SPECIAL ISSUE | RESEARCH PAPER
https://doi.org/10.107 1/WF22101

International Association
v, of Wildland Fire

v

, P
WILDLAND FIRE /

PUBLISHING

The role of helicity and fire—atmosphere turbulent energy
transport in potential wildfire behaviour

Jiawei Zhang™®" (@, Marwan Katurji®, Peyman Zawar-Reza® and Tara Strand”

For full list of author affiliations and
declarations see end of paper

*Correspondence to:

Jiawei Zhang

New Zealand Forest Research Institute,
Scion, Rotorua, New Zealand

Email: jiawei.zhang@scionresearch.com

Received: 21 June 2022
Accepted: 5 December 2022
Published: 4 January 2023

Cite this:

Zhang ] et al. (2023)

International Journal of Wildland Fire
32(1), 29-42. doi:10.1071/WF22101

© 2023 The Author(s) (or their
employer(s)). Published by

CSIRO Publishing on behalf of IAWEF.
This is an open access article distributed

under the Creative Commons Attribution-

NonCommercial-NoDerivatives 4.0
International License (CC BY-NC-ND)

OPEN ACCESS

ABSTRACT

Background. Understanding near-surface fire-atmosphere interactions at turbulence scale is
fundamental for predicting fire spread behaviour. Aims. This study aims to investigate the
fire—atmosphere interaction and the accompanying energy transport processes within the
convective boundary layer. Methods. Three groups of large eddy simulations representing
common ranges of convective boundary layer conditions and fire intensities were used to
examine how ambient buoyancy-induced atmospheric turbulence impacts fire region energy
transport. Key results. In a relatively weak convective boundary layer, the fire-induced buoy-
ancy force could impose substantial changes to the near-surface atmospheric turbulence and
cause an anticorrelation of the helicity between the ambient atmosphere and the fire-induced
flow. Fire-induced impact became much smaller in a stronger convective environment, with
ambient atmospheric flow maintaining coherent structures across the fire heating region. A high-
efficiency heat transport zone above the fire line was found in all fire cases. The work also found
counter-gradient transport zones of both momentum and heat in fire cases in the weak
convective boundary layer group. Conclusions. We conclude that fire region energy transport
can be affected by convective boundary layer conditions. Implications. Ambient atmospheric
turbulence can impact fire behaviour through the energy transport process. The counter-gradient
transport might also indicate the existence of strong buoyancy-induced mixing processes.
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Introduction

Atmospheric motions vary in scale from thousands of kilometres (planetary circulations)
to sub-meter turbulence eddies (Orlanski 1975). These atmospheric motions can interact
and influence fire behaviour at different scales (Potter 2002). Synoptic and mesoscale
weather patterns can impact local fire risk levels through changing fuel moisture, average
wind speed and air temperature. These impacts have been routinely considered in the fire
risk management operations through fire weather indices such as Haines Index (Haines
1989; Potter 2018) and Fire Weather Index (Van Wagner 1974). At the microscale
(kilometre to sub-metre), atmospheric turbulence is known to influence extreme fire
behaviour such as fire swirls (Forthofer and Goodrick 2011; Seto and Clements 2011) and
terrain-scale vorticity controlling lateral fire spread (Simpson et al. 2016). The thermal
internal boundary layer or the fire turbulence environment (hereafter referred to as the
FTE, light yellow region in Fig. 1) caused by localised heating of fire, and the atmospheric
boundary layer (ABL) that envelops it, develop at integral time scales spanning from
seconds to tens of minutes (Stull 2012). Within the FTE, atmospheric turbulence plays an
important part in energy transfer between the fire and the surrounding atmosphere
(Kremens et al. 2012; Finney et al. 2015; Sullivan 2017; Dickinson et al. 2021).

