe

ouching the tower base, fuel immediately around the base was
emoved.

.2. Data processing

Daytime data between 09:00 to 17:00 USA Eastern Standard
ime (EST) on the day of the experimental fires were used in the
nalyses. Time series data from the sonic anemometers were first
nspected visually to remove unrealistic spikes. A despiking rou-
ine (Vickers and Mahrt, 1997) was performed to remove erroneous
pikes. During high temperature environment associated with a fire
assage, data larger than four times the standard deviation within

 1 min  moving window were replaced by linearly interpolated val-
es. We  chose ±4 standard deviations for the lower intensity nature
f our burns, based on Clark et al. (1999) and Coen et al. (2004)
ho suggested ±5 standard deviations from the mean wind veloc-

ty as plausible estimate of fire-induced wind extremes. The vertical
elocity component, w, was tilt-corrected following Wilczak et al.
2001). To calculate sensible heat flux, the sonic temperature and
ertical velocity perturbations, T ′

s and w′, respectively, were calcu-
ated by using their 30 min  mean values. In the high temperature
re periods, the mean values prior to the fire front passage at each
ower were used to represent the undisturbed background atmo-
phere. The sensible heat flux was averaged over 1 min. Timing of
re front passage at the tower was determined from the data and
erified with photos as much as possible.

. Results and discussion

.1. Wind velocities and smoke plume temperatures

In this section, 1 s averaged in-plume wind velocity and tem-
erature data were used to investigate the thermal structure of the
moke plume and associated wind motions above the fire. For Burn
, a blackline was ignited on the downwind side of the SJ10 tower
ase at 12:52 EST (Fig. 3a). At the same time, fuel approximately
0 m upwind of the tower was ignited to allow for a head fire to
ove toward the tower (Fig. 3b). Photography images indicate that

 maximum flame height near the tower was approximately 1 m
GL.

The first notable temperature rise was measured at 12:58 EST
ith a maximum thermocouple temperature of 54 ◦C near the sur-

ace (Fig. 5a), and this was associated with a backing fire passing on
he right side of the tower (Figs. 3b). Another high thermocouple
emperature of 78 ◦C was observed around 13:00 EST near the sur-
ace, and it occurred when a head fire ignited upwind of the tower
onverged with the slow moving backing fire on the upwind side

f the tower (Fig. 3d). The peak updraft velocities associated with
he fire passage were 2–4 m s−1 with the strongest updrafts mea-
ured at z = 0.5 h (Fig. 5b). Intermittent negative vertical velocities
bserved mainly at z = 0.15 h and 0.5 h were associated with cool
 the web  version of this article.)

ambient air in the canopy space (e.g. 12:59, 13:06, and between
13:11 and 13:13 EST in Fig. 6a and b), which likely originated from
above the canopy.

Fig. 4a shows a blackline ignition around the SJ11 tower in Burn
2. In contrast to Burn 1, the blackline was  ignited around the entire
tower base. The approaching backing fire is visible behind the tower
in Fig. 4b. The backing fire reached the tower around 16:04 EST
(Fig. 4c). A head fire ignited upwind of the tower reached near the
tower at 16:16 EST as measured radiative heat flux, discussed in
the next section, suggests the presence of flame nearby the sensor.
The flame heights near the tower were approximately 1 m AGL but
locally reached up to 2 m AGL.

A maximum temperature of 147 ◦C at 1 m AGL at 15:58 EST was
associated with blackline ignition around the tower (Fig. 6). Higher
Fuel loadings in Burn 2 likely resulted in the higher near-surface
plume temperatures. Despite the higher temperatures during fire
front passage, this blackline caused similar updraft vertical veloc-
ities between 3 and 4 m s−1 at z = 0.15 h to those observed during
Burn 1. The arrival of the backing fire at the tower after the black-
line was  accompanied with similar peak plume updraft velocities
between 3.0 and 3.5 m s−1 observed at z = 0.5 h and 1.0 h. Smoke
plume temperatures measured between 16:16 and 16:19 EST were
as high as 100 ◦C at the canopy top, with a maximum updraft
velocity of 5.8 m s−1 at this height (Fig. 6b). The topmost sonic
anemometer was only calibrated up to 50 ◦C, but data inspection
revealed few erroneous spikes in the wind velocity in relation to the
high sonic temperatures, and a thermocouple temperature at the
same height measured nearly the same magnitude. Therefore, we
believe this to be a good value. Increased negative vertical veloci-
ties at z = 0.15 h and 0.5 h were noticeable within the smoke plume,
similar to the observations made at the SJ10.

