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Abstract21

With increased urbanization, fires in the wildland urban interface (WUI) have become22

a severe problem worldwide. The unique features of WUI may influence the atmospheric23

flows in the vicinity of fire. This study utilizes the parallelized large eddy simulation model24

(PALM) system for fire-atmosphere simulations of Bottle Lake Forest, Christchurch, New25

Zealand. Over 3000 residential buildings are situated around the 7 km2 forest, with many26

homes only 50 m away from the forest edge. We conducted high-fidelity fire-atmosphere27

simulations with the finest grid spacing of 4 m. Wildland forest (WF) and flat terrain28

simulations were conducted to provide a reference for comparison with WUI simulations.29

Fire-weather conditions for the 2022/2023 New Zealand fire season were selected based on30

the Fire Weather Index (FWI). Data from previous fire field campaigns were obtained to31

represent a low-intensity fire heat forcing. The results reveal a pulsing behavior in downwind32

heat transport when the forest canopy is included. Furthermore, the presence of the WUI33

is associated with extended downwind fire heat transport compared to WF and flat terrain34

scenarios. This study is the first to simulate atmospheric flows near fires in a WUI setting35

with such high fidelity. The findings highlight the critical role of WUI features in shaping fire-36

atmosphere dynamics, though further research is required to disentangle the contributions37

of individual WUI components to these effects.38

Plain Language Summary39

As cities expand, fires in areas where wildlands and urban developments meet — called40

the wildland-urban interface (WUI) — are becoming a growing challenge worldwide. These41

fires are influenced by the unique features of WUI environments, which can affect how42

heat and smoke travel through the atmosphere. In this study, we used very high resolution43

simulations to explore the atmospheric flows near fires under the influences of the Bottle Lake44

Forest WUI in Christchurch, New Zealand, where a forest fire could threaten nearby homes.45

The simulations showed that the presence of forest causes a pulsing effect in heat transport46

downwind of the fire. Additionally, the WUI enabled fire heat to travel further along47

the wind, compared to scenarios without urban development. Our WUI fire simulations48

demonstrate high fidelity, which has not been previously achieved in other studies. The49

findings highlight how urban developments near forests can alter flow patterns near the fire50

and emphasize the need for further research to support better fire management and urban51

planning.52

1 Introduction53

The intensity and impacts of wildfires have been growing across the world. Human54

settlements have suffered significantly due to wildfires, especially in the wildland-urban55

interface (WUI) (A. Sullivan et al., 2022). The WUI is usually defined as the area where56

human development, such as houses, comes into close contact with natural, undeveloped57

areas dominated by wildland vegetation (Radeloff et al., 2005). The WUI fire problem is58

usually two-fold, encompassing climate and human activities. Climate is the primary driver59

of fire activity (Andela et al., 2017). Many studies have found that natural processes are60

linked to increased wildfire intensity, such as a decrease in fire season precipitation (Holden61

et al., 2018), and an increase in temperatures (e.g., Gutierrez et al., 2021; Mueller et al.,62

2020). A drier and warmer climate could lead to longer, hotter, and drier fire seasons,63

coinciding with more intense fire events and higher mortality. The secondary driver is64

human activities associated with land-use changes. The expansion of human settlements65

changes the landscape of the natural wildland. The road development allows easier access66

to combustible fuels, and the expansion of electrical transmission lines adds more fire risks67

to the WUI (Chen et al., 2024). Therefore, the WUI fire problem and its high social and68

economic costs have become a rising threat.69
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Similar to countries like the United States, Canada, and Australia, New Zealand wit-70

nessed a considerable increase in the total WUI area (Chen et al., 2024). Although New71

Zealand has a population of only 5 million people and covers a land area of approximately72

268,021 km2, it has experienced a great number of wildfires in recent years. For the year73

between 1 July 2020 and 27 June 2021, 4,586 fires occurred, with 13,348 hectares burnt74

(Fire Emergency New Zealand, 2021). Wildfires in New Zealand were relatively rare before75

the establishment of human settlement in the late 13th century (Perry et al., 2014). Al-76

though most of the fires in New Zealand are small (averaging less than 1 hectare; Pearce,77

2018), a few large devastating wildfires have occurred during the past few years. In 2017,78

the Port Hills wildfire burned 1,660 hectares, forced over 1400 residents to evacuate, de-79

stroyed 9 homes, and cost millions to suppress, plus much more paid out by the insurers80

(Pearce, 2018, and citations therein). In 2020, the Lake Ōhau fire burned approximately81

5043 hectares and destroyed 48 homes and buildings (Fire Emergency New Zealand, 2022).82

In 2024, close to the location of the 2017 wildfire, another fire occurred in the Port Hills,83

causing thousands of people to leave their homes. The exact damage and cause of the 202484

Port Hills Fire are still under investigation.85

Among the many WUIs in New Zealand, in this study, we focus on the WUI of Bottle86