The complexity of turbulent interactions across the length and time scales during the
short term (within ABL integral scales) development of a fire makes observations of
coupled fire-atmosphere interactions very difficult. Coupled fire combustion and spread
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models like HIGRAD/FIRETEC (Cunningham and Linn
2007; Pimont et al. 2020) and Wildland-Urban Interface
Fire Dynamics Simulator (WFDS) (Mell et al. 2007) can
assist in studying the dynamics of fire—atmosphere interac-
tions. Applications using these models and other atmo-
spheric large eddy simulation models, such as APRS
(Kiefer et al. 2014) and UU-LES (Sun et al. 2009), can give
insight on the role of ambient atmospheric turbulence on
fire behaviour. For example, Sun et al. (2009) simulated a
fire spread case under a prescribed atmospheric Convective
Boundary Layer (CBL) that used a fixed 240 W/m? land
surface heat flux of 240 W/m? and constant mixed layer
depth. They found that, compared with the neutral atmo-
spheric stability condition with similar ambient mean wind
speed, fire spread rate was increased by 25%, which shows
the impact of the ambient atmospheric turbulence regime on
the fire spread behaviour. Under neutral atmospheric stabil-
ity, Kiefer et al. (2015) showed that although both ambient
and fire-induced turbulence was significantly suppressed
within the canopy due to the drag from the canopy, the
fire-induced turbulence is still much higher than the ambi-
ent turbulence. On the other hand, when under a convective
boundary layer, similar canopy and mean wind speed set-
tings can result in a much-increased turbulence intensity,
which is comparable to the TKE buoyant production associ-
ated with a fire. These results show the importance of LES
numerical modelling for studying, categorising, and devel-
oping a better understanding on how atmospheric turbu-
lence regimes can influence fire behaviour - a research area
that is still not fully developed (Potter 2012).

The quantification of turbulent heat and momentum fluxes
is important to better describe the coupled processes within
the FTE that can lead to the spatial and temporal variation in
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Conceptual diagram showing the fire turbulence environment (FTE).

fire behaviour. Traditional observational studies mainly
obtained turbulence information using point measurements,
such as in situ fire towers instrumented with sonic anem-
ometers and thermocouples (Clements et al. 2007; Frankman
2009; Seto et al. 2014; Heilman et al. 2019). Although
experimental observation methods like the thermal infrared
camera have been used in some field campaigns to estimate
the spatial radiative heat flux, the convective heat flux is still
limited to the traditional point measurements (Hudak et al.
2016; Dickinson et al. 2021). This limitation in field observa-
tions makes it difficult to study the spatial heterogeneity of
convective heat transport in relation to fire spread and the
overlying atmospheric turbulence structure. The constraint
increases in heterogeneous vegetation cover and density that
can lead to a spatial variability in the turbulent fire heat
transport (Linn et al. 2013; Kiefer et al. 2015). On the
other hand, the well-developed convective boundary layer
can lead to aperiodic episodes of downward bursts of turbu-
lent momentum energy, which is also spatially heterogeneous
and unpredictable in nature. Because prescribed ignitions
and wildfire outbreaks commonly happen during the daytime
(Coen et al. 2013; Thomas and Butry 2014), there is a need to
understand how these atmospheric turbulence events interact
with fire in relation to both ambient atmospheric turbulence
intensity and fire heat release magnitude. Moreover, under-
standing how such interactions impact the spatial near-surface
temperature perturbations can be linked to how convective
heat transfer onto the un-burnt fuels is modulated.
Quantifying turbulent heat and momentum fluxes is impor-
tant to better describe the coupled processes within the FTE that
can lead to spatial and temporal variation in fire behaviour.
This work aims to describe the role of the ambient atmospheric
flow in the FTE and processes involved. The main objective is to
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understand processes that control the spatial and temporal
development of turbulent heat and momentum transport
under different convective boundary layer (CBL) turbulence
intensities. The impact of different fire intensities for each
turbulence regime is also considered using a 2D hot patch
with different fixed heat flux intensities. The novel quantitative
partitioning of heat and momentum flux using spatially distrib-
uted energy partitioning (referred to as spatial quadrant
analysis) allows the definition of spatial energy transfer zones
that define the scales and intensities of these interactions.
Finally, and by calculating the helicity above the fire region
influenced by atmospheric motion, the potential impact of
fire behaviour from atmospheric turbulence is discussed in
relation to fire and atmospheric turbulence intensity levels.

Methods

Model description and set-up

The PArallelized LES Model (PALM) model — developed at
the Institute of Meteorology and Climatology (IMUK) of
Leibniz University Hannover, Germany — is based on the
non-hydrostatic incompressible Navier-Stokes equations
(Raasch and Schroter 2001; Maronga et al. 2015). The
incompressible assumption is suitable for fire—~atmosphere
interaction simulations because atmospheric wind speed
under typical forest fire scenarios still falls below the
Mach number threshold for compressible flow (Tang
2017). A modified Deardorff 1.5-order turbulence closure
is used in the model, which treats the energy transport in
sub-grid scale according to the local gradient of the average
quantities (Deardorff 1980; Moeng and Wyngaard 1988). All
the simulations were carried out using three nested domains
(Table 1, Fig. 2) whereas the presented analysis mainly used
the innermost (D3) domain. The root domain (D1) size was
selected to be comparable to previous atmospheric CBL
studies (Henn and Sykes 1992; Xue and Feingold 2006).
The lateral boundary condition for the D1 domain was set
to periodic to allow the boundary layer development. One-
way nesting was used to step down to the innermost domain
(D3) located in the centre D1. The resolution for D3 was
selected to 4 m to resolve smaller near surface motions. For
the fire cases, a spatially fixed 2D 12 m wide hot patch was
placed at the surface in the centre of the D3 domain. This
hot patch simulated a fire with a constant heat flux to
represent an idealised line fire condition.

