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Abstract: Prescribed burning is a cost-effective method for reducing hazardous fuels in pine- and oak-
dominated forests, but smoke emissions contribute to atmospheric pollutant loads, and the potential
exists for exceeding federal air quality standards designed to protect human health. Fire behavior
during prescribed burns influences above-canopy sensible heat flux and turbulent kinetic energy
(TKE) in buoyant plumes, affecting the lofting and dispersion of smoke. A more comprehensive
understanding of how enhanced energy fluxes and turbulence are related during the passage of
flame fronts could improve efforts to mitigate the impacts of smoke emissions. Pre- and post-fire
fuel loading measurements taken during 48 operational prescribed burns were used to estimate the
combustion completeness factors (CC) and emissions of fine particulates (PM; 5), carbon dioxide
(CO,), and carbon monoxide (CO) in pine- and oak-dominated stands in the Pinelands National
Reserve of southern New Jersey. During 11 of the prescribed burns, sensible heat flux and turbulence
statistics were measured by tower networks above the forest canopy. Fire behavior when fire fronts
passed the towers ranged from low-intensity backing fires to high-intensity head fires with some
crown torching. Consumption of forest-floor and understory vegetation was a near-linear function
of pre-burn loading, and combustion of fine litter on the forest floor was the predominant source
of emissions, even during head fires with some crowning activity. Tower measurements indicated
that above-canopy sensible heat flux and TKE calculated at 1 min intervals during the passage of fire
fronts were strongly influenced by fire behavior. Low-intensity backing fires, regardless of forest type,
had weaker enhancement of above-canopy air temperature, vertical and horizontal wind velocities,
sensible heat fluxes, and TKE compared to higher-intensity head and flanking fires. Sensible heat flux
and TKE in buoyant plumes were unrelated during low-intensity burns but more tightly coupled
during higher-intensity burns. The weak coupling during low-intensity backing fires resulted in
reduced rates of smoke transport and dispersion, and likely in more prolonged periods of elevated
surface concentrations. This research facilitates more accurate estimates of PM; 5, CO, and CO,
emissions from prescribed burns in the Pinelands, and it provides a better understanding of the
relationships among fire behavior, sensible heat fluxes and turbulence, and smoke dispersion in pine-
and oak-dominated forests.

Keywords: prescribed burning; PMj; 5; wildland fire emissions; air quality; available fuels; fuel
consumption; emission factors

Fire 2024, 7, 330. https:/ /doi.org/10.3390/ fire7090330

https://www.mdpi.com/journal/fire


https://doi.org/10.3390/fire7090330
https://doi.org/10.3390/fire7090330
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fire
https://www.mdpi.com
https://orcid.org/0000-0003-0534-9677
https://orcid.org/0000-0003-0175-558X
https://orcid.org/0000-0002-5801-5614
https://orcid.org/0000-0003-4217-5100
https://doi.org/10.3390/fire7090330
https://www.mdpi.com/journal/fire
https://www.mdpi.com/article/10.3390/fire7090330?type=check_update&version=1

Fire 2024, 7, 330

2 0f 33

1. Introduction

Prescribed burning is one of the most cost-effective methods for mitigating the impact
of wildfires because it consumes fine and woody fuels on the forest floor, influencing
surface fire behavior, and reduces dense understory and sub-canopy vegetation, which
can facilitate the transition of surface fires to the canopy [1-4]. Prescribed burning can also
alter the trajectory of vegetation changes in forests, affecting fuel types and structure, and
influencing longer-term wildfire behavior. In forests of the mid-Atlantic region, USA, the
use of prescribed burning to maintain and enhance fire-adapted ecosystems dominated by
pines and oaks is well documented [5-8]. By modifying the forest structure, composition,
and ecosystem functioning, prescribed burns can also enhance forests’ resilience to other
disturbances such as insect infestations [9], contribute to the recovery of forest productivity
in insect-damaged stands [10], and decrease tick populations and reduce the incidence of
tick-borne disease transmission to humans [11]. However, smoke emissions from prescribed
burns contribute to atmospheric pollutant loads and the degradation of local-regional air
quality, and they impair public health and safety. Emissions from wildland fires contain fine
particulate matter <2.5 pm diameter (PM; 5), carbon monoxide (CO), nitrogen oxides (NOy),
and volatile organic carbon compounds, which contribute to the formation of surface-level
ozone (O3) [4,12-14]. When prescribed burns are conducted near residential communities,
urban centers, or non-attainment areas, the potential exists for exceeding the US Clean Air
Act’s National Ambient Air Quality Standards (NAAQS) for regulated pollutants [15,16].
In addition, impairment of visibility on roads and highways by smoke is a significant safety
hazard [17].

Smoke dispersion on the relatively level forested landscapes of the mid-Atlantic
coastal plain is strongly influenced by atmospheric conditions (including sea breeze fronts),
and some constraints to atmospheric stability and related meteorological conditions are
dictated by prescription to appropriate burn days [New Jersey Forest Fire Service, pers.
com.]. When appropriate conditions do occur, understanding how fire behavior affects the
lofting and dispersion of smoke can be essential for mitigating the impacts of prescribed
burning on public health and safety in nearby communities, as well as on fire management
personnel. During the passage of fire fronts, turbulent mixing of heat, momentum, PM; 5,
and other components of smoke is dependent on the distribution of energy among vertical
and horizontal components of the turbulent kinetic energy (TKE) field [18-20]. Research
efforts have documented patterns of TKE and canopy—atmosphere coupling within and
above forest canopies as being influenced by relatively low-intensity prescribed burns,
and they have demonstrated that TKE in buoyant plumes is often much greater near
or immediately above the top of the canopy compared to near the surface and in mid-
canopy locations [18,20-23]. TKE is typically anisotropic, and although buoyant plumes
can strongly enhance vertical wind velocity fluctuations at the top of the canopy, horizontal
components of TKE are often much greater than vertical components during fire front
passage [19,21-23]. Enhanced turbulence during fire front passage results in greater rates of
smoke transport through the canopy and dispersion into the atmospheric boundary layer,
reducing surface concentrations rapidly [24,25].

Fire behavior and fireline intensity control the production rate and near-fire dynamics
of buoyant plumes, influencing TKE, canopy-atmosphere coupling, and the dispersion
of smoke. Sensible heat flux in buoyant plumes is the main pathway for the dissipation
of convective energy generated by combustion [26,27]. However, it has been quantified
less frequently during operational prescribed burns, and the linkages among fire behavior,
sensible heat flux, and TKE within and above the canopy during prescribed burns of
varying intensity have been investigated in fewer studies [18,19,28-31]. Repeated fireline
measurements in stands of similar structure and pre-burn fuel loading but contrasting
fire behaviors could aid in developing the concept of “escape velocities” for smoke as a
function of fire behavior and convective (sensible) heat fluxes during prescribed burns, but
this approach has been explored and refined in only a limited number of forests.
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The nearly continuous fire-adapted forests of the Pinelands National Reserve in south-
ern New Jersey (hereafter “Pinelands”) are a major concern for the New Jersey Forest Fire
Service (NJFFS) and federal wildland fire managers [32,33]. Forests dominated by pitch
pine (Pinus rigida Mill.) in this region have some of the highest incidences of wildfires in the
Northeastern US, and they are located adjacent to large suburban residential developments,
commercial property, and transportation corridors. To reduce the impact of wildfires on
property and infrastructure within and along the margins of the Pinelands, numerous
stands have been treated using prescribed fires, often at 5- to 8-year intervals, and many
since the late 1950s [32]. Remotely sensed measurements of fuel density and loading in
the canopy and understory of forests in the Pinelands demonstrate the effectiveness of
prescribed burns in altering forest structure and reducing ladder fuels in the sub-canopy
and understory [2,34,35]. However, prescribed burns typically consume large amounts
of fine litter and small-diameter woody fuels on the forest floor, indicating that surface
fuels are a major contributor to the emissions of PM; 5, carbon dioxide (CO,), CO, and
other pollutants [3,30,36-39]. Fuels on the forest floor are not sampled as effectively using
remotely sensing techniques, but integrating biometric measurements with remotely sensed
LiDAR data can provide valuable information for state, federal, and private wildland fire
managers regarding fuel consumption and smoke emissions. Studies of fireline heat flux
and turbulence during prescribed burns in forested environments, coupled with accurate
emission estimates, can also facilitate the development and evaluation of process-based
simulation tools that predict smoke dispersion during wildland fires, e.g., [24,25,40].

Our objectives were (1) to provide accurate estimates of pre- and post-burn fuel
loading and calculate appropriate combustion completeness factors for fine litter, small-
diameter woody fuels, and understory vegetation in the Pinelands so that emissions of
PMj; 5, CO, and CO; could be predicted accurately using pre-burn fuel loading estimates,
and (2) to relate emission estimates to above-canopy sensible heat fluxes and turbulence
statistics measured in buoyant plumes across a range of prescribed burns to provide a
better understanding of how contrasting fire behavior potentially affects the lofting and
dispersion of smoke.

2. Materials and Methods
2.1. Site Description

Our research sites were located in Burlington and Ocean Co. in the Pinelands National
Reserve in southern New Jersey, USA. The Pinelands is the largest continuous forested
landscape on the northeastern coastal plain. The climate is cool and temperate, with mean
monthly temperatures of 0.3 and 23.8 °C in January and June, respectively (1990-2020; [41]).
The mean annual precipitation is 1123 £ 182 mm. The soils are derived from the Cohansey
and Kirkwood formations and are sandy, coarse-grained, and low in available nutrients [42].

Upland forests are the main focus of fuel management treatments in the Pinelands.
These comprise approximately 62% of the forested areas in the Pinelands and are composed
of three major forest communities: (1) pitch pine-scrub oak, dominated by pitch pine (Pinus
rigida Mill.), with scattered post oak (Q. stellata Wangenh.) and white oak (Q. alba L.) in
the overstory, and scrub oak (Quercus ilicifolin Wang.) and blackjack oak (Q. marlandica
Muechh.) in the understory; (2) mixed pine-oak, consisting of pitch and shortleaf pine (P.
echinata Mill.), with mixed oaks in the overstory; and (3) oak—pine, consisting of chestnut
oak (Quercus prinus L.), white oak, black oak (Q. velutina Lam.), scarlet oak (Q. coccinea
Muenchh.), and scattered pitch and shortleaf pines [43—45] in the overstory. Most stands
have ericaceous shrubs in the understory, primarily huckleberry (Gaylussacia baccata (Wang.)
K. Koch, G. frondosa (L.) Torr. and A. Gray ex Torr.) and blueberry (Vaccinium spp.). Sedges
(Carex pensylvanica Lam.), herbs, ferns, mosses, and lichens can also be present [46,47].

Most upland forest stands in the Pinelands have regenerated naturally following the
cessation of logging and charcoaling activities in the late 1800s. Wildfires occur more
frequently in pitch pine-scrub oak stands [5,48,49], and among mature upland forests of
approximately the same age, the canopy height is lower and understory and sub-canopy
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vegetation is typically denser in pine-scrub oak and pine-oak stands compared to oak-
dominated stands [2,44]. In more mesic areas, forest composition has changed over time,
with succession in combination with wildfire suppression favoring the regeneration of oaks
and other mesic hardwoods in upland sites, and of red maple and black gum in lowland
sites [50]. In contrast, oak mortality following extensive spongy moth infestations has
encouraged pine regeneration in the understory and sub-canopy of heavily infested areas,
resulting in mixed-composition stands [10].

The New Jersey Forest Fire Service (NJFFS), federal agencies, and private landowners
in the Pinelands typically conduct prescribed burns on approximately 5000 ha to 10,000 ha
of forest land per year. Over the last decade, the area burned in prescribed fires has
exceeded that burned in wildfires twofold, with prescribed fires conducted on 63,721 ha
and accounting for 66% of the total burned area of 98,000 ha from 2006 to 2015 [49]. Recent
large wildfires include the Spring Hill fire (2019; 4710 ha) and the Mullica River fire (2022;
6070 ha).

2.2. Fuel Loading and Consumption Estimates

Fine litter and 1 h (<0.64 cm diameter), 10 h (>0.64 to <2.54 cm diameter), and 100 h
(>2.54 to 7.60 cm diameter) woody fuels on the forest floor, along with herbs, shrubs, and
understory oaks <2 m tall, were sampled in 48 stands located in Brendan T. Byrne State
Forest, Greenwood and Stafford Wildlife Management Areas, Joint Base McGuire-Dix—
Lakehurst (JBMDL), and Wharton State Forest in and adjacent to the Pinelands National
Reserve. Sampled stands encompassed all three forest communities, although we focused
our efforts on pitch pine-scrub oak and pine—oak stands. The pre-burn measurements
consisted of 5 to 36 0.5 m? or 1.0 m? circular subplots located at random points within each
stand. Understory vegetation was cut at ground level in each subplot, and then fine litter
and small-diameter woody fuels in the litter layer (L horizon) were collected. The humus
layer (O horizon), consisting of undifferentiated organic matter, was not collected, because
it was rarely consumed during prescribed burns conducted during the typical prescribed
burn window between early February and late March (NJFFS, pers. com). In the laboratory,
samples were separated into foliage and live and dead 1 h, 10 h, and 100 h fuels, dried at
70 °C until dry, and then weighed.

Prescribed burns were conducted by federal wildland fire managers at JBMDL or New
Jersey Forest Fire Service personnel (all other stands). All burns were conducted within the
prescription window for prescribed burns in the Pinelands, with cool air temperatures (0 to
16 °C), relative humidity between 20% and 60%, and low-to-moderate mean ambient wind
speeds (1 to 5 m s~!). Following each burn, the stands were re-sampled for unconsumed
understory stems, fine litter, and 1 h, 10 h, and 100 h woody fuels within two weeks of
burning, using the same protocols as for pre-burn fuel sampling. On the days on which the
instrumented prescribed burns were conducted, fire behavior was observed throughout
each stand, and the fuel moisture contents of live foliage and stems, fine litter, and 1 h
and 10 h woody fuels were estimated using samples collected and sealed in plastic bags,
weighed wet, and then dried and weighed again (see [30] for detailed sampling protocols).
The available canopy fuels in pitch pine canopies were estimated for the three high-intensity
prescribed burns using pre- and post-burn light detection and ranging (LiDAR) acquisitions
calibrated to estimate canopy bulk density (kg m—2) in 1 m thick layers [1,39].

