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ABSTRACT

Turbulent fluxes of heat and momentum in the vicinity of wildland fires contribute to the redistribution of

heat and momentum in the fire environment, which in turn can affect the heating of fuels, fire behavior, and

smoke dispersion. As an extension of previous observational studies of turbulence regimes in the vicinity of

wildland fires in forested environments, this study examines the effects of spreading surface fires and forest

overstory vegetation on turbulent heat and momentum fluxes from near the surface to near the top of the

overstory vegetation. Profiles of high-frequency (10Hz) wind velocity and temperature measurements during

two prescribed fire experiments are used to assess the relative contributions of horizontal and vertical tur-

bulent fluxes of heat and momentum to the total heat and momentum flux fields. The frequency-dependent

temporal variability of the turbulent heat and momentum fluxes before, during, and after fire-front passage is

also examined using cospectral analyses. The study results highlight the effects that surface wildland fires and

forest overstory vegetation collectively can have on the temporal and vertical variability of turbulent heat and

momentum fluxes in the vicinity of the fires and the substantial departures of heat and momentum cospectra

from typical atmospheric surface-layer cospectra that can occur before, during, and after fire-front passage.

1. Introduction

Atmospheric turbulence regimes in the vicinity of wild-

land fires, which often occur in forested environments, can

affect fire behavior and the dispersion of smoke (Clements

et al. 2008; Mandel et al. 2009; Sun et al. 2009; Goodrick

et al. 2013; Simpson et al. 2016). Fortunately, recent ob-

servational studies during wildland fire events have made

great strides in improving our understanding of the evolu-

tion and properties of fire-induced atmospheric turbulence

regimes. For example, Clements et al. (2007, 2008) con-

ducted field experiments of wind-driven grass fires (no

forest overstory present) and found that turbulent kinetic

energy (TKE) generated during the fires was 4–5 times as

large as the near-surface ambient atmospheric TKE, with

turbulence tending to be less anisotropic within fire plumes.

Observational studies of fire–atmosphere interactions and

turbulence regimes during wildland fires in forested envi-

ronments have also been conducted. Seto et al. (2013, 2014)

and Heilman et al. (2015, 2017) conducted low-intensity

prescribed fire experiments in forest ecosystems dominated

by longleaf pine (Pinus palustrisMill.) andpitch pine/mixed

oak (Pinus rigida Mill./Quercus spp.), respectively, and

examined the velocity skewness, TKE budgets, spectral

characteristics, and degree of anisotropy in the within-

canopy turbulent circulations that were induced by these

fires. Fire-induced turbulence in complex terrain settings

(e.g., turbulent fire whirl generation during valley wind–sea

breeze reversal episodes; turbulence generation during

wildland fires on slopes) has been examined by Seto and

Clements (2011) and Clements and Seto (2015), with those

studies suggesting either buoyancy orwind shear can be the

dominantmechanism forTKEgenerationnear thefire front.
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Wildland fire field experiments associated with the Pre-

scribed Fire Combustion and Atmospheric Dynamics

Research Experiment (RxCADRE) (Ottmar et al. 2016;

Clements et al. 2016) yielded new information on the po-

tential susceptibility of low-intensity wildland fire spread to

fluctuations in wind speed, with some of those changes re-

lated to ambient and fire-induced turbulence.

Two aspects of fire-induced turbulence that have re-

ceived varying degrees of attention in the previously

noted and other field experiment studies are the charac-

teristics and behavior of turbulent heat fluxes and tur-

bulent momentum fluxes (Reynolds stresses) in the

vicinity of fire fronts. Turbulent heat fluxes during wild-

land fire events contribute to the convective heating and

cooling of fuels, which are key factors, along with radia-

tive heating, in affecting the spread of wildland fires

(Dupuy and Larini 1999; Morvan and Dupuy 2004;

Morandini and Silvani 2010; Frankman et al. 2013; Finney

et al. 2015). Turbulent heat fluxes also redistribute heat

within and near the fire environment, which affects the

buoyant generation and dissipation of TKE and smoke

plume behavior (Miranda 2004; Kiefer et al. 2014, 2015;

Heilman et al. 2017). Turbulent momentum fluxes in the

vicinity of wildland fires can bring high-momentum air

from aloft and laterally into the flaming region, further

affecting fire behavior (Potter 2002; Pimont et al. 2009;

Nelson et al. 2012).

Because wildland fires often occur in forested environ-

ments, the turbulent fluxes of heat and momentum in the

vicinity of fire fronts are influenced not only by the heating

associated with the fires, but also by the overstory forest

vegetation that modifies circulations associated with the

ambient and fire-induced flow. Although the characteris-

tics of turbulent heat and momentum fluxes within forest

vegetation layers without any wildland fire present have

been studied quite extensively (e.g., Shaw et al. 1974;

Baldocchi and Meyers 1988; Amiro 1990; Raupach et al.

1996; Blanken et al. 1998; Katul et al. 1999; Patton et al.

2003; Moraes et al. 2008), few analyses of fire-affected

turbulent fluxes within forest vegetation layers in the vi-

cinity of fire fronts have been conducted. In particular,

little is known about the relative importance of horizontal

compared to vertical turbulent fluxes of heat and mo-

mentum near the fire environment, a factor in the con-

vective heating of surface and overstory fuels. Also, few

analyses have been conducted on the cospectral charac-

teristics of those fluxes, which describe the contributions

of different turbulent eddy sizes to the redistribution of

heat and momentum through the vegetation layers.