Three groups of simulations were carried out with each
using a different land surface (sensible) heat flux to cover
the typical surface heat flux observed for a range of weather
conditions, from early morning to close to mid-latitude
summer noon time (Table 2) (Sturman et al. 1999; Yates
et al. 2001). Inside each group, three fire scenarios were
simulated using different hot-patch heat fluxes (low,
medium, or high) to represent fire intensities from a grass-
land fire (Low) (Clements et al. 2007) to medium (Med) and
large grassland fires and bush fire (High) respectively
(Silvani et al. 2009; Kiefer et al. 2015). The aforementioned
one-way coupling and having the hot-patch only in the D3
domain ensures that the atmospheric flow field is the same
across all cases in D1 and D2 domain in the same group.
Thus, a base case, with no simulated fire, was also run as a
control case to represent the ambient atmospheric flow
without fire impact.
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Z=160m
2000

3000

3000

o
/
Rt
|

)

VA
N .kx i- st
Root D1 PR =N | "N
4000 {f = T V7 8 2. é( 2000
A P A \( D N 4 N
== £ Q[ LA AN
. I"."}}-#(':‘ N = e i?‘
»\\ { 7'l ™
=% A=
2000 en j{ P Nested D3
i '}; ] } > 2500
Y, 4k ke gt v L Y, AU ) -
e TN ~ . - %
- = 3
Pt N ) b,: \?( « % » \J\.'
0 £ LI . < >
0 2000 4000 [0/ 2000
Fls
| —
-3 -2 -1 0 1 3

w (m/s)

Fig. 2. Instantaneous horizontal cross-section of vertical velocity at
160 m above ground level (AGL) (z = 160 m) from one of the simula-
tions (ClBase). DI, D2, D3 are for the nested Domains | (root or
outermost domain), 2 and 3 (innermost domain). The red line in the
D3 domain illustrates the hot patch location which was only set up at
the surface of the fire cases after 03:30:00 simulation time.

Table I. Simulation domain setup.
Domain name Domain size (L, * L, % L;) (m) Number of grids Domain resolution Domain
(nc%n,%xn,) (Axx Ayx Az) (m) position (m)
DI (root) 4096 x 4096 x 3072 128 x 128 x 96 32x32%x32 0, 0)
D2 (middle) 2048 x 2048 x 1536 128 x 128 x 96 16x16%16 (1024, 1024)
D3 (inner) 1024 x 1024 x 1024 256 x 256 x 256 4%x4x%x4 (1536, 1536)
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Table 2.
and the fire intensities.

Simulation naming convention including a total of 12 simulations. Note the difference in magnitude between the land surface heat flux

Group Land surface heat flux Fire intensity
Base Low Med High
Cl 120 W/m? No fire 50 kW/m? 100 kW/m? 150 kW/m?
C2 240 W/m?
c3 360 W/m®
Initial profile C1Base C2Base C3Base
[
3000 - ] d Time
— 03:30:00
03:40:00
2500 - 1 T ~—— 03:50:00
—— 04:00:00
2000 1 1 1 /
£ 15001 - . 1
N
1000 A : 1 1 . L . .
Fig. 3. Initial and domain-averaged potential tem-
perature profiles in the root DI domain from each
500 1 . . T simulation group. The initial potential temperature is
t L 293K from surface up to | km. A temperature
0 J J J gradient of 0.6 K per 100m is then applied from
T T . T T T T T | to I.5km, followed by 0.3K per 100m from
295 300 305 295 300 305 295 300 305 295 300 305 1.5 to 1.8km and then 0.5K per 100 m until the
6 (K) 6 (K) 6 (K) 6 (K) domain top at 3 km.

To ensure a typical CBL representation, the initial condi-
tion of D1 for the vertical potential temperature profile was
derived from the widely used Cooperative Atmosphere
Surface Exchange Study (CASES) campaign observations
(LeMone et al. 2000; Yates et al. 2001; Rizza et al. 2013).
The potential temperature was set to 293 K from the surface
up to 1km, with an inversion then applied (Fig. 3). This
setup is also similar to previous fire-atmospheric interaction
studies (Kiefer et al. 2015, 2016, 2018) and allows for
realistic CBL growth. To avoid false gravity waves caused
by the numerical domain top boundary, a Rayleigh damping
layer is applied at the upper 30% of the D1 domain.