2.3. Emissions from Prescribed Burns

Wildland fire emissions of pollutants (Ex) per unit area were estimated as the product
of pre-burn loading of available fuels, a combustion completeness factor, and a specific
emission factor [4,12]:

Ex = FLpreburn * CCx * EFx (1)

where Ey is the emission of compound X, FLpeburn is the pre-burn fuel loading, CCx
is a combustion completeness factor for the specific fuel type, and EFx is the specific
emission factor for compound x. Using pre- and post-burn measurements to estimate the
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consumption of available fuels (as we have done here) simplifies Equation (1) to become
the product of the fuel consumed per unit area and a specific emission factor:

Ex = Farea * EPy ()

where Fareq is the amount of fuel consumed per unit area during the burn, and EFy is
the specific emission factor for compound x. Equation (3) approximates a combustion
completeness factor for fuels:

CCx - (FLpreburn - FLpostburn) / FLpreburn (3)

where FLy,epum and FLyostpurm are the pre- and post-burn loading of specific fuel compo-
nents, respectively. The CCy values are influenced by fuel conditions (e.g., fuel moisture
content and density), meteorological conditions during the burn, patterns of ignition, and
fire behavior.

The Smoke Emissions Repository Application database [51], a compilation of field
and laboratory emission factors derived from wildland fires across the United States and
Canada, was used to estimate emissions (Table 1). Appropriate emission factors for fuels in
the Pinelands are also summarized in [4,12]. Mean understory and forest-floor consumption
values, estimated from pre- and post-burn measurements or calculated CCx values and
emission factors in Table 1, were used to calculate emissions from prescribed burns in
the Pinelands. For the instrumented prescribed burns, emissions from low-intensity fires
were calculated assuming that approximately half of the fuel consumed was characterized
by flaming combustion, and the other half by smoldering combustion (equivalent to the
“combined values” in Table 1), while emissions from high-intensity fires were assumed
to result from 75% flaming combustion and 25% smoldering combustion, consistent with
observed fire behavior [4,52].

Table 1. Mean emissions of fine particulates (PMj 5), carbon dioxide (CO,), and carbon monoxide (CO)
during prescribed burns for flaming and smoldering combustion in conifer, mixed, and deciduous
forests in the Eastern US. Data are summarized from the Smoke Emissions Repository Application
(SERA,; [51]).

Combustion Type PM; 5 CO, CO

kg Emitted per Ton Fuel Consumed (kg ton~! + 1 SD)
Flaming 209 +11.0 1691.8 + 51.8 78.9 £21.5
Smoldering 29.4 +£18.2 1462.0 £170.1 165.9 £+ 38.1
Combined values 25.3 +16.0 1576.0 £ 248.0 122.4 +43.1

2.4. Tower Measurements during Instrumented Prescribed Burns

Networks of instrumented towers in burn and control areas were used to measure
atmospheric turbulence and sensible heat fluxes during 11 of the 48 prescribed burns. Seven
of the instrumented prescribed burns were conducted in pitch pine-scrub oak stands, two
were conducted in pine-oak stands, and two were conducted in oak—pine stands (Table 2).
All fires were ignited using drip torches, and linear ignitions were used to produce either
low-intensity, predominantly backing fires or higher-intensity head or flanking fires when
the fire fronts approached and passed each tower. In the pitch pine-scrub oak stands, five
backing and mixed-behavior fires and two head fires characterized the predominant fire
behavior when flame fronts passed by the towers in each burn area. One low-intensity
backing fire and one higher-intensity flanking fire were conducted in pine-oak stands, and
two low-intensity backing or mixed-behavior fires were conducted in oak—pine stands
(Table 2). Overall, 14 towers recorded data in burn areas during low-intensity backing or
mixed-behavior fires, and 7 towers recorded data in burn areas during high-intensity head
or flanking fires.
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Table 2. Location, forest type, date of burn, predominant ignition pattern and fire behavior, and num-
ber of towers in burn (B) and control (C) areas for the 11 instrumented prescribed burns conducted
with above-canopy flux towers in the Pinelands National Reserve.

Location Forest Type Date Ignition/ Towers Reference
Behavior (B,C)
Low-intensity prescribed burns
Cedar Bridge 1 Pine-scrub oak  03/22/2008 Backing 1,2 [30]
Cedar Bridge 2 Pine-scrub oak  03/15/2013 Backing 1,2 [30]
Warren Grove 1 Pine-scrub oak  03/09/2015 Mixed 3,1 [30]
Cedar Bridge 3 Pine-scrub oak ~ 02/29/2020 Backing 1,1 This study
Cedar Bridge 4 Pine-scrub oak 02/29/2020 Mixed 1,1 This study
Joint Base MDL Pine-oak 02/09/2006 Backing 1,2 [30]
Silas Little EF 1 Oak—pine 03/06/2012 Backing 1,2 [22]
Silas Little EF 2 Oak-pine 03/13/2019 Mixed 51 [21]
High-intensity prescribed burns
Warren Grove 2 Pine-scrub oak  03/05/2013 Head 3,1 [39]
Warren Grove 3 Pine-scrub oak  03/11/2014 Head 3,1 [39]
Brendan Byrne 1 Pine-oak 03/20/2011 Mixed 1,2 [22]

Sonic anemometers (R. M. Young 81000v, R. M. Young, Inc., Traverse City, MI, USA)
mounted on antenna towers were used to measure air temperature and 3-dimensional
wind velocity 2 m to 4 m above the forest canopy in burn and control areas during the
instrumented prescribed burns. The sonic anemometers were operated at 10 Hz and a
38,400 baud rate and logged using either laptop computers in insulated meteorological
boxes on towers or Campbell Scientific CR-3000 data loggers (Campbell Scientific, Inc.,
Logan, UT, USA) on SDI channels in burst mode in insulated meteorological boxes on
towers or buried beneath towers, and all cables were protected with fireproof insulation.
The sonic anemometers were used with factory calibrations, with average reported ac-
curacies of 0.05 m s~ ! for 3-dimensional wind velocities, 2 degrees for horizontal wind
direction, and £-0.01 m s~! for sonic speed of sound, resulting in a temperature accuracy
of £2 °C up to 50 °C. The temperature response above 50 °C was nearly linear up to
approximately 120 °C. However, there was a reasonably good correspondence between
the sonic anemometer data and adjacent thermocouples during small-scale field exper-
iments, e.g., [49], and values < 125 °C were retained in the sonic anemometer datasets.
Dynamic source areas that contributed to the measured fluxes, or “footprints”, during
non-fire periods are well characterized for three of the prescribed burn sites (Cedar Bridge,
Silas Little EF, and JBMDL, [53]), and seven of the eleven prescribed burns were conducted
at or adjacent to these stands (Table 2).

Fine-wire thermocouples (Omega SSRTC-GG-K-36, Omega Engineering, Inc., Stam-
ford, CT, USA) arranged in vertical profiles were used to approximate the arrival times of
fire fronts. The thermocouples were mounted at intervals along each tower (1 m height
intervals up to 10 m, and then every 2.5 m interval to 20 m height for burns conducted in
2011 and 2012, and at 0.25 m, 0.5 m, 1.0 m, 2.5 m, 5.0 m, 10.0 m, and 15.0 m heights for
burns conducted in 2013-2020). All thermocouples were logged at 10 Hz using CR-3000
data loggers. Near-surface thermocouple temperatures > 50 °C were assumed to indicate
the presence of fire fronts, and temperatures > 300 °C were assumed to characterize flam-
ing combustion. All control towers and some burn area towers were instrumented with
additional meteorological sensors for wind speed, air temperature, relative humidity, and
10 h fuel moisture and temperature measurements. Meteorological data, 10 h fuel moisture
contents and temperatures, and other ancillary data were recorded at 1 s intervals using
CR-23x, CR-3000, or CR-1000 data loggers and then integrated to half-hourly measurements.
A complete list of the meteorological and eddy flux equipment can be found in Table Al.

Air temperature and vertical and horizontal wind velocity values measured at 10 Hz
at each burn area and control tower were then integrated over 1 s and 1 min time periods.
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The maximum differences between burn area and control towers (A values) were calculated
by subtracting the appropriate control tower data from burn area tower data for each value
for the identical time period. Sensible heat flux (H, kW m~2) and friction velocity (u*,
m s~ 1) were calculated at 1 min intervals from tilt-corrected and coordinate-rotated wind
velocities and sonic temperature data using instantaneous (10 Hz) deviations from 1 min
block averages with EdiRe software Version 1.5.0.32 [54]. Any 10 Hz data that exceeded
6 SD of the 1 min block averages were assumed to be spikes and were omitted. Sensible
heat fluxes were calculated as follows:

H= paiGCW/T, 4)

where 0, is the average density of air at the top of the canopy, ¢, is the heat capacity of air,
w’ represents the instantaneous deviations of the coordinate-rotated vertical wind velocity
from the 1 min block average, T” represents the instantaneous deviations of air temperature
from the 1 min block average, and the overbar indicates time averages. Friction velocity
was calculated as follows:

—s —F\ 1/4
ut = (u’w’2 —|—V’w’2) (5)

where 1/, v/, and w’ are the instantaneous (10 Hz) deviations of wind velocity from the
1 min block averages, following streamwise (u’) and cross-stream (v’) rotation. Turbulent
kinetic energy (TKE; m? s~2) was calculated at 1 min intervals for all sonic anemometer
data collected at control towers:

TKE = % (u”? + v +w'?) (©)

where 1/, v/, and w’ are the instantaneous (10 Hz) deviations of wind velocity from the
1 min block averages during the pre- and post-fire periods. Based on analyses reported
in [19-23], the half-hour pre-fire period was used to calculate the mean values of u, v, and
w and then subtracted from instantaneous (10 Hz) values during the times of fire front
passage to estimate the u’, v/, and w’ turbulence statistics and the contribution of fire fronts
to the above-canopy TKE. A complete description of the towers, instrumentation, and data
processing for burns up through 2015 can be found in [30], and they are further described
in [21,23].

2.5. Data and Statistical Analyses

The consumption of fine litter, woody fuels, and understory vegetation was estimated
by subtracting post-burn from pre-burn dry weights for each fuel type for each prescribed
burn. Fuel loading and estimated consumption data were first tested for normality using
Shapiro-Wilk tests, and the homogeneity of variances among groups was tested using
Levene’s test. Values were then compared using one-way ANOVA. Comparisons among
groups were carried out with Tukey’s honestly significant difference (HSD) test, which
adjusted significance levels for multiple comparisons. Pearson’s product-moment corre-
lation coefficients were calculated for the relationship between pre-burn loading and the
estimated consumption of each fuel type using SigmaPlot Version 12.5 (SYSTAT Software,
Inc., San Jose, CA, USA). Combustion completeness factors (CCy) were calculated for each
fuel type using Equation (3). Emissions of PM, 5, CO,, and CO were then calculated using
Equation (1) or (2) and the emission factors in Table 1.

Heat release per unit area was calculated from the consumption estimates of each
fuel type, using 18.7 KJ g~ ! as the heat of combustion. The energy consumed during the
preheating and pyrolysis of fuels was calculated as a function of the dry mass, moisture
content, and initial ambient temperature of each fuel type consumed, using the equations
in Appendix B. Following [26], it was assumed that radiant heat flux accounted for ap-
proximately 17% of the total heat of combustion of each fuel type. Latent heat flux from
combusted fuels was calculated using the dry mass and moisture contents of each fuel type,
assuming complete vaporization of the moisture in the consumed fuels. The remaining
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heat flux was assumed to be convective heat, energy consumed in forest-floor and soil
heating, and heat storage in the canopy airspace (Appendix B).

Short gaps (<0.5 s) that occurred in the 10 Hz sonic anemometer wind velocity and
air temperature data streams were filled using linear interpolation. At one of the towers
in a high-intensity burn in a pitch pine-scrub oak stand in 2013, longer missing gaps
were filled with temperature values from the adjacent uppermost thermocouple until the
sonic temperatures decreased to <125 °C. Much longer gaps occurred on a second sonic
anemometer, and a third sonic anemometer was damaged by heat. When the gaps from
sonic anemometers on these two towers became too long to fill, their data were omitted
from further analyses. Non-parametric Spearman’s rank correlation coefficients were
calculated for the relationship between sonic air temperature and vertical and horizontal
wind velocities measured at 10 Hz for periods when air temperatures exceeded 5 °C above
ambient, which typically occurred during fire fronts’ passage beneath each tower or when
flame fronts were in close proximity to towers in burned areas. The values of slopes and
correlation coefficients for the relationship between air temperature and vertical wind
velocity for low- and high-intensity fires were compared using Mann-Whitney U tests.
Sonic air temperature and vertical and horizontal wind velocities were then integrated
from 10 Hz raw data to 1 s and 1 min intervals, and differences between burn area and
control towers were designated as A values.

One-minute values of sensible heat flux and TKE were calculated for times of fire
front passage at each tower, with arrival times and periods of fire front passage estimated
from near-surface thermocouples. Spearman’s rank correlation coefficients were calculated
for the relationships between 1 min sensible heat flux and TKE values for each tower.
Differences in sensible heat flux and TKE calculated between burn area and control towers
over the appropriate time periods were designated as A values. Spearman’s rank correlation
coefficients were then calculated for the relationships between mean and maximum A
sensible heat flux and A TKE values during fire front passage. Differences in sensible heat
fluxes (in MJ m~2) between burn area and control towers were then integrated over the
period of each burn and compared with convective heat fluxes calculated from the sum
of consumed fuels. Spearman’s rank correlation coefficients were also calculated for the
relationships between estimated PM; 5 emissions and A air temperature, A wind velocity,
A 1 min sensible heat, and A 1 min TKE values.

3. Results
3.1. Fuel Loading and Consumption during Prescribed Burns

For all prescribed burns sampled from 2004 to 2020 in the Pinelands, the pre-burn
loadings of surface and understory fuels were greater in pine-scrub oak stands than in
oak-dominated stands (Figure 1a, Table 3). When separated by fuel type, the pre-burn
loading of fine litter was not significantly different among forest types, but there was a trend
towards greater 1 + 10 h woody fuels and understory vegetation in pine-scrub oak stands.

Table 3. Statistics for pre-burn loading and consumption of surface fuels composed of fine litter, 1 h +
10 h woody fuels, and understory vegetation in 48 upland forest stands sampled between 2004 and
2020 in the New Jersey Pinelands. PSO = pine-scrub oak, PO = pine—oak, OP = oak—pine.

Fuel Type F Statistic Significance Contrasts
Pre-burn
Fine litter Fp 47 =1.525 p=0.229 NS
1+ 10 h wood Fp 47 =2.870 p =0.067 PSO > OP
Understory vegetation Fp34 =3.126 p =0.057 PSO > OP

All fuels Fy 34 = 6.087 p<0.01 PSO > PO = OP
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Table 3. Cont.