This study builds uponandextends the previousHeilman

et al. (2015, 2017) observational turbulence investigations

by focusing on the temporal and spatial variability of ob-

served turbulent momentum and heat fluxes within

forest vegetation layers before, during, and after the pas-

sage of fire fronts typical of low-intensity backing pre-

scribed fires employed extensively for fuels management.

Assessments of horizontal and vertical fluxes near the fire

environment and through the vertical extent of forest

canopy layers are made, and cospectral analyses of the

momentum and heat fluxes are performed to determine

some of the impacts that surface heating associated with

wildland fires can have on the cospectra expected for

typical ambient canopy flows.

The remainder of the paper is organized as follows: A

brief overview of the wildland fire field experiments

and a description of the data analysis techniques that

were used to support this study are found in section 2.

Section 3a provides a short contextual summary of the

general ambient and fire-induced meteorological con-

ditions that were present during the fire experiments.

Section 3b presents information on how the observed

horizontal and vertical turbulent heat and momentum

fluxes varied from the pre-fire-front-passage (FFP) pe-

riods to the post-FFP periods at different levels within

the forest canopy layers during the fire experiments, and

section 3c presents results from cospectral analyses of

the fluxes. The paper concludes in section 4 with a

summary of the results and a discussion of their rele-

vancy to predicting fire behavior and smoke dispersion

during wildland fire events.

2. Methods

a. Prescribed fire experiment field design

Two low-intensity wildland (prescribed) fire experi-

ments were conducted on 20 March 2011 and 6 March

2012 in the New Jersey Pinelands National Reserve to

examine fire–fuel–atmosphere interactions and smoke

dispersion and to generate new meteorological and air-

quality datasets for evaluating meteorological and air-

quality predictive tools applicable for simulating local

wildland fire environments. The 2011 and 2012 fire experi-

ments were conducted in 107-ha (center of plot: 39.87268N,

74.50138W) and 97-ha (center of plot: 39.91418N,

74.60338W) plots, respectively, containing pitch pine (Pinus

rigida Mill.), Shortleaf pine (P. echinata Mill.), and mixed

oak (Quercus spp.) overstory vegetation (15–23-m height)

and blueberry (Vaccinium spp.), huckleberry (Gaylussacia

spp.), and scrub oak understory vegetation.

Within and near each plot, below-ground, surface-

based, and tower-based (3-, 10-, 20-, and 30-m towers) soil,

meteorological, and air-quality instrumentationwas set up

to monitor soil and atmospheric conditions [soil and air

temperatures, horizontal and vertical wind velocity com-

ponents, relative humidity, pressure, radiative heat fluxes,

and carbon monoxide (CO) and carbon dioxide (CO2)
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concentrations] at 10- or 0.5-Hz sampling frequencies

during the course of each experiment. Surface and un-

derstory fuels were destructively harvested pre- and

postburn in 1m2 plots to estimate consumption, and

light detection and ranging (lidar) measurements were

used to quantify canopy structure. Using drip torches,

the New Jersey Forest Fire Service established down-

wind line fires along the western and eastern perimeters

of the plots during the mornings of the 20March 2011

and 6 March 2012 experiments, respectively (see Fig. 1

in Heilman et al. 2015). The line fires were allowed to

spread against the ambient winds (i.e., backing fires)

and through the instrumentation network setup within

each plot. Comprehensive descriptions of the burn

plots, monitoring networks, instrumentation, surface

and overstory vegetation, fuel moisture, fuel loadings,

burn patterns, and prescribed fire spread rates have

been documented in Heilman et al. (2013, 2015, 2017)

and are not repeated here. Table 1 provides a general

summary of the key features and characteristics of both

experiments to set the context for the analyses carried

out in this paper.

b. Data analyses

As with the previous Heilman et al. (2015, 2017) tur-

bulence studies of the 2011 and 2012 fires, the 10-Hz

wind velocity component and temperature measure-

ments obtained from three-dimensional sonic ane-

mometers and thermocouples mounted on the 20-m

towers (3, 10, and 20m AGL) located in the interior of

the 2011 and 2012 burn plots (see Fig. 1 in Heilman et al.

2015) were used as the basis for the turbulent heat and

momentum flux analyses in this study. The 20-m tower

measurements provided wind and temperature data

through the vertical extent of the forest overstory veg-

etation (;18-m tree heights) surrounding the 20-m

towers in the burn plots, and fire spread rates in the in-

terior of the burn plots where the 20-m towers were lo-

cated were much less variable than near the plot

boundaries. Subsequent references to the towers or the

tower locations in this paper imply the 20-m towers or

20-m tower locations, respectively. Wind velocity and

temperature data were despiked and filtered to remove

sporadic data values that exceeded 6 standard deviations

from 1-h running means. The wind velocity component

data obtained from the sonic anemometers were also

tilt-corrected following the method of Wilczak et al.

(2001) to minimize errors in the velocity measurements

associated with anemometers notmounted exactly level.

Following the data filtering and tilt-correcting pro-

cedures, 30-min-long periods before, during, and after

FFP (hereinafter referred to as pre-FFP, FFP, and post-

FFP periods) at the tower locations were delineated to

match the 30-min-long periods used in the previous

turbulence regime assessments of Heilman et al. (2015,

2017), which this study extends. For the 20 March 2011

fire experiment, the corresponding local time pre-FFP,

FFP, and post-FFP periods were set at 1435–1505, 1505–

1535, and 1535–1605 LST, respectively. For the 6 March

2012 fire experiment, the pre-FFP, FFP, and post-FFP

periods were set at 1452–1522, 1522–1552, and 1552–

1622 LST, respectively.

TABLE 1. Burn-plot characteristics, ambient atmospheric and fuel conditions, line-fire properties, and fuel-consumption values for the 20

Mar 2011 and 6 Mar 2012 wildland fire experiments.