To achieve steady-state in the CBL and buoyancy-driven
turbulent flow, all cases were run for 4 h total simulation
time, with the first 3.5 h used for CBL development. Only the
last 0.5 simulated hour was used for analyses. The potential
temperature profiles from the base case in each group shows
the growth of the CBL height with different land surface
fluxes, suggesting the simulations have reached quasi-steady
stage after 3.5h (Fig. 3).

Helicity

Helicity is used to explore the changes or transfer of vortic-
ity caused by the interaction between the fire-induced buoy-
ancy and the ambient atmospheric flow. The helicity is
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calculated using the non-integral form (Eqn 1). To better
quantify the domain-wide helicity, the averaged magnitude
of the vertical helicity component is calculated from the
horizontal cross-section of the innermost (D3) domain.

H=(V xXV)V 1)
where ¥ is the velocity vector and V x ¥ is the vorticity
vector @ . In weather forecasting, various parameters like the
storm relative helicity (SREH) and superhelicity have been
derived from the helicity for different application purposes
(Hide 1989). For example, SREH, an integrated variation of
the helicity, is used in severe storm forecasting to indicate
the potential of the rotation in the low level (0-3 km) wind
field (Markowski et al. 1998; Shigiang and Zhemin 2001).

Although helicity has been previously used in the wildfire
studies, it was mainly deployed for qualitative analysis
(Canfield et al. 2014; Finney et al. 2015). Here, helicity is
used in a quantitative way to study fire-induced flow change
and the role of the fire-atmosphere turbulence interaction in
it. Because the fire-induced buoyancy was found to be rela-
tively shallow at the fire intensity range used in this study,
the vertical component of the non-integral form (Eqn 2)
is used.

H, = (V X ?)z?z

(2)
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Fig. 4. The terminology and convention used for the quadrant
analysis. A time series of w'u’ (or w'8') can be classified into each
quadrant. For the momentum flux (w'u’), quadrants | and Il represent
the outward and inward motions that account for counter-gradient
momentum transport. Quadrants Il and IV represent the sweep and
ejection motions and contribute to downgradient momentum trans-
port. For the instantaneous kinematic heat flux (W'0’), the sweep/
ejection and outward/inward quadrants are reversed and illustrated
using the red colour.

Similar to other parameters analysed in this study, to high-
light the fire-induced influence, helicity is calculated at
10 m AGL to represent the helicity change near the surface.

Quadrant analysis

In any point location, the time series of instantaneous vertical
transfer of horizontal momentum (w’u”) and kinematic heat
flux (W’6’) can be drawn in the Cartesian coordinate system
(Fig. 4) with w’ and the respective perturbation variable as
the coordinates (Shaw et al. 1983). Each quadrant in the
coordinate system has a different physical interpretation.

Based on quadrant analysis, Wyngaard and Moeng
(1992) implemented the concept of energy transport effi-
ciency, which was defined as the ratio of downgradient flux
to total flux. The mathematical form of energy transport
efficiency is further discussed by Li and Bou-Zeid (2011)
and is shown below,

7,) — F total — wc’ (3)

77 7
Faowngradient W’ C ejections + W' € sweeps

where c represents variables like velocity, temperature or
other scalars. The flux in each quadrant is calculated using
the equation below,

e’ 1 ’

wie, = —2Zt_ W

t “j=to i€

ili 4)
where I; is defined as,

if wj ¢/ is in quadrant i

1
I = { . )
0 otherwise

Noted by Wallace (2016), the sweep and ejection motions
account for most of the shear-driven turbulence and the
downgradient momentum transport, and the inward and

outward motions contribute to the counter-gradient
(or upgradient) momentum transport. As for the heat
(w0 flux, the sweep/ejection and outward/inward quad-
rants are switched, for example I and III quadrants repre-
sent the ejection/sweep and II and IV represents the
inward/outward motions (Li and Bou-Zeid 2011). From
the above definition, the transport efficiency (i) is positive
when the Fiora and Faowngradient have the same sign. This
means the down-gradient transport is dominating the
energy transport process and the turbulence is mainly
shear driven. On the other hand, when the counter-
gradient transport component is strong enough to counter-
act the down-gradient transport, the transport efficiency
can be very small and even negative.

Previous studies usually use quadrant analysis on time
series of point data. We applied the same method to time
series in the 3-dimensional flow field (the innermost D3
domain in all simulations) simulated by the LES model.
The spatial patterns of the quadrant analysis, as shown in
the next section, can be used to obtain spatial information
about the momentum and heat transport within the FTE.