Fuel Type F Statistic Significance Contrasts
Consumption
Fine litter Fp 47 = 4.033 p <0.05 PSO > OP
1+ 10 h wood Fp 47 =3.992 p <0.05 PSO > OP
Understory vegetation Fj34 =3.298 p <0.05 PSO > OP
All fuels Fp 34 =7.362 p<0.01 PSO > PO =OP

BB Understory I Understory
1 1+10 hr wood — 1+10 hr wood
N Fine litter I Fine litter

a) All prescribed burns 20 { b) Instrumented burns

N
o
1

-
15}
I

Fuel loading (tons ha™ + 1 SE)
o =]

0 .
e o A @ > e o ¢ o @ o
Qﬁ Q° Qﬂ Q o Q( Q o@ Qﬂ Q o Q*. Q o Q‘ Q o@
Pine-scrub cak Pine-oak Oak-pine Pine-scrub oak Pine-oak Oak-pine

Figure 1. Pre- and post-burn fuel loading by forest type for prescribed burns: (a) 48 prescribed burns
conducted in the Pinelands from 2004 to 2020, and (b) the 11 instrumented prescribed burns. Data
are tons ha~! £ 1 standard error for understory vegetation, 1 h + 10 h woody fuels, and fine litter.

Consumption of fuels during prescribed fires was a linear function of pre-burn fuel
loading, which explained 67% and 86% of the variability in the consumption of understory
vegetation and 1 h + 10 h fuels, respectively (Figure 2a,b). The relationship between pre-
burn loading and consumption of fine litter composed of needles and leaves was more
complex: two slopes occurred in this relationship, reflecting fire behavior during relatively
low- vs. high-intensity burns; thus, overall pre-burn loading explained only 44% of fine
litter consumption. When fine litter and 1 + 10 h woody fuels were combined, pre-burn
loading explained approximately 65% of the variability in the consumption of forest-floor
fuels (Figure 2c). Complete statistics for the relationships between pre-burn loading and
estimated consumption can be found in Table A2.

When separated by forest type, the consumption of forest-floor and understory fuels
was greater in pine-scrub oak stands than in oak-dominated stands, averaging 56 4= 10%,
49 + 12%, and 39 =+ 11% of total loading in pine-scrub oak, pine-oak, and oak-pine stands,
respectively (Figure 1a, Table 3). Greater consumption of forest-floor and understory fuels
in pitch pine-scrub oak stands resulted from both greater pre-burn fuel loading and greater
proportional consumption losses compared to stands consisting of a greater co-dominance
of overstory oaks and larger amounts of oak litter on the forest floor.
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Figure 2. Pre-burn fuel loading and estimated consumption of (a) understory vegetation,
(b) 1 h + 10 h woody fuels on the forest floor, and (c) fine litter and woody fuels on the forest
floor during prescribed burns conducted in the Pinelands from 2004 to 2020. All values are tons ha™!.

3.2. Combustion Completeness Factors

Combustion completeness factors for fine litter, 1 h + 10 h wood, understory vegetation,
and average weighted values for the sum of all available fuels are shown in Table 4 and
Figure A1l. When separated by forest type, the consumption estimates calculated using
CC factors averaged 57%, 51%, and 37% of total loading in pine-scrub oak, pine-oak, and
oak—pine stands, respectively. Combustion completeness factors for understory vegetation
and 1 h + 10 h wood, but not for fine litter, were greater for pine-scrub oak and pine—oak
stands compared to oak—pine stands (Table 4). Although little relationship was apparent
between pre-burn loading and estimated combustion completeness factors for understory
vegetation and fine litter, pre-burn loading and combustion coefficients for 1 h + 10 h
woody fuels were exponentially related (Figure Alb). There was also a trend towards a
positive linear relationship between the sum of pre-burn fine litter and 1 h + 10 h fuels and
forest-floor combustion coefficients (Figure A1d).

Table 4. Combustion completeness factors (CC) by forest and fuel type, calculated from biometric
pre- and post-burn loading measurements of shrubs and scrub oaks in the understory, 1 h + 10 h
woody fuels, and fine litter during prescribed burns in the Pinelands from 2004 to 2020. Values are
means + 1 standard error. “All fuels” is weighted by the amount of each fuel type consumed. Values
with different superscripts are significantly different at p < 0.05.

Fuel Type Pine-Scrub Oak Pine-Oak Oak-Pine
(Mean + 1 SE)
Fine litter 0.618 £ 0.029 0.530 £ 0.036 0.457 £ 0.068
1+ 10 h wood 0.474 £ 0.047 2 0.394 +0.059 @ 0.131 +0.127°
Understory 0.534 £ 0.057 @ 0.555 +0.040 @ 0.205 4 0.067 °
All fuels 0.567 0.511 0.369

3.3. Fuel Loading, Consumption, and Emissions during Instrumented Prescribed Burns

The pre-burn loading of understory and forest-floor fuels for the 11 instrumented
prescribed burns averaged 16.7, 14.8, and 12.2 tons ha~! in the pine-scrub oak, pine-oak,
and oak-pine stands, respectively, and was similar to the larger prescribed burn dataset
(Figure 1b and Table A3). The estimated consumption averaged 53%, 47%, and 35% of total
loading in the pine-scrub oak, pine-oak, and oak—pine stands. Greater amounts of fine
litter were consumed in all stand types, averaging 67 £ 16% of total consumption, while
the consumption of understory and 1 h + 10 h woody fuels averaged 25% and 8% of total
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PM 2.5 emissions (Kg PM 2.5 ha™ +1 SE)

consumption, respectively. During the highest-intensity burn, crown torching resulted in
canopy fuel consumption of up to 1.9 tons ha~! and 21% of total fuel consumption (see [39]
for spatial estimates of crown fuel consumption).

The average PM; 5 emissions estimated from consumed fuels during instrumented
prescribed burns were 227 £ 59, 189 £ 12, and 112 £ 7 kg PMy5 ha~! for pine—scrub
oak, pine-oak, and oak-pine stands, respectively. The values calculated using pre-burn
loadings and the appropriate CC values in Table 4 were only slightly larger than those
calculated using estimated consumption for each burn, differing by 9%, 7%, and 1% for
prescribed burns conducted in the pine-scrub oak, pine—oak, and oak—pine stands. When
PMj, 5 emissions were expressed as a function of predominant fire intensity, the estimates
differed by 15% and 10% for low- and high-intensity fires, respectively (Figure 3a). The
estimated emissions of CO, during instrumented prescribed burns corresponded more
closely with fuel consumption because there was less variation in the release of CO; from
smoldering vs. flaming consumption (Figure 3b). When separated by forest type, CO,
emissions from pine-scrub oak stands were greater than those from oak—pine stands.

300 —_
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Figure 3. Estimated emissions of (a) PM, 5, (b) CO,, and (c) CO during low- and high-intensity
instrumented prescribed burns. Values are means =+ 1 standard error calculated using field measure-
ments of pre- and post-burn fuel loading (M) or by using pre-burn fuel loading and the appropriate
combustion completeness factors (CC) in Table 4.

3.4. Above-Canopy Heating and Turbulence during Prescribed Burns

The ambient air temperature ranged from 0.9 to 16.7 °C, relative humidity from
20 to 39%, and above-canopy horizontal wind speed from 1.5 to 4.3 m s~ ! during the
11 instrumented prescribed burns (Table 5). The maximum values of air temperature and
vertical and horizontal wind velocities during the prescribed burns occurred at the time
of flame front passage, or occasionally when fire fronts were in close proximity to towers
in the burn areas. The time series in Figure 4 illustrates the differences in above-canopy
heating and turbulence for a low-intensity backing fire and a high-intensity head fire in two
pitch pine—scrub oak stands characterized by similar forest structure and estimated fuel
consumption, and conducted under similar ambient air temperatures, RH levels, and wind
speeds. The maximum 10 Hz air temperature and horizontal and vertical wind velocities
were 3.2, 1.2, and 1.6 times greater during the high-intensity, predominately head fire
with occasional crown torching than during the low-intensity backing fire, respectively
(Figure 4a—c).
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Table 5. Ambient meteorological conditions during prescribed burns conducted in stands with
overstory flux towers in the Pinelands. Data are presented by predominant fire behavior, including
the site location, forest type, date of prescribed burn, and mean =+ 1 standard deviation half-hourly
air temperature, relative humidity, and wind speed 2 m to 4 m above the mean canopy height at
control towers during each burn. PSO = pine-scrub oak, PO = pine-oak, OP = oak-pine.

. . . Air Temperature RH Wind Speed
Fire Behavior/Location Date ©C) (%) (ms-1)
Low-intensity prescribed burns
Cedar Bridge 1 PSO 03/22/2008 90+13 349+71 22+04
Cedar Bridge 2 PSO 03/15/2013 72+12 343+ 2.0 43+0.6
Warren Grove 1 PSO 03/09/2015 3.7+09 202+ 1.1 27+04
Cedar Bridge 3,4 PSO  02/29/2020 0.6 £0.5 33.14+23 39+03
Joint Base MDL 1 PO 02/09/2006 09+09 31.1 +£ 3.0 3.0+03
Silas Little EF 1 OP 03/06/2012 58+14 21.6 =22 22403
Silas Little EF 2 OP 03/13/2019 102 +22 322 4+9.0 24+05
High-intensity prescribed burns
Warren Grove 2 PSO 03/05/2013 76 £1.0 38.6 & 3.6 1.5+ 0.3
Warren Grove 3 PSO 03/11/2014 16.7 £ 1.1 33.14+45 29+04
Brendan Byrne 1 PO 03/20/2011 86+t19 371+ 84 21+06

175
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Figure 4. Time series of above-canopy (a) air temperature measured at 10 Hz, (b) vertical wind
velocity measured at 10 Hz, and (c) horizontal wind velocity measured at 10 Hz during a low-
intensity backing fire in a pitch pine-scrub oak stand at Cedar Bridge in 2008 (blue line) and a
high-intensity head fire in a pitch pine-scrub oak stand near Warren Grove in 2013 (yellow line).
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A Air temperature + 1 SE (°C)

The maximum values of A air temperature and vertical and horizontal A wind veloci-
ties measured above the canopy at 10 Hz, at 1 s and 1 min intervals, for all 11 instrumented
prescribed burns are shown in Figure 5. The average maximum 10 Hz values for A
air temperature, A vertical wind velocity, and A horizontal wind velocity were 4.6, 9.5,
and 45.7 times greater during high-intensity burns than low-intensity burns, respectively
(Table A4). High-intensity prescribed burns were also characterized by enhanced negative
10 Hz vertical wind velocities compared to low-intensity burns (e.g., Figure 4b), indicating
the presence of high-frequency turbulent eddies bringing either warm (negative heat flux)
or cool (positive heat flux) air from above into the canopy airspace.
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Figure 5. Maximum (a) A air temperature (°C), (b) A vertical wind velocity (m s™1), and (c) A
horizontal wind velocity (m 5*1) measured at 10 Hz, at 1 s and 1 min intervals, measured above the
canopy during low- and high-intensity prescribed burns. Values are means + 1 standard error.

When low- and high-intensity burns were compared among pairs of pine-oak or pine-
scrub oak stands with a similar forest structure, the relationships between above-canopy
air temperature and vertical wind velocity measured at 10 Hz during fire front passage
were stronger for high-intensity prescribed burns than for low-intensity, predominately
backing prescribed burns (Figure 6). While the slopes of the linear relationship between air
temperature >5 °C above ambient and vertical wind velocity measured at 10 Hz at the top
of the canopy during fire front passage were greater for low-intensity burns than for high-
intensity burns (Mann-Whitney U = 6.5, n = 13,7, Z-Score = 1.960, p < 0.05), Spearman’s
rank correlation coefficients were nearly greater for high-intensity burns compared to
low-intensity burns (Mann-Whitney U = 69, n = 13,7, Z-score = —1.862, p = 0.063) (Figure 6;
Table 6).

Table 6. Slopes and Spearman’s rank correlation coefficients for the relationship between air tem-
perature >5 °C above ambient and vertical wind velocity (w) measured at 10 Hz at the top of the
canopy for all burn area towers during low- and high-intensity fires. Values are means + 1 standard
deviation, and values with different superscripts are significantly different at p < 0.05.

Fire Intensity N Slope Intercept Spearman’s Rg
(Mean £ 1 SD)
Low intensity 13 0.072 +£0.020 2 0.148 + 0.081 0.362 £ 0.096

High intensity 7 0.036 = 0.006 P 0.263 £+ 0.104 0.472 £0.120
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Figure 6. Relationships between above-canopy air temperature and vertical wind velocity measured
at 10 Hz during low- and high-intensity prescribed burns in pine—oak and pine-scrub oak stands.
Shown are (a) a backing fire at JBMDL in 2006 and (b) a flanking fire in Brendan Byrne SF in 2011,
(c) a backing fire at Cedar Bridge in 2013 and (d) a head fire near Warren Grove in 2013, and (e) a
mixed-behavior fire at Cedar Bridge in 2020 and (f) a head fire near Warren Grove in 2014. Blue dots
indicate low-intensity burns and yellow dots indicate high-intensity burns.

3.5. Sensible Heat Flux and Turbulent Kinetic Energy during Prescribed Burns

Figure 7 shows time series for a low-intensity backing fire and a high-intensity head
fire conducted in pitch pine-scrub oak stands characterized by a similar forest structure
and estimated fuel consumption, and under similar ambient air temperatures, RH levels,
and wind speeds, illustrating the differences in above-canopy 1 min sensible heat flux
and TKE. The peak 1 min sensible heat flux, which reflected convective heating during
fire front passage, was 12.6 times greater in the high-intensity burn than the low-intensity,
predominately backing burn (46.4 vs. 3.7 kW m~2), although the integrated sensible heat
flux during each burn was more similar, with values of 6.5 M] m~2 vs. 4.4 MJ m~?2 for
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the high- and low-intensity burns, respectively (Figure 7a). The maximum TKE values
estimated at 1 min intervals during fire front passage were greater than the values mea-
sured at the appropriate control towers during each prescribed burn (Table A5), while the
maximum TKE values measured at burn area towers during fire front passage were similar
(Figure 7b).
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Figure 7. Time series of above-canopy (a) sensible heat flux calculated at 1 min intervals and
(b) turbulent kinetic energy (TKE) at 1 min intervals measured during a low-intensity backing fire in
a pitch pine-scrub oak stand at Cedar Bridge in 2008 (blue symbols) and a high-intensity head fire in
a pitch pine-scrub oak stand near Warren Grove in 2013 (yellow symbols).

Figure 8 illustrates the relationships between the 1 min values of sensible heat flux
and TKE measured during fire front passage during low-intensity and high-intensity burns
in the same pairs of pine-oak and pitch pine-scrub oak stands shown in Figure 6. The
relationship between the 1 min values of sensible heat flux and TKE during fire front
passage for individual towers in burn areas was significant for only two of the low-intensity
fires, and neither of these were predominately backing fires, indicating that buoyant plumes
generated during low-intensity fires had little effect on the above-canopy TKE (Table 7).
In contrast, the relationship between 1 min sensible heat flux and TKE was significant for
the two high-intensity head fires and nearly significant for the flanking fire with nearby
crown torching. Overall, the relationships between the 1 min values of sensible heat
flux and TKE during fire front passage were stronger for high-intensity burns than for
low-intensity burns.