Lake Forest (BLF), Christchurch, New Zealand. Since Christchurch is the largest city in the87

South Island of New Zealand, there is a rising concern around its WUI fire problem. Figure88

1 shows the location and landscape of the BLF WUI. The BLF area contains a pine forest89

of over 7 km2 surrounded by more than 3000 residential buildings. The pine forest height90

is around 22-30 m. Many buildings are within 100 m of the forest precinct, which could be91

under serious fire danger in case of a forest fire in the area.92

In this paper, we investigate how the presence of the BLF WUI influences the atmo-93

spheric response to a temporally invariant heat source at the ground, which resembles a94

low-intensity fire. The atmospheric and fire processes are multiscale and nonlinear, making95

fire-atmospheric interactions complex. The atmospheric processes can impact fire from the96

microscale (sub-meter to kilometer) to the mesoscale (10 to 200 km), while fire modifies97

the atmospheric flows with its strong forcing of heat (e.g., Dickinson et al., 2021; Finney et98

al., 2015; A. L. Sullivan, 2017; Zhang et al., 2023). To understand fire-atmosphere interac-99

tions, the scientific community has developed a range of models, from traditional empirical100

approaches to modern models that couple fire behavior with computational fluid dynam-101

ics (CFD) or numerical weather prediction (NWP) models (A. L. Sullivan, 2009a, 2009b;102

Bakhshaii & Johnson, 2019). While many sophisticated coupled models exist (e.g., Linn et103

al., 2002; Mell et al., 2007; J. Coen, 2013; J. L. Coen et al., 2013; Dahl et al., 2015; Filippi104

et al., 2013), no former studies have examined the impact of WUI on atmospheric flows near105

fires using a high-resolution turbulence-resolving model. As the WUI land surface imposes106

a complex forcing of heat and momentum on the Atmospheric Boundary Layer (ABL), we107

require a model capable of resolving turbulent atmospheric flows within a high-fidelity WUI108

landscape.109

Therefore, we use the Parallelized Large Eddy Simulation (LES) Model (PALM; Maronga110

et al., 2015, 2020). PALM can conduct very fine grid spacing simulations (e.g., 4 m in this111

study) with detailed urban surface (Resler et al., 2017) and plant canopy modules (Maronga112

et al., 2020), allowing an explicit representation of the buildings and forest that constitute113

the WUI. While PALM has been used for fire–atmosphere turbulent energy transport (Zhang114

et al., 2023) and firebrand transport (Dal-Ri dos Santos & Yaghoobian, 2023), its applica-115

tion to study the impact of a realistic WUI on fire-induced flows is novel. For representing116

fire heat, we adopt the “hot plate” method, using a static surface heat source. Similar to117

previous hot plate studies (e.g., Kiefer et al., 2024; Zhang et al., 2023; Kiefer et al., 2018,118

2016, 2015), we use a one-way fire–atmosphere model. In one-way models, the fire modifies119

the simulated wind field, but the feedback from atmospheric perturbations on the fire itself120

is not accounted for (Kiefer et al., 2024).121
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Figure 1. Maps and images depicting the location and landscape of the Bottle Lake Forest

(BLF) area in Christchurch, New Zealand. Bottom left: Maps of New Zealand and Christchurch

(©MapTiler and ©OpenStreetMap). Top left: Satellite imagery of the BLF area (©Google

Earth). The yellow pin indicates the location of a SoDAR (Sonic Detection And Ranging) operated

between November 2022 and April 2023. The blue pin marks the location of the automatic weather

station (AWS) operated by Fire Emergency New Zealand (FENZ). Top right: zoomed-in image of

the WUI. For the scale reference, the approximate length of 100 m is shown between the edge of the

forest and the residential area. Bottom right: a 3D map of the landscape in the BLF WUI rendered

on top of the satellite imagery. High topography is colored in orange, the forests are colored in

green, and the buildings are plotted as white 3D blocks. Map data contain Christchurch 1 m digital

surface data (Envirionment Canterbury Regional Council, 2020).
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We conducted three sets of simulations with realistic BLF WUI, forest-only wildland,122

and flat terrain, to compare the influence of different landscape components. The results123

show that while the forest canopy itself induces a pulsing behavior in downwind fire heat124

transport, the inclusion of buildings acts to amplify these pulses. We further conducted125

zero-crossing and wavelet analysis to quantify how the characteristics of these heat pulses126

(e.g., frequency and amplitude) differ across the three simulation cases. These quantitative127

analyses allow us to identify the contribution of both the forest canopy and the buildings to128

the overall dynamics of heat transport.129

We begin the rest of the paper by describing the model and the design of the experi-130

mental case study (Section 2). We then examine the simulation results of fire heat transport131

and the flow characteristics (Section 3). Finally, we present discussions and conclusions in132