Results

As mentioned in the previous section, the base case in each
group serves as a control case to represent ambient atmo-
spheric flow without the impact from fire. Because the fire
(hot patch) was only set at the innermost domain (D3), the
analyses in this section are all done using data from the D3
domain of the simulations.

General flow patterns within the FTE

Fig. 5 shows the horizontal cross-section of the 1-min aver-
aged u velocity component at 10m above ground level
(AGL) after the fire had been set up for 15 min. In the C1
group, representing the relatively weak surface heat flux-
induced CBL, a clear fire-induced convergence zone is
formed across all fire cases but no such zone exists in the
base case. Although not shown here, the convergence zone
gradually developed and persisted from setting up the hot
patch until 20 min after. The convergence zone is a result of
the buoyancy above the fire line as the location of the
convergence zone aligns with the hot patch that simulates
the fire line. In the C2 group, vortex structures can be found
in both the ambient atmosphere (represented by the base
case) and the fire cases. These vortex structures remain and
are strengthened with the addition of the simulated fire. All
C3 group cases show similar flow patterns with predominant
negative values in the centre of the domain and positive
values at the edge. Although not shown here, the fire cases
in the C2 and C3 group maintain similar flow patterns of all
velocity components to the respective base case up until
20 min after the fire line set-up.
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Fig. 5. Horizontal cross-section (10 m AGL) of |-min averaged horizontal u-velocity component
I5min after the fire lines were set up. Each row represents simulation groups with different
ambient land surface heat flux (120 W/m? for the Cl group, 240 W/m? for the C2 group and
360 W/m? for the C3 group). From left to right, each column represents the fire line intensity (heat
flux) (no fire for the base case, 50 kW/m? for the low intensity fire scenario, 100 kW/m? for the
medium intensity scenario and 150 kW/m? for the high intensity scenario). The dashed lines show
the convergence flow field and the arrow vectors point to the vortices.
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Fig. 6. Vertical (xz) cross-section (y =514 m, at the D3 domain centre) of |-min averaged horizontal u-velocity component
I5 min after the fire lines were set up. Each row represents simulation groups with different ambient land surface heat flux
(120 W/m? for the Cl group, 240 W/m? for the C2 group and 360 W/m? for the C3 group). From left to right, each column
represents the fire line intensity (heat flux) (no fire for the base case, 50 kW/m? for the low intensity fire scenario, 100 kW/m? for
the medium intensity scenario and 150 kW/m? for the high intensity scenario). Red dots on the x-axes denote the fire (hot patch)

locations.

The x—z vertical cross-section at the centre of the D3
domain further confirms that no background convergence
zone can be found in the ambient atmosphere in the C1
group (Fig. 6). The fire-induced convergence zone, on the
other hand, is quite deep and extends to a much higher level

34

(more than 100m) above the hot patch in all fire cases.
In the C2 and C3 group, representing relatively stronger
convective boundary layers with much higher land surface
heat flux (240 and 360 W/m? respectively), there is no
convergence zone above the hot patch in any of the fire
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Fig. 7. Horizontal cross-section (10 m AGL) of
I-min averaged air temperature after 15 min of the
fire lines being set up. Each row represents simula-
tion groups with different ambient land surface heat
flux (120 W/m? for the C| group, 240 W/m? for the
C2 group and 360 W/m? for the C3 group). From
left to right, each column represents the fire line
intensity (heat flux) (50 KW/m? for the low intensity
fire scenario, 100 kW/m? for the medium intensity
scenario and 150 kW/m? for the high intensity sce-
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Fig. 8. Vertical (xz) cross-section (y =514 m, at the D3 domain centre) of |-min averaged air temperature after |5 min of the
fire lines being set up. Each row represents simulation groups with different ambient land surface heat flux (120 W/m? for the C|
group, 240 W/m? for the C2 group and 360 W/m? for the C3 group). From left to right, each column represents the fire line
intensity (heat flux) (no fire for the base case, 50 kW/m? for the low intensity fire scenario, 100 kW/m? for the medium intensity

scenario and 150 kW/m? for the high intensity scenario). Red dots on the x-axes denote the fire (hot patch) locations.

cases. Compared with the horizontal cross-section (Fig. 5),
the convergence zones in the C2 and C3 group are the flow
structures that exist in the ambient atmosphere.