Property 20 Mar 2011 6 Mar 2012

Burn-plot characteristics

Plot size 107 ha 97 ha

Location (center of plot) 39.87268N, 74.50138W 39.91418N, 74.60338W
Overstory tree heights 18–23m 18–23m

Overstory vegetation Pitch pine; mixed oak Pitch/shortleaf pine; mixed oak

Understory vegetation Blueberry; scrub oak Blueberry; huckleberry

Avg understory fuel loading 1485 gm22 1104 gm22

Atmospheric and fuel conditions

Ambient wind speed (10m) ,3m s21 ,3m s21

Ambient wind direction From NE to SE From NW to SW

Ambient temperature (3m) ;58–108C ;28–88C
Ambient relative humidity ;30%–60% ;20%–40%

Time of initial line-fire ignition 1355 UTC (0955 LST) 1430 UTC (0930 LST)

Time of FFP at 20-m tower 1920 UTC (1520 LST) 2037 UTC (1537 LST)

Line-fire properties

Avg line-fire spread rate 1.50mmin21 0.33mmin21

Avg line-fire width 1–2m 1–2m

Estimated fire intensity 325 kWm21 52 kWm21

Avg fuel consumption 696 gm22 507 gm22
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Perturbation horizontal and vertical velocities u0, y0,
and w0 and perturbation temperatures t0 during both the

pre-FFP and post-FFP periods were computed every

0.1 s by subtracting the 30-min block-averaged pre-FFP

and post-FFP wind velocities U, V, and W and tem-

peratures T from the despiked and filtered 10-Hz ve-

locity and temperature measurementsU, V,W, and T in

the corresponding pre-FFP and post-FFP periods.

During the defined 30-min-long FFP periods, when at-

mospheric circulations and temperatures at the mea-

surement sites were strongly influenced by the fire

fronts, perturbation velocities and temperatures at every

0.1 s were computed using the 10-Hz FFP velocity and

temperature measurements along with the pre-FFP

mean velocities and temperatures. This numerical pro-

cedure, also used in the analyses of Seto et al. (2013) and

Heilman et al. (2015, 2017), allows for a better repre-

sentation of the true fire-induced circulation and tem-

perature perturbations that characterize turbulence

regimes within and near the fire environment.

Using the computed 10-Hz perturbation velocities

and temperatures for each experiment, horizontal and

vertical turbulent kinematic fluxes of heat u0t0, y0t0, and
w0t0 and momentum u0y0, u0w0, and y0w0 were then com-

puted at every 0.1 s. Hereinafter, references to heat and

momentum fluxes imply their kinematic versions, as

described in Stull (1988). To assess the relative impor-

tance of horizontal versus vertical turbulent heat and

momentum fluxes in distributing heat and momentum

within the forest overstory vegetation layers during the

two fire experiments, vertical-to-total turbulent heat

and momentum flux ratios RHF and RMF, respectively,

defined as

R
HF

5
jw0t0j

[(u0t0)2 1 (y0t0)2 1 (w0t0)2]1/2
and (1)

R
MF

5
[(u0w0)2 1 (y0w0)2]1/2

[(u0y0)2 1 (u0w0)2 1 (y0w0)2]1/2
, (2)

were computed at every 0.1 s within the defined

30-min-long pre-FFP, FFP, and post-FFP periods. The

ratio calculations treat the instantaneous horizontal

and vertical heat and momentum fluxes as vectors

quantified by their absolute values, and is a simple way

to quantitatively assess the relative contribution of

vertical turbulent heat and momentum fluxes to the

total turbulent heat and momentum flux fields at a

particular location and time.

The time series of the turbulent heat and momentum

fluxes at each measurement site also formed the basis for

cospectral analyses of the turbulent heat and momentum

fluxes during the pre-FFP, FFP, and post-FFP periods.

Because the data fields included sporadic missing values,

the Lomb-Scargle periodogram technique (Scargle 1982;

Press and Rybicki 1989) appropriate for generating

Fourier spectra/cospectra of unevenly sampled data was

utilized. The cospectral analyses of the turbulent heat and

momentum fluxes during the two experiments provided

the basis for assessing the temporal and spatial scales of

variability of the fluxes and determining 1) how those

scales of variability changedwith the passage of fire fronts,

2) how the variability in horizontal fluxes of heat and

momentum compared to the variability in vertical fluxes

across the frequency spectrum, and 3) how wildland fires

in forested environments similar to the monitored fires in

this study can potentially alter the classic turbulent heat

and momentum flux cospectra associated with typical

surface-layer turbulence (Kaimal et al. 1972).

3. Results and discussion

a. Observed winds and temperatures

The observed 1-min-averaged T and U, V, and W be-

fore, during, and after FFP at the tower sites for the

20 March 2011 and 6 March 2012 fire experiments are

shown in Fig. 1 (see also Fig. 3 inHeilman et al. 2017). The

higher-intensity 2011 fire [325kWm21; Table 1; Byram

(1959) fire-intensity formulation] relative to the 2012 fire

(52kWm21) resulted in a much stronger 2011 tempera-

ture response at all levels within the forest overstory

vegetation layer during the FFP period (Figs. 1a,b).