Sections 4.133

2 Model configuration and experiment design134

2.1 PALM domain configuration135

PALM version 22.10 is used in this study. PALM solves the turbulent flow based on136

the non-hydrostatic incompressible Navier-Stokes equations under the Boussinesq approx-137

imation (Maronga et al., 2015). The assumption of incompressibility is appropriate for138

fire-atmosphere simulations (Tang, 2017; Zhang et al., 2023). The turbulence closure is139

based on a modified three-dimensional Deardorff 1.5-order scheme, assuming a proportional140

relationship between the energy transport by sub-grid-scale eddies and the local gradient of141

the average quantities (Deardorff, 1980; Maronga et al., 2015).142

The domain configuration of simulations conducted in this study is shown in Table 1 and143

Figure 2. The datasets and tools used to produce the PALM static geospatial information144

input are identical to those described in Lin et al. (2024). The first domain (D01) has145

flat terrain only with periodic boundary conditions and a homogeneous land use type of146

grassland. Christchurch is mainly surrounded by grassland. The flat terrain domain is147

designed to generate realistic inflow turbulence, and to transfer synoptic forcing to the child148

domains while preventing numerical instability stemming from steep terrain near the lateral149

boundaries (Lin et al., 2023). This configuration resembles the turbulence recycling method,150

where upstream flat terrain generates turbulence as inflow for downstream domains. Unlike151

the traditional turbulence recycling approach in PALM, which restricts inflow to one domain152

side, our method removes this limitation, allowing a north-westerly flow described below.153

Regarding the nested domains, the second domain (D02) only includes topography with154

land use information derived from the New Zealand Land Cover Database (LCDB) V5.0155

(Landcare Research, 2020). In addition to topography and land use information, the third156

and fourth domains (D03 and D04) include information on pavements and streets, buildings,157

and plant canopy. The simulations use one-way domain nesting, with all child domains158

having open boundaries. Realistic inflow turbulence and synoptic forcing are passed from159

D01 to the child domains, but processes in the child domains do not influence their parent160

domain.161

The land surface model (Gehrke et al., 2021) and the radiation model (Maronga et al.,162

2020) were switched on in all domains. The time step of the radiation model in PALM was163

set to 360 seconds. The radiative transfer model (Krč et al., 2021) was switched on for D03164

and D04, where forest and urban canopies are present. In the radiation model, hourly long-165

wave and short-wave radiation fields from WRF simulations were used to provide a more166

realistic representation of radiative forcing. The WRF simulations, configured similarly to167

those described in Lin et al. (2021), were conducted and are hosted by the New Zealand168

Modeling Consortium (envlib.org; last accessed: 14 July 2025). Only D03 and D04 include169

plant canopy models (Maronga et al., 2020) and/or the urban surface (Resler et al., 2017).170

The landscape of D04 is shown in Figure 2b. The terrain in D04 is predominantly flat, with171
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slight variations in elevation. The forest area in D04 can be identified by a high leaf area172

index (LAI>2.5 m2 m−2). The averaged vertical profile of leaf area density (LAD) of the173

fire location is shown in Figure S1. We focus on D04 for analysis and discussions.174

Figure 2. (a) A topographic map (elevation above sea level) showing the PALM simulation

domain configuration. The simulation includes four nested domains (D01, D02, D03, and D04).

D01 is a flat terrain domain. (b) Land use information of D04: the forest is marked by leaf area

index (LAI) in green, buildings are shown in black, and pavements and streets are colored in light

blue. The red patch marks the location of the prescribed temperature, representing fire.

2.2 Fire weather case selection175

To reproduce fire weather, we examined the fire weather index (FWI) during the176

2022/2023 New Zealand fire season. We calculated FWI using data obtained from an au-177

tomatic weather station (AWS) located in the BLF area operated by Fire Emergency New178

Zealand (FENZ) (location see blue pin in Figure 1). The FWI calculation is identical to179

the vector wind change FWI described by Brody-Heine et al. (2023). The AWS datasets180

are freely accessible via the New Zealand Modeling Consortium (envlib.org; last accessed:181

14 July 2025). The 5th of February, 2023, was identified as a high FWI day. The FWI182

was around 24.3, which is the second highest between December 2022 and May 2023. This183

number is above the threshold of 20, which represents a very high and extreme fire danger184

potential (see long-term analysis by Brody-Heine et al., 2023, and citations there in). We185

use this value solely as an indicator of fire danger potential, while a full validation of this186

threshold against local fire occurrence data across New Zealand is a separate undertaking187

and beyond the scope of this simulation study.188

The high FWI on 5th February 2023 coincides with a foehn event picking up in the189

late afternoon, bringing strong and dry north-westerlies over Christchurch. A foehn event190

in New Zealand occurs when moist air is forced over the windward side of the mountain191

ranges, such as the Southern Alps, leading to rapid increases in wind speed and temperature192

in the leeward side of the ranges (refer to e.g., Sturman & Tapper, 2006). A SoDAR (Sonic193

Detection And Ranging; location see yellow pin in Figure 1) was operating inside the BLF194

area between November 2022 and April 2023. It recorded a wind speed of approximately 4.4195

m s−1 near the forest canopy top (approximately 30 m above ground level) and 25 m s−1
196
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Table 1. PALM domain configuration for WUI, wildland forest only (WF), and flat terrain (Flat)

simulations.