The relationships between the observed plume temperatures
and associated vertical velocity motions are better illustrated by
their scatter plots in Fig. 7. While larger T ′

s were observed at the
SJ10 tower at z = 0.15 h than those observed at the SJ11, similar T ′

s
vs. w scatter patterns were evident between the two towers during
the fire front passage, regardless of the difference in types of fire,
heading (SJ10: 12:57–13:02 EST) or backing (SJ11: 16:03–16:08
EST). Low-intensity subcanopy fires may  enhance the downward
motions within the canopy in response to fire-induced updrafts.
Often in forests, weak ejection motions of warm air transported out
of the forest are followed by strong sweeping motions of cool air
into the canopy (Gao et al., 1989). The observed strong downward
motions between 16:16 and 16:18 EST also increased horizontal
wind speeds within the canopy. It indicates that the downward
transport of momentum from above the canopy to the surface
occurred as a result of stronger convection associated with the

head fire on the upwind of the tower. Similar enhanced downward
momentum transport has been observed during an open grass fire
environment (Clements et al., 2007) and in simulations by Sun et al.
(2009). Fire intensity was approximately 1200 kW m−1 during Burn
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ig. 5. Time series of 1 s averaged (a) plume temperatures (b) vertical wind velocit
gnition around tower is shown in Fig. 3. The wind measurement heights were z = 1.
n  this figure legend, the reader is referred to the web  version of this article.)

 using an estimated rate of head fire spread of 0.12 m s−1 near the
J10 tower and measured fuel consumption in Table 1.

Observed average head fire spread rate of 0.14 m s−1 suggests
hat the fire intensity was approximately 2500 kW m−1 during Burn
. The higher fire intensity observed in Burn 2 may  have caused
he observed strong downward motions. These downward motions
ay  be important to the subcanopy fire behavior because they may
arry fresh air that supplies oxygen to the fire along with higher
omentum. Consequently, this type of fire-atmosphere interaction
ay  cause rapid increases in fire growth and heat release. Another

ig. 6. Time series of 1 s averaged (a) plume temperatures (b) vertical wind velocities, (c)
ere  measured at z = 1.0 h (black), 0.5 h (green), and 0.15 h (purple). Timing of blackline ig

rom  Fig. 5a to show higher plume temperatures. (For interpretation of the references to 
) horizontal wind speeds, and (d) wind direction observed at SJ10 tower. Timing of
ack), 0.5 h (green), and 0.15 h (purple). (For interpretation of the references to color

implication is that the downward motions may  be strong enough to
transport active turbulence and coherent eddies above the canopy
down to the surface fire. The enhanced interactions between the
layer below the canopy and the atmospheric layer above the canopy
due to the fire will influence the mixing process and dilution of the
smoke plume.
The impact of blackline ignition on our temperature profile and
wind velocity measurements must be kept in mind when consid-
ering these values for smoke plume rise from controlled burns. The
measured thermocouple temperatures near the surface during the

 horizontal wind speeds, and (d) wind direction observed at SJ10 tower. The winds
nition at the SJ11 tower is shown in Fig. 4. Temperature scale in Fig. 6a is different

color in this figure legend, the reader is referred to the web  version of this article.)
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ig. 7. Scatter plots of 1 s sonic temperature perturbation T ′
s vs. vertical velocity w.

right) at the SJ11 tower between 16:03 and 16:08 EST (blue dots) and between 16
egend,  the reader is referred to the web version of this article.)

re front passage may  underestimate plume temperatures near the
urface compared to those fires without the blackline. If higher
re intensity is expected due to the absence of blackline, stronger
ownward motions would promote more effective mixing within
he canopy.

.2. Sensible, total, and radiative heat fluxes

Fig. 8 shows accumulations of sensible heat fluxes Hs associ-
ted with the fire passage at each tower. At SJ10, Hs of 52 kW m−2,
easured at z = 0.15 h, was emitted into the atmosphere by a

ead fire passage. In contrast, a cumulative Hs of 169 kW m−2 was
bserved at SJ11 due to the blacklining, backing, and head fires.
he blackline ignition and approaching head fire were associated
ith relatively quick increases in Hs, whereas only the backing fire

howed a steady increase in Hs. The cumulative sensible heat flux
alues measured at z = 0.5 h were 90 kW m−2 and 180 kW m−2 at
he SJ10 and SJ11 towers, respectively, and the values decreased to
6 kW m−2 and 119 kW m−2 at z = 1.0 h, respectively. The total heat
utput from subcanopy prescribed fires may  be characterized by
ultiple increases in the sensible heat flux over a relatively long

ime period due to multiple ignition lines. Non-linear increases in

he observed sensible heat fluxes over the time indicate varying

aximum plume top heights, which place the smoke plumes into
ifferent horizontal wind transport layers between the ground and
lume top.