The average and maximum values of A 1 min sensible heat fluxes during fire front
passage were 4.2 and 3.0 times greater, respectively, during high-intensity burns compared
to low-intensity burns (Mann—-Whitney U test z-score = 3.421, p < 0.01 for mean AH values,
and z-score = 3.333, p < 0.01 for maximum 1 min AH values) (Figure 9a,b). The average
and maximum values of A 1 min TKE values were 1.3 and 2.3 times greater, respectively,
during high-intensity burns compared to low-intensity burns (Mann-Whitney U test z-
score = 3.368, p < 0.01 for mean ATKE values, and z-score = 3.209, p < 0.01 for maximum
ATKE values) (Figure 9¢,d). When the 1 min A sensible heat flux and A TKE values for all
burn area towers were considered together, the maximum 1 min A sensible heat flux and
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A TKE values were linearly related (F; 17 = 10.5, p < 0.05), while the relationship between
mean values during fire front passage was weaker (F; 17 = 4.6, p = 0.06) (Figure 10).

Low-intensity burns High-intensity burns
12 25
a) @ Pine - oak 2006 b) Pine - oak 2011

10 -

® & 20 - o '_‘Q
8 -

® 15 - %

6 . ~. . . . . K_-’-.

o-"“."vu..,,“_”” 10 O o.q._a" @
4 ‘ .. R T ..,O O

G e 0 ® o . |&R9,

NU’ 2 1 ® TKE = -0.167 H + 5.495 TKE =0.268 H + 7.520
: 2= = R?=0.351, P =0.053
E 0 T T R T 0-052’ Pl NS O 9 L) L) L] L)

L 0 2 4 6 8 0 10 20 30 40 50
X 10 20
; c) Pine - scrub oak 2013 d) Pine - scrub oak 2013
D 3 ® 0 O
o ® 15 -

c @ eoo° ®
o g ]

o ° B L
5 eRs o o R
£ 41 & . o ® - o
X
= < s{o o.-%

2 4 ee
[T} = -

2 TKE = 0.241 H + 4.474 % TKE =0.120 H + 2.793
3 R?=0.177,P=NS @ 9 R?=0.571, P < 0.01
3 0 T T T T 0 T T T T
B 0 2 4 6 8 0 20 40 60 80
5 12 20
£ e) o Pine - scrub oak 2020 f) Pine - scrub oak 2014
E 101

1
- ‘ 15 4 O
8 7 . '--6
51 - @ . @
Aol ® ® 'O
® O
219 TKE =0.136 H +5.495 TKE =0.191 H + 4.262
R*=0.338, P < 0.05 R? = 0.541. P < 0.01
0 v 1 l L) L 0 ) L) L) L] L)
0 5 10 15 20 25 0 10 20 30 40 50

1-minute sensible heat flux (H; kW m?)

Figure 8. Examples of the relationship between 1 min values of sensible heat flux (kW m~2 min~1)
and TKE (m~2 s~2) at the top of the canopy during fire front passage during low- and high-intensity
prescribed burns in the same pine—oak and pitch pine-scrub oak stands shown in Figure 6. Panels
represent (a) a low-intensity backing fire at Fort Dix in 2006 and (b) a high-intensity flanking fire in
Brendan Byrne State Forest in 2011, (c) a backing fire at Cedar Bridge in 2013 and a (d) head fire at
Warren Grove in 2013, and (e) a mixed-behavior fire at Cedar Bridge in 2020 and (f) a head fire near
Warren Grove in 2014. Slopes and intercepts of the linear relationship between H and TKE are shown,

along with values of Spearman’s rank correlation coefficients and significance levels.



Fire 2024, 7, 330

17 of 33

A 1-minute H (kW m™ + 1 SE)

Table 7. Relationships between 1 min values of sensible heat flux (kW m 2 min—1) and turbulent
kinetic energy (m~2 s~2) measured at the top of the canopy during fire front passage for low-intensity
and high-intensity prescribed burns. Values are slopes and intercepts, Spearman’s rank correlation
coefficients (Rs), Student’s T and degrees of freedom (n-2), and significance levels for the linear
relationship between sensible heat flux and TKE. Data from prescribed burns with multiple burn area
towers were pooled.

Fire
Behavior/Location Slope Intercept Rs T (n-2) p-Value
Low-intensity burns
Cedar Bridge 1 0.053 2.535 0.081 0.436 (29) NS
Cedar Bridge 2 0.241 4474 0.177 1.106 (38) NS
Warren Grove 1 0.105 2.747 0.223 2.203 (78) <0.05
Cedar Bridge 3,4 0.136 5.093 0.338 2.512 (49) <0.05
Joint Base MDL —0.167 5.495 —0.052 0.279 (29) NS
Silas Little EF 1 —0.347 2.833 —0.071 0.383 (29) NS
Silas Little EF 2 0.045 2.174 0.091 0.841 (81) NS
High-intensity burns
Warren Grove 2 0.120 2.793 0.571 3.745 (29) <0.001
Warren Grove 3 0.191 4.262 0.541 3.468 (31) <0.01
Brendan Byrne 1 0.268 7.520 0.351 2.017 (29) 0.053
A 1-minute A1-minute
Sensible heat flux (H) Turbulent kinetic energy (TKE)
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Figure 9. Mean and maximum 1 min A values of sensible heat flux (kW m~2) and turbulent kinetic
energy (m? s~2) measured at the top of the canopy during fire front passage. Values are (a) mean and
(b) maximum 1 min A sensible heat flux, and (¢) mean and (d) maximum 1 min A turbulent kinetic
energy. Colored squares and error bars are average A values + 1 standard error, and colored circles

are A values from individual towers in burn areas.

Convective heat flux and heat storage in the canopy airspace, calculated from fuel
consumption estimates for the 11 instrumented prescribed burns, were nearly greater for
high-intensity burns compared to low-intensity burns (Table 8). In contrast, the integrated
A sensible heat flux at the top of the canopy during the times when fire fronts were in
the vicinity of each tower was significantly greater for high-intensity burns than for low-
intensity burns. Integrated A sensible heat flux accounted for only 48.4 + 9.4% of the
estimated convective heat flux and heat storage during low-intensity burns, compared to
66.8 & 16.0 of the estimated convective heat flux and heat storage during high-intensity
burns (Table 8).



Fire 2024, 7, 330

18 of 33
8 20
e a) 0 @ Low intensity “.‘w b) @ Lowintensity
‘w71 O High intensity o QO Highintensity O
) £ 15
é 6 1 -0 = O
w h Ll
X X o
5 1 g — ot
l:J o . < 10 O
o 41 Q." = s
ht — o
=] O £
E 3 %o -~ 5] @ ® ® O
o e® © £ o0 ¢
2 A = il
c L = ®_ 0
o 4 [ TKE = 0.314 H + 1.452 ® o 0 TKE = 0.226 H + 0.049
= ] r*=0.328 = r* = 0.566
o T T T T L) T T T T
0 5 10 15 0 10 20 30 40 50 60
. 2 . . :
Mean 1-min A H (kW m™) Maximum 1-min A H (kW m?)

Figure 10. Relationships between A 1 min sensible heat flux (kW m~2) and A 1 min turbulent kinetic
energy (m? s~2) measured above the canopy during fire front passage for all burn area towers. Values
are (a) mean 1 min values of AH and ATKE, and (b) maximum 1 min values of AH and ATKE.

Table 8. Convective heat flux and storage in the canopy airspace, calculated from fuel consumption
estimates and integrated sensible heat flux at the top of the canopy during fire front passage for the
11 instrumented prescribed burns, separated by burn intensity. Values are the mean M] m~2 =+ 1 stan-
dard error, sample sizes, T statistics, and significance levels.

Low Intensity High Intensity n T19 p-Value
(Mean MJ m~—2 4 1 SE)

Convective heat flux + heat storage

8.356 + 1.175 13.732 £ 2.398 11 2.290 0.051
Integrated A sensible heat flux
3.784 + 0.617 8.470 4+ 1.243 11 3.819 0.005

3.6. Relationships between Emissions and Heating and Turbulence Statistics

When all instrumented prescribed burns were considered together, the estimated
PM, 5 emissions calculated using fuel consumption values were either unrelated or only
weakly related to above-canopy enhanced heating, sensible heat flux, or turbulence statistics
(Table 9). The relationships between PM, 5 emissions and maximum A air temperatures
measured above the canopy at any timescale (10 Hz, 1 s, 1 min), or the maximum A vertical
or horizontal wind velocities measured at 10 Hz, were insignificant. PM;5 emissions
were also unrelated to average or maximum 1 min A sensible heat fluxes during fire front
passage, total A sensible heat flux calculated from above-canopy measurements, or average
or maximum 1 min A TKE values (Table 9). The lack of relationships between above-
canopy heat fluxes and turbulence and the consumption of fuels on the forest floor and
understory indicate that PM; 5, along with CO,, CO, and other compounds emitted during
the combustion process, likely remained near the ground and within the canopy airspace

for longer periods of time during low-intensity burns than during high-intensity head and
mixed-behavior burns.
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Table 9. Relationships between maximum values of A air temperature, A vertical and horizontal wind
velocities, A 1 min mean and peak sensible heat fluxes, A 1 min mean and peak turbulent kinetic
energy, and estimated PM; 5 emissions during instrumented prescribed burns.

Fire Behavior/Location Slope Intercept Rs T19 p-Value
A 10 Hz air temperature (°C) 0.498 154.3 0378  1.225 0.252
A 1's air temperature (°C) 0.608 157.7 0.424 1.404 0.194
A 1 min air temperature (°C) 1.169 170.8 0.032 0.096 0.926
A 10 Hz vertical wind speed (m s7h 9.551 172.4 0.287 0.899 0.392
A 10 Hz horizontal wind speed (m s~ 1) 8.243 153.8 —0.005 0.000 0.989
A 1 min mean H (W m~2) 8.196 159.0 0.228 0.703 0.501
A 1 min peak H (W m~2) 0.957 170.7 0.055  0.165 0.873
A Total sensible heat (MJ m~2) 9.942 138.3 0.358  1.150 0.310
A 1 min mean TKE (m? s2) 8.800 163.5 0.465  1.576 0.150
A 1 min peak TKE (m? s~2) 1.818 179.1 0223  0.686 0.509

4. Discussion

Pre- and post-burn fuel loading measurements were used to estimate fuel consumption,
combustion completeness factors, and PM; 5 emissions during prescribed burns conducted
in the three major upland forest types in the Pinelands of southern New Jersey. Biometric
fuel estimates were then integrated with above-canopy heat flux and turbulence measure-
ments to compare low- and high-intensity burns. Greater amounts of fine litter on the forest
floor were consumed compared to understory vegetation or 1 h + 10 h fuels in all three
forest types during most prescribed burns, indicating that the combustion of fine litter is
typically the predominant source of emissions of PM; 5, CO,, and other compounds during
prescribed burns in the Pinelands. Our findings further indicated that low-intensity backing
fires, regardless of forest type, had weaker relationships between above-canopy sensible
heat flux and turbulence statistics than high-intensity fires. Heat flux in buoyant plumes,
here approximated as A sensible heat flux, is the main pathway of heat dissipation from
combustion during prescribed burns [26,27,30]. Above-canopy sensible heat flux during
high-intensity burns accounted for a greater proportion of estimated convective heat flux
and heat storage during the combustion of forest floor and understory fuels than during
low-intensity burns. Because emissions of PM; 5, CO,, and CO were not strongly coupled
with above-canopy turbulence during low-intensity burns under the low-to-moderate
ambient wind speeds characterizing prescription burn days, relatively high concentrations
likely occurred near the surface for longer periods of time [25,55]. Overall, the lack of
enhanced above-canopy sensible heat fluxes, vertical and horizontal wind velocities, and
TKE values during low-intensity burns limited the movement of smoke (and embers) above
the canopy, where dispersion occurs with greater efficiency [19,21,22].

4.1. Fuel Loading and Consumption during Prescribed Burns

We sampled a wide range of surface fuel loadings in the three upland forest communi-
ties to calculate combustion completeness factors, with the time since the last prescribed
burn or wildfire ranging from two years in a re-burned pine-scrub oak stand to over
four decades in oak- and pitch-pine-dominated stands [47]. Fine litter on the forest floor
comprised the largest proportion of available fuels consumed during prescribed burns in
nearly all stands. Our field sampling also indicated that, of the three major surface fuel
types, the spatial variation within stands was the least for fine litter. When expressed as a
coefficient of variation (CV; standard deviation/mean), the values for fine litter averaged
26 =+ 8%, while the CVs for understory vegetation and 1 h + 10 h fuels averaged 50 £ 22%
and 63 £ 12%, respectively. Field sampling further indicated that, when the time since the
last fire is accounted for, the fine litter loading is similar between forest types, reflecting
similar rates of production and decomposition of fine litter in intermediate-age pine-scrub
oak, pine-oak, and oak—pine stands in the Pinelands [56].
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Quantifying surface fuels in small (0.5 and 1.0 m?) plots is relatively straightforward,
but scaling randomly located plots to the stand level introduces greater uncertainty into
fuel loading estimates. Similarly, post-burn measurements made in an identical manner but
not in the exact same spatial location as the pre-burn measurements can further introduce
error into consumption estimates, including apparent net increases in 1 h + 10 h woody
fuels. Canopy and understory fuels can be estimated accurately over large spatial extents
using terrestrial or airborne LiDAR scanning systems, and these approaches have been
used extensively in the Pinelands, e.g., [1,2,34,35,44]. However, remote sensing approaches
are less effective at quantifying available fuels on the forest floor and their consumption
during prescribed burns. A variety of hybrid approaches integrating field sampling and
simulation models to estimate fine fuel accumulation over time, along with the use of
CC factors, could provide more accurate estimates of PM; 5 emissions during prescribed
burns. For example, litter layer accumulation is a near-linear function of the time since
the last prescribed burn in Pinelands forests, and the accumulation rates of fine litter and
1h + 10 h wood are consistent with woody biomass accumulation by understory shrubs
and oaks [10,47]. Thus, an estimate of the time since the last fire, coupled with LiDAR data
to link shrub height to accumulated litter mass, can be used to approximate the available
surface fuels. A second potential approach is to employ process-based forest productivity
models such as PnET CN or LANDIS II, which have been used extensively to simulate forest
productivity throughout the Atlantic coastal plain [57-61], to predict foliage and fine wood
production, and to link litterfall production to the time since the last fire in order to provide
an estimate of accumulated fuels on the forest floor. A third approach is to use remotely
sensed estimates of leaf area from Landsat or MODIS satellite products for the appropriate
forest types, and then couple simulated litterfall with decomposition rates for specific
litter types to estimate the forest floor dynamics. Remotely sensed NDVI has been used
extensively to estimate burn severity in the Pinelands [35,49], and the decomposition of
major litter types is well constrained in many forests on the Atlantic coastal plain, e.g., [56].