Domain D01 D02 D03 D04

Number
of grid
points
(x, y, z)

324*324*192 216*216*144 360*360*360 468*612*648

Domain
size (x,
y, z)

11664 m *11664
m*6912 m

7776 m*7776
m*5184 m

4320 m*4320
m*4320 m

1872 m*2448
m*2592 m

Horizontal
grid
spac-
ing(dx,
dy)

36 m 36 m 12 m 4 m

Vertical
grid
spacing
(dz)

36 m 36 m 12 m 4 m

Land
use
(WUI)

Flat terrain with
grassland only

Full terrain with
realistic land use
categories

Full terrain
with realistic
land use
categories,
forest canopy
and urban
canopy

Full terrain
with realistic
land use
categories,
forest canopy
and urban
canopy

Land
use
(WF)

Flat terrain with
grassland only

Full terrain with
realistic land use
categories

Full terrain
with realistic
land use
categories, and
forest canopy.
All urban
features
removed.

Full terrain
with realistic
land use
categories, and
forest canopy.
All urban
features
removed.

Land
use
(Flat)

Flat terrain with
grassland only

Flat terrain with
grassland only

Flat terrain
with grassland
only

Flat terrain
with grassland
only
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at around 300 m above ground level. With such weather conditions, fire is likely to occur,197

spreading from the forest into the residential area in the south.198

Figure 3 shows the vertical profiles used to initialize the simulations. These profiles199

were obtained from the SoDAR (up to 450 m) and WRF simulations (above 450 m) and200

were used for initialization only, with no offline nesting enabled between WRF and PALM.201

All PALM simulations started at 0700 UTC on 5th February 2023 (equivalent to 1900 local202

standard time), and the simulation time is 2.5 hours. The fire was switched on for the last203

30 minutes of the simulation. The first hour of the simulations is considered model spin-up.204

We chose the simulation timing to reflect a period when northwesterly winds were strongest205

and most persistent (not shown), consistent with the observed foehn-driven fire weather206

conditions.207

To understand the influences of the WUI on the fire-atmospheric flows, we conducted208

three sets of simulations. One has the full WUI environment, one has the wildland forest only209

(hereafter WF), and the last one has flat terrain (hereafter Flat) with land use configured as210

grassland only for all nested domains. For each set of the simulations, a baseline simulation211

with no fire throughout the entire simulation was conducted along with a simulation with212

fire switched on after 2 hours into the simulation. Hereafter, we denote these simulations as213

WUI Fire (WUI environment with fire switched on), WUI Base (WUI environment with no214

fire), WF Fire (WF environment with fire switched on), WF Base (WF environment with215

no fire) Flat Fire (flat terrain with fire switched on), and Flat Base (flat terrain with no216

fire).217

2.3 Fire heat representation218

The fire fields prescribed in the simulations were derived from an infrared overhead video219

acquired during an instrumented prescribed burn experiment in Rakaia Gorge, Canterbury,220

New Zealand. The overstory canopy primarily consisted of gorse. An unmanned Aerial221

Vehicle (UAV) was used to acquire the footage, and the resulting temperature profile was222

compared with 25 in-situ temperature probes evenly spaced inside the experimental plot.223

For more details, readers are referred to Katurji et al. (2022); Valencia, Melnik, Kelly, et al.224

(2023); Valencia, Melnik, Sanders, et al. (2023). To derive a normalized temperature curve225

(hereafter the fire curve), 20,000 data points of brightness temperatures were analyzed from226

the infrared footage. Only measurements exceeding fireline intensities of 1000 kW m−2
227

were included to minimize errors related to footage stabilization and flame visualization.228

All measurements of brightness temperatures were adjusted to 100 ◦C for consistency. The229

fire curve describing the fire temperature Tfire varying over the distance (x) takes the form230

of231

Tfire(x) = 1.035
b

a
∗ exp

(
−x− c

b
− exp

(
−x− d

e

))
∗ Tpeak [K] (1)232

where a, b, c, d, and e are least-square fitting coefficients. Their values are -0.135,233

-0.632, 1.782, 0.925, -0.036, respectively. Tpeak represents the highest temperature of fire.234

This is an empirical curve similar to the firebrand accumulation temperature curve described235

by Cantor et al. (2023).236

Since we do not have the exact temperature curve for the pine forest, we obtained237

the normalized fire curve and prescribed the highest temperature of 993 K. The tempera-238

ture of 993 K was selected based on the oak wood and pine wood fire brand temperature239

described in Dal-Ri dos Santos and Yaghoobian (2023); Matvienko et al. (2022); Tse and240