Maximum 1-min-averaged temperatures at 3m AGL

reached 60.58C at the time of FFP (1520 LST) for the 2011

experiment but only 14.48C at the time of FFP (1537 LST)

for the 2012 experiment. Tilting of the fire-induced con-

vective plume during the 2011 experiment led to maxi-

mum temperatures at the 10- and 20-m levels occurring

about 3min before FFP. After FFP, substantial temper-

ature fluctuations occurred, with temperatures drop-

ping below ambient conditions for a short period during

the 2011 experiment, particularly at the 20-m level.

Temperatures returned to ambient levels 40–50min after

FFP. Zonal andmeridional wind velocity responses to the

line fire were observed in 2011 (Figs. 1c,e), but minimal

responses were observed for the 2012 experiment

(Figs. 1d,f). Consistent with the observed horizontal wind

velocity responses, the vertical wind velocity responses in

the 2011 experiment were much stronger than for the 2012

experiment (Figs. 1f,g). In 2011, 1-min-averaged vertical

velocities increased to;2.5ms21 near the forest overstory

vegetation top (20m AGL) about 3min before FFP

and then decreased to nearly 21ms21 for a brief period

following FFP. This downdraft period led to the corre-

sponding decrease in observed temperatures below ambi-

ent temperatures noted in Fig. 1a. The vertical velocity
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FIG. 1. Time series of observed 1-min-averaged (a),(b) temperatures (8C), (c),(d) zonal wind velocities (m s21),

(e),(f) meridional wind velocities (m s21), and (g),(h) vertical wind velocities (m s21) at 3, 10, and 20mAGL on the

20-m towers before, during, and after line fires passed the towers for the (left) 20Mar 2011 and (right) 6 Mar 2012

fire experiments. The green vertical dashed lines indicate times of fire-front passage at the tower locations. Time

stamps (hhmm:ss, where hh 5 hour, mm 5 minutes, and ss 5 seconds) in LST are shown above the lower axes.
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responses during the 2012 experiment were minimal.

Further details related to the velocity and temperature

fields observed during the 2011 and 2012 experiments can

be found in Heilman et al. (2013, 2015, 2017).

b. Observed turbulent heat and momentum fluxes

Associated with the temperature and wind velocity

component responses to the line fires were turbulent

heat and momentum flux responses. Figure 2 shows

the corresponding time series of the 1-min-averaged

(overbar indicator) turbulent heat fluxes (u0t0, y0t0, and
w0t0) for the two fire experiments. For the 2011 experi-

ment, maximum values of u0t0 and y0t0 reached 1588Cms21

and 648C ms21, respectively, about 3min before the time

of FFP (1520 LST) at the 20-m level (Figs. 2a,c). A max-

imum vertical heat flux w0t0 of 1348C ms21 was also ob-

served at the 20-m level at that time (Fig. 2e). Lower

maximum turbulent heat flux values were observed near

the surface (3mAGL) and at the midcanopy level (10m

AGL). For the lower-intensity 2012 fire experiment,

FIG. 2. Time series of observed 1-min-averaged turbulent heat fluxes (8Cm s21) in the (a),(b) zonal direction: u0t0,
(c),(d) meridional direction: y0t0, and (e),(f) vertical direction: w0t0 at 3, 10, and 20m AGL on the 20-m towers

before, during, and after line fires passed the towers for the (left) 20 Mar 2011 and (right) 6 Mar 2012 fire exper-

iments. Note the different heat flux axis scales for the 2011 and 2012 experiments. The green vertical dashed lines

indicate times of fire-front passage at the tower locations. Time stamps (hhmm:ss) in LST are shown above the

lower axes.
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turbulent heat flux values close to the time of FFP were

much lower, and maximum values during and after FFP

were found at the 3- or 10-m levels instead of near the

canopy top (Figs. 2b,d,f). Before and after FFP for both

experiments, average turbulent heat flux absolute values

were generally less than 18–38C ms21, although the flux

variations during the post-FFP periods were somewhat

larger than during the pre-FFP periods. Regardless of

the fire intensity, though, there were many occurrences

of horizontal turbulent heat flux magnitudes exceeding

the vertical turbulent heat flux magnitudes during the

highly buoyant FFP periods.

A closer examination of the relative importance of

horizontal versus vertical turbulent heat fluxes in dis-

tributing heat within the forest overstory vegetation

layers during these two fire experiments is highlighted in

Fig. 3. Here, individual 5-min averages of the 10-Hz heat

flux ratios RHF [see Eq. (1)] were computed within the

defined 30-min-long pre-FFP, FFP, and post-FFP pe-

riods. For the 2011 experiment (Fig. 3a), the 5-min-

averaged ratioswere almost always less than 0.5 throughout

the pre-FFP, FFP, and post-FFP periods, and they were

generally larger at midcanopy levels than near the surface

or canopy top. The smallest ratio (RHF 5 0.18), in fact,

occurred during the latter stages of the highly buoyant

FFP period at the 3-m level. Similar mean ratio values

were observed during the lower-intensity 2012 experi-

ment (Fig. 3b); all mean ratios were between 0.2 and 0.5

before, during, and after FFP. However, variations in the

mean ratios from the 3-m level up to the 20-m level were

smaller in 2012 than in 2011.