Over the range of operational prescribed burns that were quantified from 2004 to
2020, pre-burn fuel loading had an overriding effect on the amount of fuel consumed,
and consumption was generally linearly related to pre-burn loading [47,49]. The linear
relationships between pre-burn fuel loading and consumption observed in pine- and
oak-dominated stands in the Pinelands are consistent with extensive pre- and post-burn
sampling in mixed southern pine stands dominated by longleaf pine (P. palustris Mill.),
loblolly pine (P. taeda L.), slash pine (P. elliotii Engelm.), and sand pine (P. clausa (Chapm.
Ex Engelm.) (Vasey ex Sarg.) in the Southeastern US [3,37]. In their studies, correlation
coefficients > 0.8 characterized the linear relationships between pre-burn loading and
consumption for the majority of surface fuels. However, a number of points are notable
in our study: (1) when separated by forest type, CC factors were generally lower for
oak—pine stands than for stands with a greater dominance of pines; (2) there was a trend
towards greater fine litter consumption at higher fire intensities, and the weakest linear
relationship occurred for fine litter in our analyses of pre-burn loading and consumption;
and (3) a non-linear relationship emerged when combustion completeness factors were
calculated for 1 h + 10 h fuels. Differences in CC factors among stand types and fire
intensity are likely related to the fact that fine litter composed predominantly of oak or
pine litter differs in particle size and compaction, affecting porosity and airflow during
preheating and combustion processes [62—-64]. Although oak-dominated stands have lower
leaf area during the dormant season—which affects the microclimate by allowing greater
penetration of solar radiation and ambient wind velocities near the surface, and contributes
to enhanced rates of evaporation from litter surfaces—particles of oak litter tend to be
larger than those of pine litter; thus, the fuel moisture dynamics in accumulated litter
beds can differ [65,60]. The litter layer in pitch pine-scrub oak stands consisted of a
larger proportion of pine needles compared to oak-dominated stands, and at higher fire
intensities, a trend towards increased proportional consumption of fine litter was noted.
During crowning wildfires in the Pinelands, a large proportion to nearly all of the fine litter
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is consumed [49]. For 1 h + 10 h woody fuels, non-linearity in the relationship between
loading and consumption was reflected in an increase in the value of the CC factor with
increased loading for 1 h + 10 h fuels; this pattern also occurred to a lesser extent for the CC
for total forest floor consumption. Overall, these relationships suggest that some caution
should be exercised when emissions are calculated from CC factors averaged across forest
types in the Pinelands. It would be more accurate to use the appropriate values for each
forest type, and scaled combustion completeness factors may be more appropriate for
calculating emissions during the combustion of 1 h + 10 h wood.

4.2. Tower Measurements of Heating and Turbulence during Prescribed Burns

Atmospheric turbulence generated by buoyant plumes above fire fronts plays the
leading role in the lofting and dispersion of smoke during prescribed burns [67]. Obser-
vations indicate that sensible heat flux (A H) and turbulent kinetic energy (A TKE) are
enhanced to a greater extent during high-intensity head and flanking burns than during
low-intensity backing burns, and the relationship between sensible heat flux and TKE
is stronger during high-intensity burns than during low-intensity burns. The enhanced
turbulence at the top of the canopy, driven by greater rates of convective heat production
and stronger buoyant plumes during the passage of higher-intensity fire fronts, results
in increased lofting and dispersion of smoke, likely reducing the concentrations of PM; 5,
CO;, CO, and other pollutants near the surface more rapidly [24,25,55].

A number of sources of error may have influenced our estimates of sensible heat flux
and turbulence statistics. We must acknowledge that the sonic anemometers were operated
beyond their factory specifications, although the large majority of data recorded at air
temperatures between 50 °C and ~125 °C were not associated with sonic anemometer
diagnostic error codes, indicating that sensor pairs were functioning normally. However,
during the more intense head fires, extreme turbulence and rapidly fluctuating air tem-
peratures in buoyant plumes and downdrafts may not have been captured accurately
at a 10 Hz sampling speed. In addition, the variability in the 1 min values of sensible
heat flux was greater during high-intensity burns than low-intensity burns, due in part to
intermittent negative vertical wind velocities associated with cooler ambient air just before
and sometimes after fire fronts’” passage, which occasionally resulted in large negative
1 min sensible heat flux values. Linear gap filling of short intervals (<0.5 s) and the limited
use of thermocouple data to fill gaps in high-temperature data at some of the towers in
high-intensity burns may also have affected our results. In addition, data were incomplete
for the latter part of fire front passage at two of the six burn area towers in high-intensity
head fires because the sonic anemometers were damaged.

Our estimates of TKE during the passage of fire fronts were also influenced by the
choice of averaging times for the mean vertical and horizontal wind velocities. We fol-
lowed the approach used in previous analyses [19,21-23] and used the half-hour period
immediately before the fires were in close proximity to or under the towers to calculate the
mean u, v, and w. In a previous set of analyses that included the instrumented burns up
to 2015, 1 min averaging times were used to calculate TKE, and this approach resulted in
lower TKE values because turbulence produced by buoyant plumes was included in the
1 min averages of u, v, and w [30]. Despite any methodological limitations, the values for
sensible heat fluxes and TKE during fire front passage were consistent with measurements
reported for other tower-based studies during prescribed burns. Seto et al. [19] reported
a maximum air temperature of 202.5 °C and estimated that summed 1 min sensible heat
flux totaled 50.2 kW m~2 for above-canopy measurements in a prescribed burn in a lon-
gleaf pine—turkey oak stand in North Carolina, USA. Clements et al. [29] reported that
the peak 1 min sensible heat flux and TKE in a head fire during the RxCadre experiments
was 15.2 kW m~2 and ~3 m? s~2, respectively, in Florida, USA, within the range of our
measurements for high-intensity burns. Much higher values were reported for a head fire
in grasslands during “red flag” conditions in Texas, USA; the maximum sensible heat flux
was 22300 kW m~2, and the TKE ranged up to 40 m? s~2 [31,68].
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Using sonic anemometer data from three heights through the canopy during the
prescribed burn conducted in a pine-oak stand in 2011, Heilman et al. [20,22] showed that
increases in fire-induced TKE can be much larger at or near the top of the canopy than at
levels near the ground, strongly influencing the diffusion and dispersion of smoke as it
exits the top of the canopy. They also calculated the relative contributions of the horizontal
and vertical components of the total TKE field (a measure of turbulence anisotropy) and
indicated that the vertical component of TKE comprised less than 22% of the total TKE field,
with the horizontal component of above-canopy TKE dominating the vertical component
primarily at large eddy sizes occurring at low frequencies [21-23]. In further analyses, the
presence of fire fronts was shown to cause substantial changes in the turbulence regimes
compared to ambient conditions. During the passage of fire fronts, upward flux of high-
horizontal-momentum air from below, termed outward interactions, and sweeps, defined
as the downward flux of high-horizontal-momentum air from aloft, dominated the period
characterized by the production of buoyant plumes and the largest sensible heat fluxes.
The oscillatory behavior of sweeps and outward interactions differed from the behavior
that occurred before and after fire fronts” passage, which was characterized by a larger
proportion of ejections—defined as the upward flux of low-horizontal-momentum air from
below—and sweeps. Overall, greater fireline intensity resulted in hotter buoyant plumes
that were associated with enhanced sensible heat flux and turbulence within and above
the canopy during the instrumented prescribed fires, and this contributed to a more rapid
dispersion of smoke near the surface.

4.3. PM 5 in the Pinelands National Reserve

Atmospheric PM; 5 concentrations measured adjacent to the Pinelands National Re-
serve at the Brigantine Wilderness Area IMPROVE site indicate that the annual mean and
maximum 24 h PM; 5 concentrations have slowly declined by approximately —0.24 and
—0.90 ug m~3 yr~! over the last two decades, respectively, and in 2020 the average annual
and maximum values over 24 h periods were 5.6 and 20.2 ug m~3, respectively, below
the current annual and 24 h US EPA standards [69,70]. The overall trend of declining
PM, 5 concentrations is a result of existing state and federal emission controls, especially
those regulating the PM; 5 precursors SO, and NOx from power plants, motor vehicles,
heating oil, and off-road vehicles and equipment, and is consistent with the regional-scale
reduction in PMj; 5 concentrations throughout the Eastern USA [71]. Although a regional
analysis of the impacts of prescribed burning on PM, 5 concentrations is beyond the scope
of this research, it is instructive to consider patterns of PM; 5 emission reductions across the
state over the last decade, as prescribed burning now contributes a proportionally greater
amount of PMjy 5 to the atmosphere. Total PM; 5 emissions were estimated at 27,658 tons
in 2007 and 19,965 tons in 2017 [72]. Reductions were greatest in the non-mobile point
source category (53% reduction from 2007 to 2017) and least in the area-based category (4%
reduction from 2007 to 2017). This latter category includes PM; 5 emissions from prescribed
burning and wildfires, which are lower than emissions from residential wood use (31%
of total statewide PM, 5 emissions in 2017) and other area-based emissions (26% of total
statewide PM; 5 emissions in 2017) [72]. However, because of significant reductions in
PM, 5 emissions from the point source, on-road mobile, and off-road mobile categories,
the proportion of statewide emissions that can be attributed to prescribed burning and
wildfires has increased over time.

Previous estimates of PM; 5 from prescribed burns conducted by the NJFFS in the
Pinelands suggest that they contributed an estimated 1.3%, with a range of 0.9 to 2.1%,
of the total PM; 5 emissions in the state in 2007 [55]. Their analyses also indicated that
annual emissions of PM; 5 from prescribed burning would be less than from wildfires when
approximately <5000 ha a year was subjected to prescribed burning in the Pinelands. These
estimates are only approximate, and factors affecting the actual release rates of PM, 5 and
other criterion pollutants include fuel moisture contents, the efficiency of fuel combustion,
and the balance between flaming and smoldering combustion. However, the NJDEP antici-
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pates additional reductions in the emission of PM; 5 and its precursors (SO, NOy, VOCs,
and ammonia) in the future due to state and federal controls that have been adopted, fleet
replacement with newer, lower-emission vehicles, and equipment turnover [72,73]. Any
increase in prescribed burning across the state would no doubt increase the proportions of
PM; 5, CO, and potentially other pollutants attributed to wildland fires. In addition, uncer-
tainties exist for future trends in regional PM; 5 concentrations throughout the Eastern USA
because of predicted increases in climate-driven wildfire activity and subsequent down-
wind transport throughout North America, potentially increasing surface concentrations in
the Northeastern and mid-Atlantic regions [74,75].

5. Summary

Our research combined fuel consumption and emission estimates of PM, 5, CO,, and
CO with observations of above-canopy sensible heat flux and turbulence during operational
prescribed burns of varying intensity in the Pinelands National Reserve, New Jersey. Fine
litter typically had the greatest pre-burn loading but the least spatial variability of the three
major surface fuel types, and it contributed the most to PMj, 5 emissions during prescribed
burns. Estimated PM; 5 emissions were greater in pitch pine-scrub oak stands than in
stands with a greater density of overstory oaks because of greater fuel loading and greater
proportional consumption, although increased flaming combustion during high-intensity
burns also influenced emissions. Tower measurements indicate that above-canopy sensible
heat flux and turbulent kinetic energy (TKE) calculated at 1 min intervals during the
passage of fire fronts were strongly influenced by fire behavior. Low-intensity backing
burns, regardless of forest type, had weaker enhancement of above-canopy air temperature,
vertical and horizontal wind velocities, sensible heat fluxes, and TKE compared to higher-
intensity head and flanking burns. Sensible heat flux and TKE in buoyant plumes were
unrelated during a majority of the low-intensity burns but more tightly coupled during high-
intensity burns. The relatively low values and weak coupling that occurred during low-
intensity backing burns likely resulted in reduced rates of smoke transport and dispersion,
as well as more prolonged periods of elevated surface concentrations of PMj, 5, CO, and
other compounds.

The development of combustion completeness factors by fuel and forest type can assist
state and federal wildland fire managers in estimating smoke emissions during operational
prescribed burns in the Pinelands more accurately, and it can be based on knowledge of
pre-burn fuel loading or time since the last burn. Furthermore, information regarding
forest floor and understory loading and consumption in Pinelands forests complements
remotely sensed products used to characterize the effects of prescribed burning on forest
structure. Overall, this comparative observational study provides a better understanding
of the linkage between convective (sensible) heat flux and turbulence in buoyant plumes,
and it contributes to the development of predictive tools that more completely account for
the impacts of the forest overstory and fire intensity on smoke lofting and dispersion.
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Appendix A

Table A1. Meteorological sensors and eddy covariance equipment used to measure turbulence and
heat fluxes at all burn area towers, as well as additional meteorological variables at selected burn
area towers and all control towers.

Variable Instrument/Sensor Vendor/Model Height(s)

. R.M. Young 81000v,
Turbulence Sonic anemometer Gill Win dmgas ter Pro 19.5mor 16 m
CO, and H,O LiCor 7000 195 mor 16 m
Solar radiation LiCor 200 LiCor, Inc. 195mor16m,2m
Net radiation NRLite, CNR1 Kipp and Zonen 19.5mor 16 m, 2m
Air temperature HMP45¢ Vaisala 185mor15m,2m
Relative humidity HMP45c Vaisala 185mor15m,2m
Precipitation TE525 Texas Electronics 18.0mor 15 m
Wind velocity 05013 R.M. Young 19.5mor 15m, 2m
Wind direction 05013 R.M. Young 195 mor 15 m, 2m
Soil temperature CS-107, 109 Campbell Scientific 5 cm depth
Soil heat flux HFT-3.1 REBS, Inc. 10 cm depth

Appendix B. Heat and Energy Release from Consumed Fuels

Heat release per unit area was calculated from consumption estimates of each fuel
type, using 18.7 KJ g ™! as the estimated heat of combustion. Energy consumed during
preheating and pyrolysis of fuels was calculated as a function of the mass, moisture content,
and initial ambient temperature of each fuel type [26]:

Epp = Mass(07k]g ™" + (0.0042K1g ™ HyOXM (100 — Toir))

where By, is the energy consumed in preheating and pyrolysis, Mass is the amount of each
fuel type consumed, M, is the moisture content of each fuel type, and T,;; is the ambient
air temperature. Based on the work of Kremens et al. [26], it was assumed that radiant heat
flux accounted for approximately 17% of the total heat of combustion of each type:

ER = Epp % 0.17kJg !

where Ejy is the radiant heat flux. The latent heat flux from combusted fuels was calculated
using the mass and moisture content of each fuel type, assuming complete vaporization of
the moisture in consumed fuels:

EL = Mass * (Mc * Q, +Qc)

where Ep is the latent heat flux, Qy is the latent heat of vaporization (2.25 kJ g’l), and
Qc is the heat due to moisture released by combustion (1.40 k] g~ !). The remaining heat
flux was assumed to be convective heat and energy consumed in the litter layer and soil
heating [26].
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Table A2. Summary of equations and statistics for the relationship between pre-burn fuel loading
and consumption estimated from post-burn measurements for understory vegetation, 1 h + 10 h
woody fuels, fine litter, and litter and woody fuels on the forest floor. Units are mean tons ha-1, and
data were fitted to linear equations with the following orm: Consumption = « (fuel loading) — f.