Fernandez-Pello (1998). The temperature curve shown in Figure 3d represents the temper-241

ature characteristics of fire (preheating, combustion, and smoldering). However, note that,242

in this study, we only prescribed part of the fire curve (gray box in Figure 3d) as a repre-243

sentation of fire heat forcing only. This temperature field was prescribed from the surface244
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Figure 3. Vertical profiles of (a) potential temperature (θ), (b) u-component of wind, and

(c) v-component of wind for simulation initialization. The red box marks the height of a strong

wind shear observed by the SoDAR. Panel (d) shows the fire temperature curve prescribed in the

PALM simulations. The grey box indicates the temperature profile prescribed in the simulations

to represent fire. The three characteristics of the fire temperature curve are marked in green

(preheating), red (combustion), and yellow (smoldering).
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to the height of the forest canopy. The simulated fire sensible heat flux is approximately 14245

kW m−2 near the fire front, aligning with the range of 1-minute mean sensible heat fluxes246

of low-intensity fires (8–155 kW m−2) described in previous studies (e.g., Clements et al.,247

2007; Heilman et al., 2015; Kiefer et al., 2018; Heilman et al., 2021, and citations therein).248

Similar to Zhang et al. (2023), the location of the prescribed heat forcing is static, and no249

initiation/combustion processes are discussed in this study. The implementation of the fire250

curve in the simulations is illustrated as the red patch in Figure 2b.251

3 Results252

In this section, we compare the results between the WUI simulations, the WF simula-253

tions, and the Flat simulations. Here, we mainly focus on the 30-minute period after the254

fire was switched on. Hereafter, the time within the simulations is reported in HH:MM:SS255

format relative to the start time, with “00:00:00” corresponding to the model initializa-256

tion time (0700 UTC on 5th February 2023), denoted in hours, minutes, and seconds, e.g.,257

“01:40:50” for 1 hour 40 minutes and 50 seconds into the simulation (0840 UTC + 50 s).258

We first describe the overall behavior of fire-induced flows (Section 3.1) and summarize259

the fire heat transport footprints (Section 3.2). We then present the general statistics based260

on the land use categories (Section 3.3), the spatial averaged time series (Section 3.4), and261

zero-crossing analysis (Section 3.5) to quantify the characteristics of downwind fire heat262

transport. Finally, we adopted wavelet analysis with no-averaged time series to further263

reveal the detailed time-dependent structure of the heat pulses (Section 3.6).264

3.1 Fire in the WUI265

Figure 4 shows one-minute averaged horizontal cross-sections of potential temperature266

(θ), and wind components (u, v, and w) at 14 m above the surface at 02:13:00. In this paper,267

u and v denote the horizontal wind components in the cardinal directions, representing the268

west–east and the south–north winds, respectively. Note that the model output is every269

second, and the second hour of the simulation (02:00:00) corresponds to the local sunset270

time. The prescribed heat source induces strong convergence and vertical motion in all271

cases. Near the fire front, u is strongly negative to the east and positive to the west, while272

v shows a similar dipole pattern with southerly flow ahead of the fire and northerly flow273

behind it. Vertical velocity (w) is characterized by updrafts at the fire front and flanking274

downdrafts on both sides.275

While the general flow structure is consistent, the presence of forest and buildings276

substantially alters the patterns. In WUI Fire and WF Fire, vegetation outlines are clearly277

visible as zones of reduced wind speeds, especially in dense forest regions (LAI>3.5 m2 m−2
278

in Figure 2b). The urban area in WUI Fire exhibits higher θ, reflecting reduced surface279

cooling and enhanced heat retention due to urban materials. In contrast, Flat Fire shows280

the highest overall θ, as low surface roughness facilitates near-surface mixing and suppresses281

radiative cooling after sunset.282

Flat Fire also presents a more symmetric and organized structure in the downwind283

transport of heat and flow, with vertical motion (w) nearly symmetric about the fire cen-284

terline (dashed red line in Figure 4a). In contrast, WF Fire and WUI Fire show broader,285

more asymmetric inflow and wake regions, with stronger easterly and southerly components286

extending farther from the fire (Figure 4). These differences illustrate how surface hetero-287

geneity modulates the wind patterns downwind of the fire with a scale of a few hundred288

meters.289
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Figure 4. One-minute averages at 02:13:00 showing horizontal cross sections of θ (a-c), u (d-f),

v (g-i), and w (j-l) at 14 m above the surface. From left to right, the first column is for WUI Fire,

the second column for WF Fire, and the third column for Flat Fire. In panel (a), the dashed red

line indicates the location of vertical cross sections shown in Figure 5g-i. The dashed black box

marks the area shown in Figure 5a-f.
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Figure 5. Percentage of occurrence when temperature increase of 1 K is captured at each grid

point, comparing fire simulations to their baseline counterparts. Panels (a-c) are for 14 m above

the surface, panels (d-f) are for the forest canopy height (22 m), and panels (g-i) are for the vertical

cross-sections shown in Figure 4. From left to right, the columns are for the WUI simulations, the