While the time series of the 5-min-averaged heat flux

ratios shown in Fig. 3 suggest modest variations in ratio

values over the 90-min pre-FFP to post-FFP periods, a

Kruskal–Wallis one-way analysis of variance (ANOVA)

on ranks (appropriate for assessing nonnormal distri-

butions) indicates that the differences in median ratio

values between the pre-FFP and FFP periods at all

height levels for both fire experiments were statistically

significant (p , 0.001) (Table 2). For both experiments,

the median (and mean) heat flux ratios during the FFP

periods were always less than those during the pre-FFP

period throughout the vertical extent of the forest

overstory vegetation layer. Median heat flux ratio values

during the post-FFP periods also were almost always less

than the pre-FFP median values, but the differences

were smaller than the differences between the FFP and

pre-FFP periods. However, all the pre-FFP and post-

FFP median heat flux ratio differences were still statis-

tically significant except for the differences at the 10- and

20-m levels for the 2011 experiment.

For the momentum flux fields, the 1-min-averaged

turbulent momentum fluxes shown in Fig. 4 suggest

magnitudes of momentum fluxes in the horizontal di-

rection can also exceed magnitude fluxes in the vertical

direction within the fire environment. During the 2011

experiment, values of u0y0 greater than 12 and less

than 25m2 s22 were observed close to the time of

FFP and during the post-FFP period at the 20-m level

(Fig. 4a). Maximum and minimum values of the 1-min-

averaged vertical turbulent momentum fluxes u0w0 and
y0w0 were 10.5 (Fig. 4c) and 24.9 (Fig. 4e) m2 s22, re-

spectively, again at the 20-m level. The variability in u0y0

values, particularly during and following FFP, was also

greater than the variability observed in the u0w0 and y0w0

vertical momentum fluxes. The 1-min-averaged turbulent

momentum flux responses to the lower-intensity fire in

2012 were minimal (Figs. 4b,d,f), unlike the 2012 turbu-

lent heat flux responses that were conspicuous, albeit

small, near the time of FFP (Figs. 2b,d,f).

FIG. 3. Time series of the ratios of 5-min-averaged vertical to

total turbulent heat flux RHF at 3 (circles), 10 (triangles), and 20

(squares) m AGL during the 90-min period centered on the time

of FFP at the 20-m tower locations for the (a) 20Mar 2011 and (b) 6

Mar 2012 fire experiments. The green, red, and black symbols in-

dicate 5-min averages during the defined 30-min-long pre-FFP,

FFP, and post-FFP periods, respectively, for each experiment.
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Using the momentum flux ratio RMF computation

shown in Eq. (2), a quantitative assessment of the relative

contribution of vertical turbulent momentum fluxes to

the total turbulent momentum flux field during the pre-

FFP, FFP, and post-FFP periods was carried out (Fig. 5).

The 5-min-averaged momentum flux ratios for the 2011

experiment, shown in Fig. 5a, varied from 0.44 (FFP pe-

riod at the 3-m level) to 0.79 (pre-FFP period at the 10-m

level). Like the mean heat flux ratios in 2011, the mean

momentum flux ratios were generally larger at the mid-

canopy (10-m level) than near the canopy top or surface.

In 2012, themomentum flux ratio variations from the 3-m

level to the 20-m level and from the pre-FFP period to the

post-FFP period were smaller (Fig. 5b), consistent with

the 2012 heat flux ratio variations.

At all levelswithin the forest overstory vegetation layer,

the passage of the fire fronts in both experiments led to

statistically significant reductions in the median momen-

tum flux ratio values from the pre-FFP periods to the FFP

periods (Kruskal–Wallis ANOVA on ranks test appro-

priate for nonnormal distributions), similar to what was

observed for the median heat flux ratios (Table 2). This

suggests that the relative contribution of the horizontal

turbulent flux of momentum to the total momentum flux

field can be enhanced during FFP periods. During the

post-FFP periods, median momentum flux ratio values

increased from their FFP values at all levels, but were still

significantly lower than their corresponding pre-FFP

values at the 3-m level during the 2011 experiment and

at the 20-m level during the 2012 experiment (p, 0.001).

c. Turbulent heat and momentum flux cospectra

The spatial and temporal variations observed in

the turbulent heat and momentum fluxes during the

2011 and 2012 fire experiments were manifestations of

ambient and fire-induced fluctuations in the temper-

ature and the horizontal and vertical velocity fields.

The fluctuations occurred over a wide range of fre-

quencies associated with turbulent eddies of different

sizes.

Figure 6 shows the frequency-weighted, vertical tur-

bulent heat flux w0t0 cospectra at the tower locations

before, during, and after FFP for the 2011 and 2012 fire

experiments. A number of features in the cospectra

patterns are consistent between the 2011 and 2012 fires.

First, as expected, the FFP periods resulted in sub-

stantially higher cospectral power values than the pre-

FFP and post-FFP values, particularly for the 2011 fire

(Figs. 6a,c,e). Second, the post-FFP cospectra power

values almost always fell between the pre-FFP and FFP

values. The exception occurred at the 20-m level during

the 2012 experiment (Fig. 6b), which is consistent with

the vertical velocity spectra associated with the turbu-

lent circulations before, during, and after FFP for the

2011 and 2012 fires (see Fig. 4 in Heilman et al. (2015)).

Third, over the higher-frequency inertial subrange por-

tions of the cospectra, the slopes of the turbulent heat

flux cospectral curves departed from the 24/3 slope

expected for typical surface-layer turbulence fields

(Kaimal et al. 1972) and observed by Amiro (1990) in

boreal forest canopies. During the pre-FFP and post-

FFP periods, the slope values of the cospectral curves in

the inertial subrange were closer to 22/3, the approxi-

mate inertial subrange slope value observed for both the

horizontal and vertical velocity spectral curves for the

2011 and 2012 fires, as reported in Heilman et al. (2015).