Fuel Type n Slope  Intercept 2 F p
Understory (Figure 3a) 35 0.668 —0.040 0.665 66.4 <0.001
1+ 10 h wood (Figure 3b) 46 0.852 —0.106 0.860 276.9 <0.001
Fine litter 46 0.553 —0.005 0.440 34.0 <0.01
Forest floor (Figure 3c) 46 0.768 —0.252 0.645 77 4 <0.001
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Figure Al. The relationship between pre-burn loading and calculated combustion completeness
factor (CCy) for (a) understory vegetation, (b) 1 h + 10 h woody fuels, (c) fine litter, and (d) total forest
floor material. Pre-burn fuel loading is in g m~2, and mean + 1 SD values for each coefficient are

shown to the left of each scatterplot.

Table A3. Pre- and post-burn fuel loading and estimated consumption during the 11 instrumented
prescribed burns in the Pinelands National Reserve. Units are g m 2 4 1 SD.

Site/Fuel Type Pre-Burn Post-Burn Consumed Percent
Low-intensity fires

Pitch pine-scrub oak, Cedar Bridge 2008, n = 10

Understory 445 4+ 102 301 £+ 133 144 32.4
1+ 10 h wood 207 £ 97 129 + 44 78 37.7
Fine litter 1492 + 359 712 + 178 780 52.3
Total 2144 4+ 350 1142 + 225 1002 46.7
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Site/Fuel Type Pre-Burn Post-Burn Consumed Percent
Pitch pine-scrub oak, Cedar Bridge 2013, n = 10
Understory 411 + 334 176 +93 235 57.2
1 h wood 182 £ 134 59 4+ 25 123 67.6
10 h wood 187 + 142 138 + 122 49 26.2
Fine litter 785 + 259 204 + 68 581 74.0
Total 1565 + 583 577 £ 114 988 63.1
Pitch pine-scrub oak, Warren Grove 2015, n = 36
Understory 230 + 122 95 + 51 134 58.3
1 h wood 100 £ 67 88 £ 32 12 12.0
10 h wood 77 £ 49 89 £+ 55 —11 —14.3
Fine litter 558 + 152 224 + 71 334 59.9
Total 965 + 235 495 + 161 469 48.6
Pitch pine-scrub oak, Cedar Bridge 2020, n = 10
Understory 686 1+ 196 563 + 204 123 17.9
1 h wood 101 £ 79 89 £ 36 12 11.9
10 h wood 83 +76 21 +32 61 73.5
Fine litter 1231 + 282 748 + 144 483 39.2
Total 2101 £ 514 1421 + 282 680 324
Pine-oak, Joint Base MDL 2006, n = 15
Understory 486 + 360 199 + 155 287 59.1
1+ 10 h wood 191 £ 125 185 4+ 98 6 3.1
Fine litter 933 + 360 423 + 164 510 54.7
Total 1610 + 520 807 + 293 803 49.9
Oak—pine, Silas Little EF 2012, n = 24
Understory 170 £ 132 127 £+ 56 43 25.3
1 h wood 113 £ 67 95 + 42 18 15.9
10 h wood 74 £73 64 £+ 65 10 13.5
Fine litter 747 + 116 311 + 78 436 58.4
Total 1104 + 246 597 + 134 507 459
Oak—pine, Silas Little EF 2019, n = 12
Understory 287 + 96 261 + 125 26 9.1
1 h wood 85 + 38 85+ 26 0 0.0
10 h wood 29 + 17 33 +22 -3 —-10.3
Fine litter 929 + 293 605 + 116 325 35.0
Total 1330 + 338 983 + 119 347 26.1
High-intensity fires
Pitch pine-scrub oak, Warren Grove 2013, n = 36
Understory 380 + 219 114 £+ 86 266 70.0
1 h wood 294 + 174 107 + 25 186 63.3
10 h wood 133 £ 122 66 £+ 26 67 50.4
Fine litter 741 + 80 217 + 56 524 70.7
Total 1547 + 327 504 + 136 1042 67.4
Pitch pine-scrub oak, Warren Grove 2014, n = 36
Understory 473 + 134 123 £ 79 350 74.0
1 h wood 163 + 88 83 £ 27 80 49.1
10 h wood 103 £+ 80 66 £+ 60 37 35.9
Fine litter 963 + 232 272 + 69 691 71.8
Total 1702 + 307 543 + 131 1158 68.0
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Table A3. Cont.

Site/Fuel Type Pre-Burn Post-Burn Consumed Percent
Pine-oak, Brendan Byrne SF 2011, n = 27

Understory 632 £ 289 268 + 175 364 57.6

1 h wood 73 £ 56 34 £+ 36 39 53.4
10 h wood 41 +63 41 £+ 66 0 0.0
Fine litter 732 + 232 446 + 150 287 39.2
Total 1478 + 388 789 £ 269 689 46.6

Table A4. Maximum air temperature and turbulence statistics for all towers during the 11 instru-
mented prescribed fires conducted in the Pinelands. Towers designated with the letter “C” are
control towers outside of the burn areas. Averaged differences are designated as “A values”. Re- and
post-burn fuel loading and estimated consumption during the 11 instrumented prescribed burns in
the Pinelands National Reserve. Units are g m~2 + 1 SD.

Site Air Temperature (°C) Vertical Wind (m s—1) Horizontal Wind (m s—1)
10 Hz 1s 1 min 10 Hz 1s 1 min 10 Hz 1s 1 min

Low-intensity fires

Pitch pine-scrub oak, Cedar Bridge 2008

CB1 49.3 39.4 11.8 3.79 2.84 0.73 8.50 8.29 5.65
CBC1 11.2 11.0 9.7 3.63 2.84 0.71 8.99 8.02 4.67
CBC2 11.2 10.9 9.4 3.43 2.78 0.75 9.72 9.04 5.18
A Values 38.2 26.9 2.3 0.26 0.03 0.00 —0.86 —-0.24 0.72
Pitch pine-scrub oak, Cedar Bridge 2013

CB2 51.5 34.1 13.9 5.78 3.94 0.70 13.94 12.78 7.22
CBC1 11.2 10.8 10.2 5.16 3.22 0.72 14.90 13.85 9.83
CBC2 11.3 11.2 10.0 5.42 3.01 0.48 14.83 13.09 5.95
A Values 40.3 23.1 3.8 0.49 0.83 0.09 —-0.93 —-0.70 —0.67
Pitch pine-scrub oak, Warren Grove 2015

WG1 67.6 57.3 21.0 5.93 3.64 1.38 9.28 7.64 4.49
WG 2 49.3 36.7 17.4 3.86 3.00 0.98 11.15 8.44 5.09
WG 3 37.3 27.9 9.7 3.71 2.72 0.58 9.55 8.47 5.29
WG C1 8.2 8.0 6.6 3.20 2.60 0.53 9.28 8.10 5.23
A Values 43.2 32.6 9.5 1.30 0.52 0.45 0.71 0.08 —-0.27
Pitch pine-scrub oak, Cedar Bridge 2020

CBW 25.2 18.8 44 5.35 3.84 0.70 15.60 14.23 7.80
CBC1 3.6 2.6 1.9 5.21 3.09 0.58 14.10 12.05 6.31
A Values 21.6 16.2 2.5 0.14 0.75 0.12 1.5 2.18 1.49
Pitch pine-scrub oak, Cedar Bridge 2020

CBE 74.0 55.4 10.7 5.31 3.63 0.65 15.15 13.20 6.71
CBC1 5.7 3.9 1.8 5.29 3.15 0.50 12.56 11.22 5.87
A Values 68.3 51.5 8.9 0.02 0.48 0.15 2.59 1.98 0.84
Pine-oak, Joint Base MDL 2006

JB1 24.4 21.4 8.4 4.03 3.09 1.38 11.04 10.32 6.52
JBC1 25 2.3 1.6 3.65 2.74 0.64 10.04 9.16 6.23
JBC2 29 2.6 1.5 4.08 3.10 0.55 10.53 8.08 5.2
A Values 21.7 18.9 6.9 0.17 0.17 0.79 0.75 1.70 0.81
Oak-pine, Silas Little EF 2012

SL1 31.8 24.6 12.1 3.28 2.27 0.69 8.16 7.39 5.33
SLC1 6.6 6.5 5.9 2.95 2.19 0.89 8.34 7.61 5.76
SL C2 9.4 9.2 8.2 3.76 2.45 0.77 9.24 8.08 5.33

A Values 23.8 16.7 5.1 —-0.14 —0.05 —0.14 —0.63 —0.46 —0.22
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Table A4. Cont.

Site Air Temperature (°C) Vertical Wind (m s—1) Horizontal Wind (m s—1)
10 Hz 1s 1 min 10 Hz 1s 1 min 10 Hz 1s 1 min

Oak-pine, Silas Little EF 2019
SL N 36.4 29.6 17.9 3.05 2.69 0.67 8.78 7.92 4.64
SLW 44.6 35.0 17.3 4.23 2.74 1.02 8.52 7.39 4.57
SL Flux 54.4 40.8 19.9 4.65 342 1.04 8.43 7.80 6.10
SLE 374 32.6 17.2 457 3.34 1.19 8.81 8.19 5.51
SLC1 14.2 14.0 12.6 3.63 2.26 0.66 9.45 8.26 5.16
A Values 29.0 20.0 5.5 0.50 0.79 0.32 —0.82 —0.44 0.04
High-intensity fires
Pitch pine-scrub oak, Warren Grove 2013
WG1 122.8 109.6 419 9.37 6.73 1.78 12.84 9.72 4.76
WG 2 332.1 228.1 78.4 10.32 7.22 2.08 16.01 8.27 3.95
WG 3 159.3 129.1 42.0 6.22 4.47 252 10.02 6.31 4.12
WG C1 10.3 9.9 8.8 2.2 1.5 0.40 6.43 5.9 3.84
A Values 194.5 145.7 45.3 6.44 5.52 1.73 6.53 341 0.44
Pitch pine-scrub oak, Warren Grove 2014
WG1 233.0 198.8 76.8 9.04 5.82 2.55 13.42 11.17 6.54
WG 2 154.0 100.8 38.8 9.35 5.56 1.16 14.6 10.63 6.46
WG 3 113.4 63.4 27.8 5.78 4.09 1.08 14.71 10.05 6.26
WG C1 20.9 20.4 19.0 434 3.19 0.43 114 10.31 5.9
A Value 145.9 100.6 28.8 3.72 1.97 1.17 2.84 0.31 0.52
Pine—oak, Brendan Byrne SF 2011
BB 1 121 100.6 49 8.26 5.25 2.62 12.73 9.64 6.18
BB C1 11.3 10.8 8.5 3.35 2.64 0.67 8.64 7.9 5.32
BB C2 114 11 9.9 4.03 3.25 0.99 9.12 8.59 5.98
A Values 109.6 89.7 39.9 4,57 2.31 1.79 3.86 1.39 0.53

Table A5. Mean and maximum values of sensible heat flux and turbulent kinetic energy measured

at 1 min intervals for burn area and control towers during the 11 instrumented prescribed fires

conducted in the Pinelands. Towers designated with the letter “C” are control towers outside of the

burn areas, and sensible heat flux and TKE values are averaged for the time periods that prescribed

fires were burning in the vicinity of and under burn area towers during flame front passage. Averaged

differences between control and burn area towers are designated as “A values”.

. . Time Sensible Heat Flux TKE

Fire Behavior and Stand (Minutes) (KW min-1) (@2 s-2 min-1)
Mean =1 SD Maximum Mean =1 SD Maximum

Low-intensity prescribed burns
Pitch pine-scrub oak, Cedar Bridge 2008
CB1 30 1.738 £ 0.966 4.030 2.627 + 1.194 5.438
CBC1 0.256 + 0.144 0.767 0.829 + 0.467 3.807
CBC2 0.276 4+ 0.208 0.948 0.504 4+ 0.289 3.047
A Values 1.472 3.173 1.965 2.011
Pitch pine-scrub oak, Cedar Bridge 2013
CB2 40 1.900 + 1.864 6.890 4930 £+ 1.512 8.194
CBC1 0.087 + 0.049 0.635 3.267 + 1.464 8.837
CBC2 0.192 + 0.096 0.541 2.300 + 0.998 8.163
A Values 1.761 6.302 1.980
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. . Time Sensible Heat Flux TKE
Fire Behavior and Stand (Minutes) (kW min-1) (@2 s—2 min-1)
Mean =1 SD Maximum Mean + 1 SD Maximum
Pitch pine-scrub oak, Warren Grove 2015
WG1N 22 4.015 £ 6.013 30.022 2.234 4+ 0.994 4.706
WG2W 28 2.899 4+ 2.191 9.542 2.880 4 1.345 7.230
WG3S 17 2.952 + 3.691 14.623 4524 +2.043 9.672
WG C1 0.134 + 0.068 0.308 1.232 4 0.648 3.636
A Values 3.155 17.754 1.981 3.567
Pitch pine-scrub oak, Cedar Bridge 2020
CBW 30 1.052 £ 0.754 3.543 4.898 + 1.849 8.903
CBC1 0.100 + 0.063 0.291 3.537 +1.431 8.753
A Values 0.952 3.252 1.361 0.150
Pitch pine-scrub oak, Cedar Bridge 2020
CBE 18 3.845 + 5.109 20.431 6.237 + 2.364 11.119
CBC1 0.146 + 0.093 0.444 3.954 + 1.179 7.308
A Values 3.699 19.987 2.283 3.811
Pine-oak, Joint Base MDL 2006
JB1 30 2.198 + 1.730 7.563 5.128 + 2.016 10.882
JBC1 0.163 + 0.094 0.649 1.552 4+ 0.627 4.039
JB C2 0.265 + 0.152 0.802 1.695 4+ 0.770 4.655
A Values 1.984 6.838 2.271 5.456
Oak-—pine, Silas Little EF 2012
SL1 30 0.500 + 1.060 4.975 2.659 + 1.441 6.639
SL C1 0.114 + 0.099 0.322 0.734 + 0.381 3.266
SL C2 0.195 + 0.122 0.508 1.071 £ 0.472 3.364
A Values 0.346 4.560 1.757 3.324
Oak-—pine, Silas Little EF 2019
SLN 20 2.333 + 1.620 5.645 1.670 4 0.570 2.678
SLW 20 2.500 & 2.631 7.407 1.903 4+ 0.870 3.337
SL Flux 15 1.771 £ 3.375 14.841 3.013 + 1.087 5.248
SLE 15 2.584 4+ 2.451 8.144 2.653 +1.030 4232
SL C1 0.184 +0.170 0.646 1.138 £ 0.771 3.291
A Values 2.113 8.363 1.172 0.583
High-intensity prescribed burns
Pitch pine—scrub oak, Warren Grove 2013
WG1IN 6 15.018 + 23.290 54.030 6.377 + 5.697 16.729
WG2W 12 7.342 + 13.289 46.602 4.416 + 2.007 7.448
WG3S 12 9.797 4+ 34.512 26.173 4.661 £+ 5.152 9.211
WG C1 0.193 +0.118 0.551 0.556 + 0.331 1.746
A Value 10.987 49.765 4.595 9.383
Pitch pine-scrub oak, Warren Grove 2014
WGN 10 6.928 + 14.079 40.562 7.351 +4.212 15.800
WGW 12 7.730 4 5.302 20.996 4950 + 1.757 9.234
WGS 10 8.878 + 12.406 38.423 6.104 4 2.451 9.873
WG C1 0.144 + 0.069 0.308 2.634 + 0.866 5.034
A Value 7.701 33.019 3.501 6.602




Fire 2024, 7, 330 30 of 33

Table A5. Cont.