Fig. 8. Time series of 1 min  averaged cumulative sensible heat flu
ured during fire passage (left) at the SJ10 tower between 12:57 and 13:02 EST and
d 16:18 EST (red dots). (For interpretation of the references to color in this figure

Both towers saw total and radiative heat fluxes peaked at the
same time. The observed peak total and radiative heat fluxes were
50 kW m−2 and 18 kW m−2 in Burn 1 as a head fire moved toward
the sensors (Fig. 9). In contrast, the respective heat flux values were
19 kW m−2 and 9 kW m−2 in Burn 2 as a result of a backing fire
moving away from the sensors. The comparatively low heat fluxes
in Burn 2, despite a higher fuel loading than Burn 1, were caused
by smaller flame depth and lower fire intensity associated with
the backing fire. The secondary heat flux peak that coincided with
high plume temperatures was  associated with a head fire that did
not reach the sensor because the fuel ahead of the head fire was
already consumed by the backing fire. Most of the sensible, total,
and rediative heat fluxes occurred in relatively short period of time
in Burn 1 due to the relatively quick moving head fire, while gradual
accumulations in the heat fluxes were evident in Burn 2 associated
with the slow moving backing fire. Higher fraction of the convective
heat flux was  also evident with the head fire in Burn 1. Our  mea-
surements of the heat fluxes in Burn 1 are similar in magnitude
to the peak total heat flux of 40 kW m−2 and radiative heat flux of
25 kW m−2 observed by Silvani and Morandini (2009) during a fire
spread experiment over a pine needle fuel bed. The different fire
front geometry in front of the heat flux sensors observed in Burns 1
and 2 made for a direct comparison between their relative magni-

tudes. The measured total and radiative heat flux values in Burn 1
may  be more representative of a low-intensity subcanopy fires. The
radiative heat flux is essentially proportional to the fourth power
of the temperature of the heat source, so these maximum radiative

xes during the fire passage at (a) SJ10 and (b) SJ11 towers.
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ig. 9. Time series of 1 Hz total (red) and radiative (blue) heat fluxes measured at 

nd  the heat flux sensor box as indicated by red arrows. (For interpretation of the 

rticle.)

eat fluxes can be used directly to simulate plume rise in the future
s suggested by Freitas et al. (2007).

. Summary and conclusions

This study focused on analyses of in-situ wind and plume
hermodynamic during low-intensity surface fires in a fuel bed
ominated by pine litter fuel. The two burns took place in the same
orest with similar fuel beds, and wind velocity and plume temper-
ture data measured during fire front passage provided insight into
he similarity and contrast between the two prescribed fires with
ifferent fire types under the flux towers. Some of the key findings
rom this study are;

1) In-situ wind velocity data showed 1 Hz plume updraft velocities
mostly between 2 and 4 m s−1, represented by a fire intensity
that ranged from 1200 to 2500 kW m−1. A maximum updraft
velocity of 5.8 m s−1 and maximum temperature of 100 ◦C were
measured at the canopy top and this was associated with a head
fire (Burn 2).

2) Downward motions, observed mainly at z = 0.15 h and 0.5 h in
the subcanopy fire environment, were associated with cooler
temperatures. It was found that increased heat output may
result in increased downward motions as a result of atmo-
spheric feedback. Increased horizontal velocities were also
found with the increased downward motion (Burn2).

3) The cumulative sensible heat flux values of 52 kW m−2 and
169 kW m−2 were found near the surface (3 m AGL) at the
SJ10 and SJ11 towers, respectively, while the maximum value
occurred at mid  canopy heights at both towers. Non-linear
increases in the observed sensible heat fluxes indicate vary-
ing maximum plume top heights. The peak total heat flux of
50 kW m−2 and peak radiative heat flux of 18 kW m−2 observed
at the SJ10 tower were associated with a head fire moving
toward the sensors, whereas lower values of 19 kW m−2 and
9 kW m−2 were measured at the SJ11 tower as a result of a

backing fire moving away from the sensors.

Our data are representative of typical subcanopy prescribed
res in which spot and strip head fires are commonly used for
0 and (b) SJ11 towers plotted on logarithmic scale. Pictures below show fire front
nces to color in this figure legend, the reader is referred to the web  version of this

ignitions. While the magnitudes of the observed winds, temper-
atures, and heat fluxes from these prescribed subcanopy fires are
relatively small compared to higher intensity wildfires, including
these meteorological data collected in the low-intensity fire envi-
ronment may  have significant impact on simulating plume rise
and smoke transport. Because our data were measured under day-
time condition where the atmosphere promotes productive mixing,
different interactions may  occur under more stable atmospheric
conditions in the early morning or evening hours or under different
canopies. Nonetheless, these field observations are an important
step toward developing improved or new smoke transport models
from low-intensity burns as three dimensional wind velocity and
smoke plume temperature data near the fire are hardly available.
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