The most substantial departures occurred during the

FFP periods, with cospectral power values remaining

TABLE 2. Mean and median turbulent heat flux ratios RHF and turbulent momentum flux ratios RMF during defined 30-min-long pre-

FFP, FFP, and post-FFP periods at three height levels on the 20-m towers for the 20 Mar 2011 and 6 Mar 2012 wildland fire experiments.

Time intervals are shown in LST.Median ratio values during the FFP or post-FFP periods that have statistically significant variations (p,
0.001) from the pre-FFP period are shown in boldface type.

20 Mar 2011 6 Mar 2012

Height (m) Quantity

Pre-FFP

(1435–1505)

FFP

(1505–1535)

Post-FFP

(1535–1605)

Pre-FFP

(1452–1522)

FFP

1522–1552

Post-FFP

1552–1622

20 RHF: Mean 0.386 0.359 0.378 0.382 0.324 0.365

RHF: Median 0.350 0.318 0.350 0.337 0.277 0.333

RMF: Mean 0.684 0.648 0.690 0.698 0.642 0.682

RMF: Median 0.753 0.725 0.760 0.787 0.702 0.773

10 RHF: Mean 0.439 0.367 0.437 0.381 0.322 0.372

RHF: Median 0.434 0.332 0.429 0.351 0.267 0.334

RMF: Mean 0.724 0.656 0.734 0.698 0.604 0.686

RMF: Median 0.835 0.726 0.836 0.791 0.646 0.778

3 RHF: Mean 0.316 0.243 0.300 0.322 0.284 0.306

RHF: Median 0.270 0.182 0.243 0.273 0.228 0.248
RMF: Mean 0.635 0.523 0.597 0.617 0.578 0.615

RMF: Median 0.704 0.518 0.649 0.675 0.605 0.671
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fairly flat or increasing slightly with increasing fre-

quency, as shown in Fig. 6e for the 3-m level during the

2011 experiment. The flat or slightly increasing co-

spectral power value trends in the inertial subrange

during FFP periods are consistent with the vertical ve-

locity and temperature spectral slope behavior reported

by Seto et al. (2013) for a similar type of subcanopy fire

experiment conducted in a longleaf pine forest. This

suggests that coherent high-frequency vertical velocity

and temperature fluctuations during FFP periods may

be equally important as lower-frequency fluctuations in

governing the turbulent vertical mixing of heat, espe-

cially near the surface in forested environments.

The cospectral curves for the horizontal turbulent heat

fluxes u0t0 and y0t0 (not shown) exhibited similar charac-

teristics to the vertical turbulent heat flux cospectral

curves, including behavior in the inertial subrange por-

tion of the frequency spectrum. Cospectra power values

during the FFP periods were substantially higher than

during the pre-FFP periods, and power values during the

post-FFP periods usually fell between the pre-FFP and

FFP associated values. The exception was at the 10- and

FIG. 4. Time series of observed 1-min-averaged turbulentmomentumfluxes (m2 s22): (a),(b) u0y0, (c),(d) u0w0, and
(e),(f) y0w0 at 3, 10, and 20m AGL on the 20-m towers before, during, and after line fires passed the towers for the

(left) 20 Mar 2011 and (right) 6 Mar 2012 fire experiments. The green vertical dashed lines indicate times of fire-

front passage at the tower locations. Time stamps (hhmm:ss) in LST are shown above the lower axes.
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20-m levels during the 2012 experiment, when post-FFP

power values fell below the pre-FFP power values.

A graphical summary of how the vertical and hori-

zontal turbulent heat flux cospectra power values com-

pared to each other across the frequency spectrum is

shown in Fig. 7. During pre-FFP periods, vertical tur-

bulent heat flux variability was much less than hori-

zontal turbulent heat flux variability across the entire

frequency spectrum, with vertical to horizontal co-

spectra power ratios less than 0.5 at all height levels for

both experiments. There was a slight increase in the pre-

FFP ratio values as the frequency increased. During FFP

periods, fluctuations in the vertical turbulent heat flux

increased relative to fluctuations in the horizontal heat

flux, resulting in higher FFP ratio values relative to the

pre-FFP values. The highest FFP ratios during the 2011

experiment were observed near the canopy top (20m

AGL), where values exceeded 1 within the 0.05–0.1 and

0.1–1.0 s21 frequency intervals (Fig. 7a). During the

lower-intensity 2012 fire experiment, FFP ratios greater

than 1 were very common at the 20- and 10-m levels

(Figs. 7b,d). The post-FFP period ratios exceeded the

pre-FFP and FFP ratios within every frequency interval

at the 3-m level for both fire experiments, and those

ratios generally increased with increasing frequency

(Figs. 7e,f). Very large post-FFP ratios relative to the

pre-FFP and FFP ratios characterized the 10-m level

during the lower-intensity 2012 experiment, with a

maximum ratio value exceeding 5 within the 0.05–0.1 s21

frequency interval (Fig. 7d).