WF simulations, and the Flat simulations, respectively. The WUI landscape of Figure 2b is shown

in (a) and (d). Only the forest landscape is shown for WF (b and e). Refer to Figures 4a for

locations of (a)-(f). The dashed and solid red lines in (a)-(d) indicate the location of Willoughby

Lane (WLN) and Anglesea Avenue (AAV), respectively. The distance between the two streets is

approximately 95 m.
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3.2 Fire footprints290

Upon examining the temporal evolution of the simulations, we noticed that WUI Fire291

presents a heat pulsing behavior with the downwind transport of heat fluctuating between292

the fire front and approximately 150 m downwind. This pulsing behavior is less noticeable293

in WF Fire and nearly absent in Flat Fire. The vertical cross-sections of θ and w along the294

fire present the same pulsing behavior near the surface (not shown). Readers are referred295

to the supplements for animations showing instantaneous snapshots of the simulations.296

Due to the turbulent nature of LES, different results could be produced at every single297

time step. Instantaneous snapshots do not conclude the general feature of the simulations.298

Therefore, we present Figure 5 to summarize the downwind impact of fire. Figure 5 shows299

the percentage of time that a grid point sees an increase in θ of more than 1 K after the300

fire is switched on. A threshold of 1 K was chosen to highlight the farthest downwind301

heat transport. Higher thresholds (e.g., 5 K and 10 K) yield similar results (not shown).302

The temperature difference was calculated by subtracting a fire simulation from its baseline303

counterpart. The total time of the fire is 1800 seconds, and one-second output is used in304

this analysis, allowing sufficient data points for this kind of analysis. This analysis gives us305

an overview of the heat footprints, showing the potential downwind impact of fire heat. The306

footprints were calculated at two heights: 14 m above the surface (mid forest canopy level)307

and 22 m above the surface (near the forest canopy top). We picked the two streets in front308

of the fire to reference the distance and the impact of the downwind heat. Willoughby Lane309

(WLN) is approximately 45 m in front of the prescribed fire, and down to the south-east310

of WLN is Anglesea Avenue (AAV). AAV is about 95 m away from WLN. The locations of311

WLN and AAV are marked by dashed and solid red lines in Figures 5a-f, respectively.312

In general, the heat footprints are more spatially confined near the location of the313

prescribed fire in Flat Fire, occupying a smaller, more defined area in both the horizontal314

and vertical directions (Figure 5c, f, and i). Figures 5c and 5f show that almost no heat315

is transported to AAV near the surface, and little heat reached over AAV at the forest316

canopy top. The shape of Flat Fire footprints shows a dual-peak structure at both 14 m317

and 22 m above the surface, with a longer distance of downwind heat transport near the318

west and east sides of the fire and a shorter distance near the center line. The symmetrical319

footprints in Flat Fire (Figure 5c and 5f) resemble the symmetrical patterns in w as shown320

in Figure 4l. In WUI Fire, the downwind heat reaches AAV at both 14 m and 22 m above321

the surface (Figures 5a and 5d). The density of the footprints decreases with distance ahead322

of the fire, encompassing high values of 75% close to the center line of the fire patch near323

WLN at the mid forest canopy (14 m). Although the footprints in WF Fire (Figures 5b324

and 5e) resemble those in WUI Fire, the downwind heat transport in WF Fire rarely goes325

beyond AAV (Figure 5b and 5e). At 14 m, the footprints in WUI Fire and WF Fire (Figure326

5a-b) do not show a dual-peak pattern as in Flat Fire (Figure 5c and5f). The dual-peak327

pattern, however, is noticeable at the canopy height in WUI Fire and WF Fire for values328

greater than 87% (Figure 5d). We consider the presence of the dual-peak footprints as an329

indication that the impacts of the WUI and WF surfaces decrease with height.330

Despite such a decrease, the impact of the WUI and WF on the atmospheric flows331

does not simply diminish above the forest canopy height. As shown in Figure 5g-h, the332

heat plumes travel much further downwind at all heights following the order of WUI Fire333

(extended to 900 m downwind at 200 m high), WF Fire (extended to 600 m downwind at334

200 m high), and Flat Fire (extended to 400 m downwind at 200 m high). Some of the335

plume-affected areas have an occurrence rate of more than 63%, equivalent to 19 minutes.336

The vertical footprints of the heat plume bend more towards the surface following the337

order of WUI Fire, WF Fire, and Flat Fire (Figure 5g-i). In Flat Fire, most of the heat338

goes upwards due to buoyancy, transporting little heat toward the surface and downwind.339