Fire Behavior and Stand (M?LI::es) Sen(slzallelgsaitlflux (m?2 S:r21< Ifli n-1)

Mean +=1SD Maximum Mean + 1 SD Maximum
Pine-oak, Brendan Byrne State Forest 2011
BB 1 30 4.467 + 8.718 42.322 8.719 £+ 4.924 20.027
BB C1 0.308 £+ 0.181 0.786 1.385 + 0.591 3.276
BB C2 0.195 + 0.147 0.532 1.457 + 0.553 3.277
A Values 4.216 41.663 7.298 16.751

References

1. Skowronski, N.S.; Clark, K.L.; Duveneck, M.; Hom, J. Three-dimensional canopy fuel loading predicted using upward and
downward sensing lidar systems. Remote Sens. Environ. 2011, 115, 703-714. [CrossRef]

2. Skowronski, N.S.; Gallagher, M.R.; Warner, T.A. Decomposing the interactions between fire severity and canopy fuel structure
using multi-temporal, active, and passive remote sensing approaches. Fire 2020, 3, 7. [CrossRef]

3.  Ottmar, R.D.; Prichard, S.J. Fuel treatment effectiveness in forests of the upper Atlantic Coastal Plain—An evaluation at two
spatial scales. For. Ecol. Manag. 2012, 273, 17-28. [CrossRef]

4.  Prichard, S.J.; O'Neill, S.M.; Eagle, P.C.; Andreu, A.G.; Drye, B.; Dubowy, J.; Urbanski, S.P,; Strand, T.M. Wildland fire emission
factors in North America: Synthesis of existing data, measurement needs and management applications. Int. ]. Wildland Fire 2020,
29,132-147. [CrossRef]

5. Little, S.; Moore, E.B. The ecological role of prescribed burns in the pine-oak forests of southern New Jersey. Ecology 1949, 30,
223-233. Available online: https:/ /www.jstor.org/stable /1931188 (accessed on 1 May 2022). [CrossRef]

6.  Hutchinson, T.F; Yaussy, D.A.; Long, R.P.,; Rebbeck, ].; Sutherland, E.K. Long-term (13-year) effects of repeated prescribed fires on
stand structure and tree regeneration in mixed-oak forests. For. Ecol. Manag. 2012, 286, 87-100. [CrossRef]

7. Hutchinson, T.E; Adams, B.T.; Dickinson, M.B.; Heckel, M.; Royo, A.A.; Thomas-Van Gundy, M. A. Sustaining eastern oak forests:
Synergistic effects of fire and topography on vegetation and fuels. Ecol. Appl. 2024, 34, €2948. [CrossRef]

8.  Brose, PH.; Dey, D.C,; Phillips, R.J.; Waldrop, T.A. A meta-analysis of the fire-oak hypothesis: Does prescribed burning promote
oak reproduction in eastern North America. For. Sci. 2013, 59, 322-334. [CrossRef]

9. Nowak, J.T.; Meeker, J.R.; Coyle, D.R.; Steiner, C.A.; Brownie, C. Southern pine beetle infestations in relation to forest stand
conditions, previous thinning, and prescribed burning: Evaluation of the southern pine beetle prevention program. J. For. 2015,
113, 454-462. [CrossRef]

10. Clark, K.L.; Skowronski, N.; Gallagher, M. Carbon dynamics of prescribed fire in pine-and oak-dominated forests on the
mid-Atlantic coastal plain, USA. For. Ecol. Manag. 2024, 553, 121589. [CrossRef]

11. Gallagher, M.R.; Kreye, J.; Machtinger, E.; Everland, A.; Schmidt, N.; Skowronski, N.S. Can restoration of fire-dependent
ecosystems reduce ticks and tick-borne disease prevalence in the eastern United States? Ecol. Appl. 2022, 34, €2637. [CrossRef]
[PubMed]

12.  Urbanski, S. Wildland fire emissions, carbon, and climate: Emission factors. For. Ecol. Manag. 2014, 317, 51-60. [CrossRef]

13.  Andreae, M.O. Emission of trace gases and aerosols from biomass burning—An updated assessment. Atmos. Chem. Phys. 2019,
19, 8523-8546. [CrossRef]

14. Urbanski, S.P; O’Neill, S.M.; Holder, A.L.; Green, S.A.; Graw, R.L. Emissions. In Wildland Fire Smoke in the United States; Peterson,
D.L., McCaffrey, S.M., Patel-Weynand, T., Eds.; Springer: Cham, Switzerland, 2022. [CrossRef]

15.  Afrin, S.; Garcia-Menendez, F. The influence of prescribed fire on fine particulate matter pollution in the southeastern United
States. Geophys. Res. Lett. 2020, 47, e2020GL088988. [CrossRef]

16. Jaffe, D.A.; O'Neill, S.M.; Larkin, N.K.; Holder, A.L.; Peterson, D.L.; Halofsky, ].E.; Rappold, A.G. Wildfire and prescribed burning
impacts on air quality in the United States. |. Air Waste Manag. Assoc. 2020, 70, 583-615. [CrossRef] [PubMed]

17.  Abdel-Aty, M.; Ekram, A.A.; Huang, H.; Choi, K. A study on crashes related to visibility obstruction due to fog and smoke. Accid.
Anal. Prev. 2011, 43, 1730-1737. [CrossRef]

18. Seto, D.; Clements, C.B.; Heilman, W.E. Turbulence spectra measured during fire front passage. Agric. For. Meteorol. 2013, 169,
195-210. [CrossRef]

19. Seto, D.; Strand, T.M.; Clements, C.B.; Thistle, H.; Mickler, R. Wind and plume thermodynamic structures during low-intensity
subcanopy fires. Agric. For. Meteorol. 2014, 198-199, 53-61. [CrossRef]

20. Heilman, W.E.; Banerjee, T.; Clements, C.B.; Clark, K.L.; Zhong, S.; Bian, X. Observations of Sweep-Ejection Dynamics for Heat
and Momentum Fluxes during Wildland Fires in Forested and Grassland Environments. J. Appl. Meteorol. Climatol. 2021, 60,
185-199. [CrossRef]

21. Heilman, W.E,; Clark, K.L.; Bian, X.; Charney, J.].; Zhong, S.; Skowronski, N.S.; Gallagher, M.R.; Patterson, M. Turbulent

Momentum Flux Behavior above a Fire Front in an Open-Canopied Forest. Atmosphere 2021, 12, 956. [CrossRef]


https://doi.org/10.1016/j.rse.2010.10.012
https://doi.org/10.3390/fire3010007
https://doi.org/10.1016/j.foreco.2011.09.040
https://doi.org/10.1071/WF19066
https://www.jstor.org/stable/1931188
https://doi.org/10.2307/1931188
https://doi.org/10.1016/j.foreco.2012.08.036
https://doi.org/10.1002/eap.2948
https://doi.org/10.5849/forsci.12-039
https://doi.org/10.5849/jof.15-002
https://doi.org/10.1016/j.foreco.2023.121589
https://doi.org/10.1002/eap.2637
https://www.ncbi.nlm.nih.gov/pubmed/35426200
https://doi.org/10.1016/j.foreco.2013.05.045
https://doi.org/10.5194/acp-19-8523-2019
https://doi.org/10.1007/978-3-030-87045-4_5
https://doi.org/10.1029/2020GL088988
https://doi.org/10.1080/10962247.2020.1749731
https://www.ncbi.nlm.nih.gov/pubmed/32240055
https://doi.org/10.1016/j.aap.2011.04.003
https://doi.org/10.1016/j.agrformet.2012.09.015
https://doi.org/10.1016/j.agrformet.2014.07.006
https://doi.org/10.1175/JAMC-D-20-0086.1
https://doi.org/10.3390/atmos12080956

Fire 2024, 7, 330 31 0f 33

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

Heilman, W.E.; Clements, C.B.; Seto, D.; Bian, X.; Clark, K.L.; Skowronski, N.S.; Hom, ]J.L. Observations of fire-induced turbulence
regimes during low-intensity wildland fires in forested environments: Implications for smoke dispersion. Atmos. Sci. Lett. 2015,
16, 453-460. [CrossRef]

Heilman, W.E; Bian, X.; Clark, K.L.; Zhong, S. Observations of turbulent heat and momentum fluxes during wildland fires in
forested environments. J. Appl. Meteorol. Climatol. 2019, 58, 813-829. [CrossRef]

Kiefer, M.T.; Heilman, W.E.; Zhong, S.; Charney, ].J.; Bian, X.; Skowronski, N.S.; Hom, J.L.; Clark, K.L.; Patterson, M.; Gallagher,
M.R. Multiscale simulation of a prescribed fire event in the New Jersey Pine Barrens using ARPS-CANOPY. ]. Appl. Meteorol.
Climatol. 2014, 53, 793-812. [CrossRef]

Charney, ].J.; Kiefer, M.T.; Zhong, S.; Heilman, W.E.; Nikolic, J.; Bian, X.; Hom, J.L.; Clark, K.L.; Skowronski, N.S.; Gallagher, M.R ;
et al. Assessing Forest canopy impacts on smoke concentrations using a coupled numerical model. Atmosphere 2019, 10, 273.
[CrossRef]

Kremens, R.L.; Dickinson, M.B.; Bova, A.S. Radiant flux density, energy density and fuel consumption in mixed-oak forest surface
fires. Int. J. Wildland Fire 2012, 21, 722-730. [CrossRef]

Dickinson, M.B.; Wold, C.E.; Butler, B.W.; Kremens, R.L.; Jimenez, D.; Sopko, P.; O’Brien, J.J. The Wildland Fire Heat Budget-Using
Bi-Directional Probes to Measure Sensible Heat Flux and Energy in Surface Fires. Sensors 2021, 21, 2135. [CrossRef]

Frankman, D.; Webb, B.W.; Butler, B.W.; Jimenez, D.; Forthofer, ] M.; Sopko, P.; Shannon, K.S.; Hiers, ].K.; Ottmar, R.D.
Measurements of convective and radiative heating in wildland fires. Int. ]. Wildland Fire 2013, 22, 157-167. [CrossRef]

Clements, C.B.; Lareau, N.P; Seto, D.; Contezac, J.; Davis, B.; Teske, C.; Zajkowski, T.J.; Hudak, A.T.; Bright, B.C.; Dickinson, M.B,;
et al. Fire weather conditions and fire-atmosphere interactions observed during low-intensity prescribed fires-RxCADRE 2012.
Int. ]. Wildland Fire 2015, 25, 90-101. [CrossRef]

Clark, K.L.; Heilman, W.E.; Skowronski, N.S.; Gallagher, M.R.; Mueller, E.; Hadden, R.M.; Simeoni, A. Fire behavior, fuel
consumption, and turbulence and energy exchange during prescribed fires in pitch pine forests. Atmosphere 2020, 11, 242.
[CrossRef]

Zhong, S.; Gonzalez-Fuentes, M.; Clements, C.B.; Bian, X.; Heilman, W.E.; Charney, ].J.; Valero, M.M.; Kochanski, A.K,; Kiefer,
M.T. Surface-layer turbulence associated with a fast spreading grass fire. Agric. For. Meteorol. 2024, 350, 110000. [CrossRef]
Section Forest Fire Wardens of Division B, New Jersey Forest Fire Service; Arcadia Publishing: Mount Pleasant, MI, USA, 2006; p. 127.
Clark, K.L.; Skowronski, N.; Gallagher, M. The fire research program at the Silas Little Experimental Forest, New Lisbon, New
Jersey. In USDA Forest Service Experimental Forests and Ranges Research for the Long Term; Hayes, D.C., Stout, S.L., Crawford, R.H.,
Hoover, A.P,, Eds.; Springer: New York, NY, USA, 2014; pp. 515-534.

Warner, T.A.; Skowronski, N.S.; La Puma, I. The influence of prescribed burning and wildfire on lidar-estimated forest structure
of the New Jersey Pinelands National Reserve. Int. |. Wildland Fire 2020, 29, 1100-1108. [CrossRef]

Gallagher, M.R.; Maxwell, A.E.; Guillén, L.A.; Everland, A.; Loudermilk, E.L.; Skowronski, N.S. Estimation of Plot-Level Burn
Severity Using Terrestrial Laser Scanning. Remote Sens. 2021, 13, 4168. [CrossRef]

Ottmar, R.D.; Hudak, A.T.; Prichard, S.J.; Wright, C.S.; Restaino, ].C.; Kennedy, M.C.; Vihnanek, R.E. Pre-fire and post-fire surface
fuel and cover measurements collected in the south-eastern United States for model evaluation and development-RxCADRE
2008, 2011 and 2012. Int. ]. Wildland Fire 2016, 25, 10-24. [CrossRef]

Prichard, S.J.; Kennedy, M.C.; Wright, C.S.; Cronan, J.B.; Ottmar, R.D. Predicting forest floor and woody fuel consumption from
prescribed burns in southern and western pine ecosystems of the United States. For. Ecol. Manag. 2017, 405, 328-338. [CrossRef]
Prichard, S.J.; Rowell, EM.; Hudak, A.T.; Keane, R.E.; Loudermilk, E.L.; Lutes, D.C.; Ottmar, R.D.; Chappell, LM.; Hall, ].A,;
Hornsby, B.S. Fuels and consumption. In Wildland Fire Smoke in the United States: A Scientific Assessment; Springer International
Publishing: Cham, Switzerland, 2022; pp. 11-49.