The turbulent momentum flux cospectra for the 2011

and 2012 fire experiments, like the heat flux cospectra,

reveal how surface fires in forested environments can

alter the surface-layer momentum flux cospectra from

what one would expect under no-fire conditions. Figure 8

shows the frequency-weighted, vertical momentum flux

u0w0 cospectra at the tower locations before, during, and

after FFP for the 2011 and 2012 fire experiments. For the

2011 fire experiment, Figs. 8a, 8c, and 8e show cospectra

patterns in the pre-FFP, FFP, and post-FFP periods

consistent with the vertical heat flux cospectra patterns

shown in Figs. 6a, 6c, and 6e, although the departures of

the FFP momentum flux cospectra curves from the pre-

FFP and post-FFP curves were substantially less than the

departures shown in the temperature-perturbation-

dependent heat flux cospectra. Cospectra power values

were smallest during the pre-FFP period, while the post-

FFP cospectra power values usually fell between the pre-

FFP and FFP values. Inertial subrange cospectra power

values during the FFP period did not decrease with in-

creasing frequency; slope values of the FFP cospectra

curves were closer to 0 than the Kaimal et al. (1972)

suggested 24/3 slope value in the inertial subrange. The

inertial subrange pre-FFP and post-FFP cospectra curve

slopes also departed from the 24/3 value, with values

closer to 22/3. The less steep slope values are consistent

with the findings of Amiro (1990) in his analysis of ver-

tical momentum flux cospectra within boreal forest can-

opies; slope values close to 21 were reported in that

study. The lower-intensity 2012 fire had a much smaller

impact on the turbulent vertical momentum flux u0w0

cospectra than the 2011 fire (Figs. 8b,d,f). At the 20- and

10-m levels, variations among the cospectra curves

from the pre-FFP period through the FFP period and

into the post-FFP period were small (Figs. 8b,d). At the

3-m level, the increase in FFP cospectra power values

over the pre-FFP and post-FFP values within the in-

ertial subrange was slightly more substantial (Fig. 8f).

Slope values for the cospectra curves in the inertial

subrange, regardless of height or fire period, were

close to 22/3.

Cospectra for the horizontal turbulent momentum flux

u0y0 (not shown) and vertical turbulent momentum flux

y0w0 (not shown) had similar features to the u0w0 cospectra
with respect to relative differences in cospectra power

FIG. 5. As in Fig. 3, but for turbulent momentum flux ratios RMF.
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values between the pre-FFP, FFP, and post-FFP periods

for the 2011 and 2012 experiments. However, maximum

u0y0 cospectra power values at the different height levels

and during the different fire periods generally occurred at

lower frequencies (;0.01 s21) than for the maximum u0w0

and y0w0 cospectra power values (;0.1 s21). This is con-

sistent with the observed lower frequencies at which

maximum horizontal velocity spectral power values

occurred compared to the frequencies of maximum

vertical velocity spectral power values for the two ex-

periments, as reported in Heilman et al. (2015). The

tendency for fluctuations in the horizontal momentum

flux to exceed the fluctuations in the vertical momentum

flux at lower frequencies (longer fluctuation periods) is

reflected in the turbulent momentum flux cospectra ra-

tios shown in Fig. 9. Average ratios of the vertical to

FIG. 6. Frequency-weighted turbulent heat flux cospectra fSw0t0( f) (m
2 8C2 s22) as a function of frequency f (s21) at

(a),(b) 20, (c),(d) 10, and (e),(f) 3 m AGL on the 20-m towers during the pre-FFP, FFP, and post-FFP periods for

the (left) 20 Mar 2011 and (right) 6 Mar 2012 fire experiments. The dashed lines represent the 22/3 and 24/3

inertial subrange slopes of the vertical velocity spectral curves and vertical turbulent heat flux cospectral curves,

respectively, as suggested by the Kolmogorov (1941) theory and the surface-layer observations reported in Kaimal

et al. (1972).
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FIG. 7. Average ratios within different frequency f (s21) bins of the vertical turbulent heat flux cospectra power SHFy
(f ) to the horizontal

turbulent heat flux cospectra power SHFh
(f ) at (a),(b) 20, (c),(d) 10, and (e),(f) 3 mAGL on the 20-m towers during the pre-FFP, FFP, and

post-FFP periods for the (left) 20Mar 2011 and (right) 6Mar 2012 fire experiments. Note the different cospectra power ratio axis scales for

the 2011 and 2012 experiments.
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horizontal momentum flux cospectra values were less

than 0.5 at frequencies less than 0.1 s21 at the 3- and 20-m

levels during the pre-FFP, FFP, and post-FFP periods

(Figs. 9a,b,e,f). At the 10-m midcanopy level, average

ratios over the lower-frequency portion of the spectrum

were larger during the different periods but still less than

1 (Figs. 9c,d). At frequencies greater than 0.1 s21,

average ratios almost always exceeded 0.5 and some-

times exceeded 1. Unlike the turbulent heat flux cospectra

ratios (Fig. 7), substantial ratio differences between the

pre-FFP, FFP, and post-FFP periods were less conspic-

uous across the entire frequency spectrum.

4. Summary and conclusions

Building upon the previous analyses of turbulence

regimes in the vicinity of wildland fires conducted by

Heilman et al. (2015, 2017), this study focused on the

characteristics of vertical and horizontal turbulent heat

and momentum fluxes near the fire fronts of backing

surface fires within forest vegetation layers. High-

frequency (10Hz) atmospheric circulation and tempera-

ture measurements at three heights during two prescribed

fire experiments conducted in the New Jersey Pine

Barrens on 20March 2011 and 6March 2012 formed the

FIG. 8. As in Fig. 6, but for frequency-weighted turbulent momentum flux cospectra fSu0w0( f ) (m4 s24).
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FIG. 9. As in Fig. 7, but for the ratio of the vertical turbulent momentum flux cospectra power SMFy
(f ) to the horizontal turbulent

momentum flux cospectra power SMFh
(f ).
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basis for computing high-frequency turbulent heat and

momentum fluxes and assessing their spatial and tem-

poral variability in the vicinity of the line fires in each

experiment.