In WF Fire, the vertical footprint tilts more towards the surface compared to Flat Fire,340

suggesting the atmospheric flow exiting the forest may introduce downdrafts at the forest341

edge. The tilting of the vertical footprints is much more notable in WUI Fire. The vertical342
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footprints in WUI Fire (Figure 5g) reach the surface within 100 m ahead of the fire front343

with an occurrence rate above 10% (equivalent to 3 minutes). Such impact of heat reaching344

the surface over 50 m downwind is absent in both WF Fire and Flat Fire. These results345

suggest that the WF and WUI modify the atmospheric flows near the fire and, subsequently,346

the downwind transport of heat from the fire. The wildland forest has strong influences on347

the atmospheric flow, but the inclusion of urban surfaces strengthens the heat transport348

onto the surface and further downwind of fire.349

3.3 Land use-based statistical distributions350

To examine the WUI flow characteristics in more detail, violin plots of u, v, w, and351

total turbulence kinetic energy (TKE) at 14 m above the surface are shown in Figure 6. The352

results are similar at the forest canopy height (22 m; Figure S3), except that the magnitudes353

of all variables are slightly greater. These violin plots compare the last 30 minutes of baseline354

simulations and fire simulations to show the influences of land use on the atmospheric flows355

and the impact of fire.356

Based on the dominant land use (Landcare Research, 2020), D04 was classified into357

three parts: forest, interface, and urban. The details of the land use classification are shown358

in Figure S2. The northern part of D04 is covered by wildland forest, the southern part359

consists of residential areas with urban developments, and the grassland between the forest360

and urban areas is considered the interface. Note that these classifications serve solely as361

location references. The WUI refers to the combined environment of forested areas, urban362

regions, and their interface zones. Data for the entire simulation domain (denoted as All)363

are also presented in Figure 6 as a reference for the overall features of the simulations. Note364

that the forest area has more data points than the interface and urban area. Urban land365

accounts for 29.9% of D04, with buildings covering 24.3% of that urban area and 7.3% of366

the entire domain. The violin plots are scaled such that the widest part is the maximum367

data density.368

All subplots in Figure 6 show an increase in the variable magnitudes when the fire is369

switched on. The impact of the fire is the least significant over the forest area in all simu-370

lations at both heights. The forest area is located upwind the prescribed heat source and371

hence experiences the least disturbances. Looking at 14 m above the surface, the amplifi-372

cation in u is the strongest in the interface, followed by the urban area in all simulations373

(Figure 6a, e, i). In WUI Base, u in the interface presents a higher median value, indicating374

an acceleration of the flow entering this area where the friction is lower (Figure 6a). This375

is similar in WF Base. In Flat Base, the difference in u is subtle across the areas, since376

the surface roughness is uniform throughout the domain. The variations in the violin plots377

reflect only the data extraction locations (Figure 6i). In Flat Fire, u has a high distribu-378

tion where u >8 m s−1. This is absent in WUI Fire and WF Fire. The figures of v show379

analogous patterns to u. The interface in the WUI simulations coincides with the most380

significant intensification of v wind velocity in both WUI Base and WUI Fire (Figure 6b).381

This is similar in WF Base and WF Fire, while the differences between the interface and382

the urban areas are less pronounced (Figure 6f). In Flat Fire, one can notice a secondary383

peak in v distribution where v <-6 m s−1 (Figure 6j). This high density signal is absent in384

WUI Fire and WF Fire.385

The violin plots of w show that the flow entering the interface and the urban areas386

coincide with amplified vertical motions of the flow in both WUI Fire and WF Fire(Figure387

6c, g), which is absent in Flat Base (Figure 6k). Nevertheless, in the fire simulations, the388

impacts of WUI and WF are less pronounced in w. The violin plots of w for WF Fire389

resemble those for WUI Fire. This may be because of the fact that violin plots only capture390

the bulk characteristics of the flow. More characteristics of w are discussed in the sections391

below. In Figures 6d, 6h, and 6i, the fire simulations present a notable intensification of392

TKE compared to their baseline counterparts. This is expected due to the extra heat forcing393
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introduced into the fire simulations. WUI Base and WF Base show similar patterns of TKE394

with the lowest TKE over the forest area, followed by the interface, and then the urban area395

(Figure 6d, h). The TKE in WUI Base over the latter two areas is higher than that in396

WF Base, due to the presence of the urban interface. In the Flat simulations, the increase397

in TKE with fire is strongest in the interface, followed by that in the urban (Figure 6l).398

The TKE magnitude is higher in the WF simulations compared to their Flat counterparts.399

Furthermore, the TKE is even greater in the WUI simulations than in the WF simulations.400

This supports our hypothesis that, while WF influences atmospheric flows, WUI introduces401

additional modifications. Subsequently, the downwind heat transfer is able to reach further402

away from the fire.403

Figure 6. Violin plots comparing u (a, e, and i), v (b, f, and j), w (c, g, and k), and TKE

(d, h, and l) at 14 m above the surface for the forest, interface, and urban areas between baseline

simulations (blue) and their fire counterparts (red). From left to right, the columns are for WUI

simulations, WF simulations, and Flat simulations, respectively.