Mueller, E.V.; Skowronski, N.; Clark, K.; Gallagher, M.; Kremens, R.; Thomas, J.C.; El Houssami, M.; Filkov, A.; Hadden, RM,;
Mell, W. Utilization of remote sensing techniques for the quantification of fire behavior in two pine stands. Fire Saf. ]. 2017, 91,
845-854. [CrossRef]

Kiefer, M.T.; Heilman, W.E.; Zhong, S.; Charney, ].J.; Bian, X.; Skowronski, N.S.; Clark, K.L.; Gallagher, M.R.; Hom, J.L.; Patterson,
M. Representing low-intensity fire sensible heat output in a mesoscale atmospheric model with a canopy submodel: A case study
with ARPS-CANOPY (version 5.2.12). Geosci. Model Dev. 2022, 15, 1713-1734. [CrossRef]

State Climatologist of New Jersey. Available online: http://climate.rutgers.edu/stateclim_v1/data/ (accessed on 4 October 2022).
Tedrow, ].C.E. Soils of New Jersey; New Jersey Agricultural Experiment Station Publication A-15134-1-82; Krieger Publishing Co.:
Malabar, FL, USA, 1986.

McCormick, J.; Jones, L. The Pine Barrens: Vegetation Geography; Research Report Number 3; New Jersey State Museum: Trenton,
NJ, USA, 1973.

Skowronski, N.; Clark, K.; Nelson, R.; Hom, J.; Patterson, M. Remotely sensed measurements of forest structure and fuel loads in
the Pinelands of New Jersey. Remote Sens. Environ. 2007, 108, 123-129. [CrossRef]

USFS Forest Inventory and Analysis. Available online: https:/ /research.fs.usda.gov/programs/fia (accessed on 15 May 2020).
Wright, C.S.; Ottmar, R.D.; Vihnanek, R.E. Stereo Photo Series for Quantifying Natural Fuels. Volume VIII: Hardwood, Pitch Pine,
and Red Spruce/Basam Fire Types in the Northeastern United States; PMS 840; National Wildfire Coordinating Group, National
Interagency Fire Center: Boise, ID, USA, 2007.


https://doi.org/10.1002/asl.581
https://doi.org/10.1175/JAMC-D-18-0199.1
https://doi.org/10.1175/JAMC-D-13-0131.1
https://doi.org/10.3390/atmos10050273
https://doi.org/10.1071/WF10143
https://doi.org/10.3390/s21062135
https://doi.org/10.1071/WF11097
https://doi.org/10.1071/WF14173
https://doi.org/10.3390/atmos11030242
https://doi.org/10.1016/j.agrformet.2024.110000
https://doi.org/10.1071/WF20037
https://doi.org/10.3390/rs13204168
https://doi.org/10.1071/WF15092
https://doi.org/10.1016/j.foreco.2017.09.025
https://doi.org/10.1016/j.firesaf.2017.03.076
https://doi.org/10.5194/gmd-15-1713-2022
http://climate.rutgers.edu/stateclim_v1/data/
https://doi.org/10.1016/j.rse.2006.09.032
https://research.fs.usda.gov/programs/fia

Fire 2024, 7, 330 32 0of 33

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Clark, K.L.; Skowronski, N.; Gallagher, M. Fire management and carbon sequestration in pine barren forests. J. Sustain. For. 2015,
34,125-146. [CrossRef]

Little, S. Fire and plant succession in the New Jersey Pine Barrens. In Pine Barrens: Ecosystem and Landscape; Ed RTT Forman;
Rutgers University Press: New Brunswick, NJ, USA, 1998; pp. 297-314.

Gallagher, M.R. Monitoring Fire Effects in the New Jersey Pine Barrens with Burn Severity Indices. Ph.D. Dissertation, Rutgers
University-New Brunswick, New Brunswick, NJ, USA, 2017.

La Puma, I.P;; Lathrop, R.G.; Keuler, N.S. A large-scale fire suppression edge-effect on forest composition in the New Jersey
Pinelands. Landsc. Ecol. 2013, 28, 1815-1827. [CrossRef]

Smoke Emissions Repository Application (SERA). Available online: https:/ /depts.washington.edu/nwfire/sera (accessed on 15
January 2022).

Mueller, E.V.; Campbell-Lochrie, Z.; Walker-Ravena, C.; Patterson, M.; Cole, J.; Gallagher, M.R.; Clark, K.L.; Skowronski, N.S.;
Hadden, R.M. Flame spread and combustion dynamics in pine litter under unsteady wind conditions. In Advances in Forest Fire
Research 2022; Imprensa da Universidade de Coimbra: Coimbra, Portugal, 2022; pp. 1469-1474. [CrossRef]

Chu, H,; Luo, X.; Ouyang, Z.; Chan, W.S.; Dengel, S.; Biraud, S.C.; Torn, M.S.; Metzger, S.; Kumar, J.; Arain, M.A,; et al.
Representativeness of Eddy-Covariance flux footprints for areas surrounding AmeriFlux sites. Agric. For. Meteorol. 2021, 301-302,
108350. [CrossRef]

Clement, R. EdiRe Data Software, Version 1.5.0.32; University of Edinburgh: Edinburgh, UK, 2012.

Clark, K.; Skowronski, N.; Gallagher, M.; Heilman, W.E.; Hom, J. Fuel consumption and particulate emissions during fires in
the New Jersey Pinelands. In Proceedings of the 3rd Fire Behavior and Fuels Conference, 25-29 October 2010; International
Association of Wildland Fire: Spokane, WA, USA; Birmingham, AL, USA, 2010.

Clark, K.L.; Renninger, H.J.; Skowronski, N.; Gallagher, M.; Schéfer, K.V.R. Decadal-scale reduction in forest net ecosystem
production following insect defoliation contrasts with short-term impacts of prescribed fires. Forests 2018, 9, 145. [CrossRef]
Pan, Y,; Birdsey, R.; Hom, J.; McCullough, K.; Clark, K. Improved estimates of net primary productivity from MODIS satellite
data at regional and local scales. Ecol. Appl. 2006, 16, 125-132. [CrossRef] [PubMed]

Pan, Y.; Birdsey, R.; Hom, J.; McCullough, K. Separating effects of changes in atmospheric composition, climate and land-use on
carbon sequestration of US Mid-Atlantic temperate forests. For. Ecol. Manag. 2009, 259, 151-164. [CrossRef]

Scheller, R M.; Van Tuyl, S.; Clark, K.L.; Hom, J.; La Puma, I. Carbon sequestration in the New Jersey pine barrens under different
scenarios of fire management. Ecosystems 2011, 14, 987-1004. [CrossRef]

Scheller, R.M.; Kretchun, A.M.; Van Tuyl, S.; Clark, K.L.; Lucash, M.S.; Hom, J. Divergent carbon dynamics under climate change
in forests with diverse soils, tree species, and land use histories. Ecosphere 2012, 3, 1-16. [CrossRef]

Xu, B; Pan, Y.; Plante, A.F.; McCullough, K.; Birdsey, R. Modeling forest carbon cycle using long-term carbon stock field
measurement in the Delaware River Basin. Ecosphere 2017, 8, €01802. [CrossRef]

Mueller, E.V.; Gallagher, M.R.; Skowronski, N.; Hadden, R.M. Convective heat transfer in pine forest litter beds. Int. |. Heat Mass
Transf. 2022, 195, 123057. [CrossRef]

Varner, ].M.; Kane, ].M.; Kreye, ].K.; Shearman, T.M. Litter Flammability of 50 Southeastern North American Tree Species:
Evidence for Mesophication Gradients Across Multiple Ecosystems. Front. For. Glob. Chang. 2021, 4, 727042. [CrossRef]
Whelan, A.W.; Bigelow, S.W.; O’Brien, J.J. Overstory longleaf pines and hardwoods create diverse patterns of energy release and
fire effects during prescribed fire. Front. For. Glob. Chang. 2021, 4, 658491. [CrossRef]

Nelson, R.M.; Hiers, ] K. The influence of fuelbed properties on moisture drying rates and timelags of longleaf pine litter. Can. J.
For. Res. 2008, 38, 2394-2404. [CrossRef]

Kreye, ].K; Kane, ] M.; Varner, ]. M. Multivariate roles of litter traits on moisture and flammability of temperate northeastern
North American tree species. Fire Ecol. 2023, 19, 21. [CrossRef]

Heilman, W.E. Atmospheric turbulence and wildland fires: A review. Int. ]. Wildland Fire 2023, 32, 476—495. [CrossRef]
Clements, C.B.; Kochanski, A.K.; Seto, D.; Davis, B.; Camacho, C.; Lareau, N.P.; Contezac, J.; Restaino, J.; Heilman, W.E.;
Krueger, S.K,; et al. The FireFlux II experiment: A model-guided field experiment to improve understanding of fire—atmosphere
interactions and fire spread. Int. |. Wildland Fire 2019, 28, 308-326. [CrossRef]

Brigantine Wilderness Area IMPROVE Site. Available online: https://www.nj.gov/dep/dsr/trends/pm.pdf (accessed on 16
January 2022).

US Environmental Protection Agency. Particulate Matter (PM) Pollution—Health and Environmental Effects of Particulate Matter
(PM), USEPA, Office of Air and Radiation (OAR), Washington, D.C. April 2020. Available online: https://www.epa.gov/pm-
pollution/health-and-environmental-effects-particulate-matter-pm (accessed on 15 April 2021).

O’Dell, K,; Ford, B.; Fischer, E.V.; Pierce, ].R. Contribution of wildland-fire smoke to US PM2.5 and its influence on recent trends.
Environ. Sci. Technol. 2019, 53, 1797-1804. [CrossRef]

New Jersey Department of Environmental Protection. Fine Particles (PM2.5). Environmental Trends Report, 2021, New Jersey
Department of Environmental Protection, Division of Science and Research. Available online: https://www.nj.gov/dep/dsr/
trends/ (accessed on 15 April 2021).

New Jersey Department of Environmental Protection. Greenhouse Gas Emissions in New Jersey. Environmental Trends
Report, 2021, New Jersey Department of Environmental Protection, Division of Science and Research. Available online: https:
//www.nj.gov/dep/dsr/trends/ (accessed on 15 April 2021).


https://doi.org/10.1080/10549811.2014.973607
https://doi.org/10.1007/s10980-013-9924-7
https://depts.washington.edu/nwfire/sera
https://doi.org/10.14195/978-989-26-2298-9_224
https://doi.org/10.1016/j.agrformet.2021.108350
https://doi.org/10.3390/f9030145
https://doi.org/10.1890/05-0247
https://www.ncbi.nlm.nih.gov/pubmed/16705966
https://doi.org/10.1016/j.foreco.2009.09.049
https://doi.org/10.1007/s10021-011-9462-6
https://doi.org/10.1890/ES12-00241.1
https://doi.org/10.1002/ecs2.1802
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123057
https://doi.org/10.3389/ffgc.2021.727042
https://doi.org/10.3389/ffgc.2021.658491
https://doi.org/10.1139/X08-078
https://doi.org/10.1186/s42408-023-00176-5
https://doi.org/10.1071/WF22053
https://doi.org/10.1071/WF18089
https://www.nj.gov/dep/dsr/trends/pm.pdf
https://www.epa.gov/pm-pollution/health-and-environmental-effects-particulate-matter-pm
https://www.epa.gov/pm-pollution/health-and-environmental-effects-particulate-matter-pm
https://doi.org/10.1021/acs.est.8b05430
https://www.nj.gov/dep/dsr/trends/
https://www.nj.gov/dep/dsr/trends/
https://www.nj.gov/dep/dsr/trends/
https://www.nj.gov/dep/dsr/trends/

Fire 2024, 7, 330 33 of 33

74.

75.

76.

77.

78.

Rogers, HM,; Ditto, ].C.; Gentner, D.R. Evidence for impacts on surface-level air quality in the northeastern US from long-distance
transport of smoke from North American fires during the Long Island Sound Tropospheric Ozone Study (LISTOS) 2018. Atmos.
Chem. Phys. 2020, 20, 671-682. [CrossRef]

Sarangi, C.; Qian, Y.; Leung, L.R.; Zhang, Y.; Zou, Y.; Wang, Y. Projected increases in wildfires may challenge regulatory
curtailment of PM, 5 over the eastern US by 2050. Atmos. Chem. Phys. 2023, 23, 1769-1783. [CrossRef]

Clark, K.L.; Skowronski, N.S.; Simeoni, A.].; Mell, W.E.; Hadden, R.M.; Gallagher, M.R.; Mueller, E.V.; Kremens, R.L.; El Houssami,
M.; Filkov, A.L; et al. New Jersey Fuel Treatment Effects: 3-Dimensional Turbulence and Temperature Data; Forest Service Research Data
Archive: Fort Collins, CO, USA, 2017. [CrossRef]

Clark, K.L.; Gallagher, M.R.; Mueller, E.V.; Hadden, R.M.; Walker-Ravena, C.; Campbell-Lochrie, Z.J.; Cole, J.A.; Patterson, M.M.;
Everland, A.IL; Skowronski, N.S. Multi-Scale Analyses of Wildland Fire Combustion Processes: Large-Scale Field Experiments—Three-
Dimensional Wind and Temperature; Forest Service Research Data Archive: Fort Collins, CO, USA, 2023. [CrossRef]

Clark, K. FLUXNET-1F US-Ced; Lawrence Berkeley National Laboratory (LBNL): Berkeley, CA, USA; AmeriFlux; USDA Forest
Service, Savannah River: New Ellenton, SC, USA, 2023. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.5194/acp-20-671-2020
https://doi.org/10.5194/acp-23-1769-2023
https://doi.org/10.2737/RDS-2017-0060
https://doi.org/10.2737/RDS-2022-0095
https://doi.org/10.17190/AMF/2006971

	Introduction 
	Materials and Methods 
	Site Description 
	Fuel Loading and Consumption Estimates 
	Emissions from Prescribed Burns 
	Tower Measurements during Instrumented Prescribed Burns 
	Data and Statistical Analyses 

	Results 
	Fuel Loading and Consumption during Prescribed Burns 
	Combustion Completeness Factors 
	Fuel Loading, Consumption, and Emissions during Instrumented Prescribed Burns 
	Above-Canopy Heating and Turbulence during Prescribed Burns 
	Sensible Heat Flux and Turbulent Kinetic Energy during Prescribed Burns 
	Relationships between Emissions and Heating and Turbulence Statistics 

	Discussion 
	Fuel Loading and Consumption during Prescribed Burns 
	Tower Measurements of Heating and Turbulence during Prescribed Burns 
	PM2.5 in the Pinelands National Reserve 

	Summary 
	Appendix A
	Appendix B
	References