The surface line fires induced significant temperature

andwind velocity component perturbations in the vicinity

of the fire fronts. Maximum 1-min-averaged temperature

perturbations of ;508 and 108C at 3m AGL were ob-

served at the time of FFP for the higher-intensity 2011 fire

and the lower-intensity 2012 fire, respectively. Perturba-

tions in the horizontal and vertical wind velocity com-

ponents were also prevalent close to the time of FFP

during both experiments, with maximum perturbations

(;2–4ms21) occurring near the top of the overstory

vegetation (20m AGL) during the 2011 experiment.

Following FFP, temperature and velocity component

perturbations gradually diminished, with temperatures

and velocities returning to ambient valueswithinminutes.

Associated with the temperature and wind velocity

component perturbations that occurred in response to

the line fires were horizontal and vertical turbulent heat

and momentum fluxes. Maximum 1-min-averaged hor-

izontal heat andmomentum fluxmagnitudes during FFP

periods were found to be as large as or larger than the

maximum vertical flux magnitudes. The largest heat and

momentum flux magnitudes usually occurred near the

canopy top. On average, vertical turbulent heat fluxes

were found to contribute about 20%–50% to the total

turbulent heat flux field from the pre-FFP period to the

post-FFP period, while vertical turbulent momentum

fluxes contributed about 40%–80% to the total turbu-

lent momentum flux field. Vertical turbulent heat and

momentum fluxes tended to contribute more to the

total turbulent heat and momentum flux fields at the

midcanopy level and less so near the surface and near

the canopy top. During the FFP periods for both fire

experiments, median values for vertical to total heat flux

and total momentum flux ratios were found to be lower

than the median ratio values during the pre-FFP and

post-FFP periods, with the differences being statistically

significant (p , 0.001).

Cospectral analyses of the horizontal and vertical tur-

bulent fluxes of heat and momentum during the fire ex-

periments suggest that the passage of surface fire fronts in

forested environments can substantially alter the heat

and momentum flux cospectra that occur under typical

non-fire-affected atmospheric surface-layer conditions, as

reported in Kaimal et al. (1972). During FFP periods,

cospectra power values increased across the entire fre-

quency spectrum from their pre-FFP values, particularly

for turbulent heat fluxes. The increases were prevalent at

all heights within the forest overstory vegetation layers.

Furthermore, the FFP cospectra power values in the

inertial subrangemay actually increase instead of decrease

as the frequency of the flux variations increases. Slope

values of the cospectral curves in the inertial subrange for

the vertical fluxes of heat and momentum before, during,

and after FFP departed substantially from the24/3 value

noted in Kaimal et al. (1972). During pre-FFP and post-

FFP periods, cospectra slope values in the inertial sub-

range approached 22/3 in most cases, while during FFP

periods the inertial subrange slope values were some-

times close to 0 or even positive.

The cospectral analyses conducted in this study also

revealed how surface wildland fires in forested environ-

ments can affect the temporal variability in horizontal and

vertical turbulent fluxes of heat and momentum across a

wide range of frequencies. The results suggest that while

horizontal turbulent fluxes of heat and momentum may

contributemore to the total turbulent heat andmomentum

fields than vertical turbulent fluxes in the vicinity of surface

fires, the temporal variability in the vertical turbulent flux

of heat can be enhanced to the extent that it exceeds the

horizontal heat flux variability. The enhancement of the

vertical heat flux variability compared to the horizontal

heat flux variability was found to be most pronounced at

the top of the canopy at frequencies less than 0.5 s21 during

FFP periods. The lower-intensity 2012 fire induced much

stronger vertical than horizontal turbulent heat flux vari-

ations at the midcanopy level across the entire frequency

spectrumduring the post-FFPperiod, suggesting that some

post-FFP environments may lead to highly variable verti-

cal turbulent heat fluxes and/or weakly variable horizontal

fluxes, particularly within canopy layers that may be

present. Finally, the results suggest that surface wildland

fires in forested environments may have less of an impact

on turbulent momentum flux variability than on turbulent

heat flux variability, regardless of height within the over-

story vegetation layer or the frequency of variability.

The turbulent heat and momentum flux observations

and their associated cospectra features presented in this

wildland fire study point to the importance of accounting

for multiscale interactions between fire, the atmosphere,

and forest overstory vegetation when simulating or pre-

dicting the local effects of heat andmomentum transfer on

fuel heating, fire behavior, and smoke dispersion in for-

ested environments. Further observational studies of at-

mospheric turbulence regimes in the vicinity of backing

and heading line fires in forested environments coupled

with concurrent high-frequency fire behavior measure-

ments are needed to 1) assess how backing and heading

fires differ in their potential effects on horizontal and

vertical turbulent heat and momentum flux behavior and

variability through the vertical extent of overstory vege-

tation, and 2) assess how those fluxes feed back onto

fire behavior at different temporal and spatial scales.
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These types of wildland fire experiments should set the

foundation for the development of improved predictive

tools for local fuel heating, fire behavior, and smoke dis-

persion that properly account for fire-induced horizontal

and vertical turbulent heat and momentum transfer in

forested environments.
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