Fire impacts the atmospheric flow through the buoyancy/
pressure gradient associated with the fire heat release, and
the ambient atmosphere, in turn, can also impact the fire
heat release and the fire-induced buoyancy heat plume
structure. Close to the surface (10 m AGL), the temperature
anomalies caused by fire also show distinctive characteris-
tics between C1 and the two other groups (Fig. 7). Even
15min after the fire line is set up, the high temperature
anomaly zone caused by the fire maintains a relatively

straight and narrow line at 10 m AGL in all fire cases in
the C1 group. Conversely, the high temperature anomaly
in the fire cases in the C2 and C3 groups show much wider
horizontal extent. For the fire cases in the C2 group, the
vertex structure (indicated by arrows in Figs 5, 7) contri-
butes to the horizontal stretching/expanding of the high
temperature zone.

The vertical cross-section shows that, in the C1 group, the
fire-induced buoyancy plume maintains a relatively vertical
orientation with very limited horizontal dispersion up to
100 m AGL (Fig. 8). On the other hand, the plume displays
a much wider horizontal dispersion, which aligns with the
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horizontal cross-section results, in all fire cases in the C2 and
C3 group. Although only data at the 15 min after the fire
being set up is shown here, the results are consistent from
the fire being set up until this point.

Helicity

Helicity is used to explore the changes or transfer of the
vorticity caused by the interaction between the fire-induced
buoyancy and the ambient atmospheric flow. The magni-
tude of the domain average vertical helicity component
(|H,]) is the lowest (0.009) in the base case in the C1
group (ClBase), whereas the magnitude is much higher in
the base cases in the C2 and C3 groups (Table 3a, Fig. 9).
In the fire cases, the average/median values of |H,| are
higher than in the base cases and remain similar across all
groups. In general, |H,| in the fire cases also has much
higher variation. |H,| in the C1Base has the smallest varia-
tion and C3Base has the largest variation. In contrast, the
variation of the |H,| in the fire cases is reversed, with the
fire cases in the C1 group having the largest variation among
all three groups.

Similarities in the trend of the |H,| time series can be
found between the fire cases and the base case, especially in
the C2 and C3 groups (Fig. 10). The similarity can be further

Table 3. (a) Average |H,| at 10m AGL. |H,| is the magnitude
(D3 domain averaged) of the vertical helicity component at 10 m
AGL. (b) Correlation coefficient (r) of |H,| time series (domain
averaged at 10 m height) between fire cases and the base (no fire)
case from the same group.

confirmed by the correlation coefficient (Table 3b). In the
C2 and C3 group, fire cases and the ambient atmospheric
flow represented by respective base cases have high corre-
lation coefficients up to 0.9. The correlation coefficients are
also about 40% higher in the C3 group than in the C2 group.
The high correlation coefficients indicate that, under the
convective boundary layer conditions comparable to the
C2 and C3 groups, ambient atmospheric flow can maintain
its coherent turbulent flow structures and impact fire
behaviours.

On the other hand, strong anticorrelation can be found
between the fire cases and the base case in the C1 group,
which means an increase of |H,| in the fire cases corre-
sponds to a decrease of the |H,| in the ambient atmosphere.
In comparison with the C2 and C3 group, this might suggest
that fire might have a more dominant impact on the helicity
field in the C1 group. Because the fire strength, represented
here by the hot patch heat flux, remains the same, this
anticorrelation suggests that the impact of fire on the heli-
city field is stronger when the impact from the ambient
atmosphere is weak.

Energy transport efficiency

Although the above analysis has shown evidence of different
fire—-atmosphere interaction under different CBL conditions,
to understand the physical processes behind these results,
the turbulent transport efficiency must be further
investigated.

Horizontal and vertical cross-sections of the vertical heat
transport efficiency (7,6) from all cases are shown in
Figs 11, 12. As can be seen, the hot patch in all fire cases

Base Low Med High ) e )
0 produces a high efficiency transport region (7, above
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Fig. 10. Time series of the vertical helicity mag-
nitude (domain averaged at 10 m AGL) from each
case in each simulation group from the moment fire
was set up. (a—) show results in the Cl, C2 and C3
groups, respectively, and blue, green, orange, and
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red lines represent base (no fire), low, medium, and
high intensity fire cases in each group respectively.
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Horizontal cross-section of heat transport efficiency 1, at 10 m above the surface from

all cases during the first 15 min of the fire being set up. Each row represents different groups and
each column represents either the base cases or the cases with the different fire intensities.

comparison with the average temperature contour lines in
the vertical (Fig. 12), it is possible that the decrease of the
vertical heat transport efficiency is a result of less vertical
heat transport and more horizontal heat transport caused by
the wider and more titled vertical temperature distribution
close to the surface.

Counter-gradient vertical heat transport zones (17,9 < 0)
can be found in most of the cases. Especially in the C1
group, the counter-gradient vertical heat transport exists
between the fire-induced temperature anomaly area (con-
tour lines in Fig. 12) and the and the ambient atmosphere.
More counter-gradient vertical transport can be found in the
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higher intensity (C1Med and C1High) fire cases compared
with the low intensity fire case (C1Low).

As for the momentum transport, a fire-induced counter-
gradient (negative values) momentum transport zone can also
be found in the fire cases from the C1 group (Figs 13, 14).
Much less fire-induced counter-gradient (negative values)
momentum transport can be found in the C2 and C3 groups.
On the contrary, a down-gradient (positive values) momen-
tum transport zone over the fire line can be found in the fire
cases from these two groups.

Discussion and conclusion

The convective Froude number (Fc) and Byram’s convective
number have been used to define the atmosphere—fire inter-
action regimes (Sullivan 2007; Frangieh et al. 2020). When
Fc? is less than 1, fire behaviour will be influenced by the
fire-induced buoyancy force, dominating the influence of
the ambient atmosphere, but erratic or extreme fire beha-
viours are likely to occur when Fc? is close to 1. In this work,
the simulations were all carried out in the low Fc range. The
largest Fc? for the C3 group, the Fc? is around 0.66 (average
ambient wind speed at 10 m AGL is 1.98 m/s, fire depth is
12 m). Although the simulations were all done without the
move/spread of the fire line, the fact that all the simulations
are in the low Fc category is still a good indication that
convective boundary layer turbulence can impact fire spread
behaviour when the whole mean flow falls into the fire-
driven fire spread regime.

In a relatively weak atmospheric CBL (C1 group), which
typically occurs at morning summertime over grassland in

case = Base

case = Low

W

400 600 800 400 600 800

Fig. 12.

the mid-altitude, our results have shown that the near-
surface flow field changed substantially due to the fire-
induced flow in all fire cases with a convergence zone
formed just over the fire line (Figs 4, 5). Fire-induced tem-
perature anomaly aligns with the flow field changes and
forms a vertical hot air plume with a confined and straight
horizontal extent. On the contrary, in a stronger buoyancy-
driven CBL turbulence environment (C2 and C3 groups),
which represents conditions closer to noontime, the ambient
atmospheric motions, especially large coherent motions like
vortices, remain largely unchanged after the setup of the
fire. The enhancement of the ambient vortex in the fire cases
might support the ambient vortex structures as one of the
potential fire whirl origins. The spatial and temporal varia-
tions of the temperature anomaly can also be linked to the
large coherent atmospheric structures like the vortex struc-
tures from the ambient atmospheric flow shown in the cases
from the C2 group. This suggests that, in an ABL with
stronger buoyancy-driven turbulence, even if the mean
flow field still falls into the low Fc category, the ambient
atmospheric flow can also play an important role in fire
behaviour, though fire-induced flow change can be limited.
The spatial variation of the temperature anomaly also indi-
cates the direct impact of ambient atmospheric in the con-
vective heating process during the fire spread.

In general, both the magnitude and variation of the
vertical helicity component (|H,|) increased in the fire
cases across all groups. Reorganising and tilting of the ambi-
ent vortices from the fire-induced buoyancy, the process
brought up by Potter (2012), might be a plausible explana-
tion. This can also explain why the average |H,| is higher in
cases with higher fire intensity within each group. With the
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xz cross-section of heat transport efficiency n,¢ at the centre of the D3 domain (y =514 m) from all cases during the

first 15 min of the fire being set up. Each row represents different groups and each column represents either the base cases or
the cases with the different fire intensities. The dashed lines are contour lines of average temperature. From green to yellow, the
colours of contour lines represent the temperature value from low to high, with a 3°C increment/decrement between each

contour line up to 49°C.
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Horizontal cross-section of momentum transport efficiency n,, at 10 m above the

surface from all cases during the first |5 min of the fire being set up. Each row represents different
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Fig. 14. xz cross-section of momentum transport efficiency 1, at the centre of the domain from all cases during the first

15 min of the fire being set up. Each row represents different groups and each column represents either the base cases or the

cases with the different fire intensities.

increased fire (hot patch heat flux) intensity, the stronger
fire-induced buoyancy should make the mechanism more
significant and increase the |H,|. The helicity analysis fur-
ther shows different fire-atmospheric interactions under
different convective boundary layer conditions. The increase
of the |H,| is much larger between the ambient atmosphere
(represented by the base case) and the FTE (represented by
the fire cases) under a relatively weak atmospheric CBL

(C1 group) than a stronger CBL (C2 and C3 groups). This
again suggests a larger fire-induced impact in a relatively
weak CBL. Under a relatively weak CBL, the |H,| also has a
strong anticorrelation between the FTE and the ambient
atmosphere instead of the strong correlation found under
relatively stronger CBL. This indicates that two different
mechanisms exist in increasing the |H,| within the FTE.
The strong correlation, which aligns with aforementioned
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Fig. 15. Profiles of average potential temperature taken at x = 754,
y =514 (at the same x—z cross-section as Fig. | | and 240 m away from
the fire line). An inversion is developed from 60 m upward in all fire
cases whereas no inversion exists in the ambient atmosphere (Base).

flow field and temperature anomaly analyses, shows that the
fire has more limited impact in the flow field and is mainly
enhancing the existing rotational field/structures under rel-
atively strong CBL. The fire-induced impact is much larger
and results in more fire-induced helicity generation than
enhancement in the weak CBL. The anticorrelation, under
this scenario, might suggest that fire-induced helicity gener-
ation is higher when the ambient helicity is low.

The work then studied the fire-atmospheric interaction
from the turbulent energy transport perspective. A high-
efficient heat transport zone over the fine line (hot patch)
with a confined horizontal extent can be found close to the
surface in all cases. This is expected because the fire-induced
strong buoyancy force enhances the vertical heat transport.
Although existing also in the ambient atmosphere, strong
counter-gradient transport zones can mainly be found in
the fire cases under relatively weak CBL. The small
counter-gradient vertical heat transport found in the ambi-
ent atmosphere could be caused by the buoyancy-induced
atmospheric eddies (Holtslag and Moeng 1991). The strong
counter-gradient transport zones in the fire cases, however,
might be related to the heat release aloft from turbulence
mixing between the fire buoyancy plume and the ambient
air. To prove that, profiles from a location under the strong
counter-gradient heat transport zone in Cl group were
examined (Fig. 15). The profiles from all fire cases show a
temperature inversion at the locations of the counter-
gradient transport zone. The reason for less or even no
such counter-gradient heat transport zone aloft in a stronger
CBL (C2 and C3 groups) might be that more heat is released
close to the surface, which leads to weaker fire buoyancy
plume and less heat release aloft. Similarly for the
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momentum transport, a fire-induced buoyancy-dominant
counter gradient transport zone can be found in all the
fire cases from the C1 group, whereas no such zone formed
in fire cases from other groups. Clements et al. (2008)
observed strong negative momentum flux (w'u’) changes
during the 2006 Fireflux Experiment (Clements et al
2007), but strong positive changes were found in the pilot
experiment with much weaker surface wind. Our study
aligns with their findings and might suggest that, with
weaker ambient wind, more counter gradient momentum
transport can be found (wu” > 0) and the fire-induced buoy-
ancy force is dominating the energy transport close to the
surface. Future studies are still needed to examine the
energy transport process with moving fire lines.

The results might provide guidelines to determine the
level of influence that ambient atmosphere could have in
fire region energy transport (and consequently influence
short-term fire behaviours). However, when interpreting
the results from this work, there are some limitations that
need to be kept in mind, and future studies are needed to
further develop this research area. To reduce the variability
of the ambient atmospheric conditions in the study, all the
simulations were run with humidity turned off. Thus, before
linking energy transport regimes in this study to different
fire weather conditions classified by indices such as Haines
Index or Fire Weather Index, future studies are needed to
include the moisture impact in the energy transport process
within the FTE. Due to the limitation of the 2D hot patch
representation, the 3D dynamics of the fire flame is not
represented (McDonough and Loh 2003; Kiefer et al
2015). The main influence of this is on the intensity of
the fire flame. The 3D flame will have much larger heat
release due to the larger fire surface area associated with
vertical flaming zones. To overcome the 2D patch limita-
tion, the surface fire heat flux intensities used in this study
are comparable to typical weak to intense grassland fires,
and are already much higher than previous studies using
similar 2D fire patches (Silvani et al. 2009; Kiefer et al.
2015, 2016). Nevertheless, the total heat release might still
be slightly underestimated. Because of the constant fire
heat flux representation, the fuel-fire interaction and
flame dynamics cannot be included. The interaction
between the energy transport processes and the initiation/
combustion process cannot be discussed in this study. On
the other hand, heat and momentum transport at the scale
studied in this work can potentially interact and influence
the smaller fuel flame scale energy transport and combus-
tion process through enhancing the turbulence mixing in
the combustion zone. Such interactions might increase the
fire intensity and result in a stronger fire-induced flow,
which in turn can decrease the shear-driven momentum
transport efficiency. This negative feedback might be a
controlling dynamic cycle for the grassland fire, and further
studies are needed to incorporate the fuel-fire interaction
to further the study.
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