–15–



manuscript submitted to JGR: Atmospheres

Figure 7. Time series of θ, u, v, and w for WLN and AAV at 14 m above the surface. From left

to right, the columns are for WUI Fire, WF Fire, and Flat Fire, respectively. Refer to panels (a),

(e), and (i) for color legends. The time series are areal means obtained from grid points marked by

the dashed (WLN) and solid (AAV) red lines shown in Figure 5.

Figure 8. Similar to Figure 7, but for WLN and AAV at 22 m above the surface.
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3.4 Temporal evolution of flow variables404

To further explore the impact of WUI and the atmospheric flows at the downwind side405

of the fire, time series of θ and winds at WLN and AAV are presented in Figures 7 and 8.406

The time series were obtained at two heights: 14 m and 22 m above the surface. Spatial407

averages were derived for WLN and AAV at the locations marked in Figure 5. Note that in408

Figure 7i and 8i, the time series of θ for AAV appear to be straight lines due to the scale409

difference between fire-induced temperature and the ambient atmosphere temperature. This410

occurs because, in Flat Fire, the downwind heat barely reaches AAV (as shown in Figure 5c411

and 5f). With a much higher concentration of heat transported to WLN, θ is well above 400412

K most of the time at 14 m and 22 m (Figure 7i and 8i). In WUI Fire, however, the heat is413

more sparsely distributed downwind, leading to a less intense increase in temperature (below414

450 K at 14 m). The heat pulsing can be identified in Figures 7 and 8 that the temperature415

increase in WUI Fire and WF Fire coincides with short-lived spikes, while the increase in416

Flat Fire is long-lasting and more steady. As WLN is closer to the fire than AAV, it shows417

a stronger impact from the fire in all simulations. Without the urban interface, WF Fire418

presents a cooler environment. Although the heat pulsing can be observed in WF Fire419

(Figures 7e and 8e), the magnitude of increase in θ is reduced. This suggests that the urban420

structures promote stronger vertical mixing between the surface and the heat plume, leading421

to extended downwind heat transport near the surface.422

Before the fire is switched on, the magnitudes of winds in WUI Fire and WF Fire are423

smaller than those in Flat Fire due to a higher surface roughness associated with the WUI424

and WF. After the fire is switched on, the changes in winds in WUI Fire and WF Fire differ425

considerably from those in Flat Fire at both heights. Near the mid forest canopy, both WLN426

and AAV in WUI Fire and WF Fire have a strong shift to negative in u (easterly; Figure427

7b, f), whereas this negative shift in u is weaker in Flat Fire (Figure 7j). Regarding v, in428

WUI Fire and WF Fire, both WLN and AAV show a strong shift to southerlies (positive v;429

Figure 7c, g), with a greater magnitude at WLN. On the contrary, Flat Fire shows a strong430

northerly shift of v at WLN (Figure 7k), with v fluctuating around 0 m s−1 for the first 2431

minutes after the fire was switched on. w in Flat Fire rises markedly to over 7 m s−1 at432

WLN after the fire was switched on (Figure 7i). The magnitude of such a rise is weaker433

at AAV with a magnitude of about 3 m s−1 at maximum. The increase in w in WUI Fire434

and WF Fire is less steep (Figure 7d, h), while the time series show noticeable periods of435

negative w at WLN and AAV. Interestingly, after the fire is switched on, the magnitude of436

w in WUI Fire is stronger than that in WF Fire, especially at WLN. This again suggests437

that the urban interface is responsible for vertical entrainment of the heat plume to the438

surface.439

The time series near the forest canopy height (Figure 8) generally show a similar pat-440

tern compared to their 14 m counterparts. In general, the magnitude of changes in all441

variables is amplified. At AAV, the mean flows of u and v centers around 0 m s−1 in442

WUI Fire and WF Fire (Figures 7b-c, 7 f-g, and 8b-c, 8 f-g,). In Flat Fire, u turns to443

strong westerly at WLN (Figure 8j), which is opposite to the same u at 14 m (Figure 7j).444

In WUI Fire and WF Fire, the positive maxima of v at WLN are comparable at 14 m and445

22 m, while v ramps down from positive (southerly) to negative (northerly) more markedly446

at the canopy top (Figure 8c, g). However, the time series of v in Flat Fire only show a447

slight northerly displacement at 22 m (Figure 8k) compared to those at 14 m (Figure 7k).448

Moving further from the surface, the vertical motion gets stronger. At the forest canopy449

height, the upward motion intensifies at WLN in all simulations (Figure 8d, h, l). This450

amplification is visible but weaker in WF Fire (Figure 8h). The amplification of vertical451

motion with height is limited to positive w for AAV in Flat Fire, in contrast to WF Fire452

and WUI Fire, indicating a weaker downwind fire impact on the flows due to the absence453

of urban structures and forest canopy. In general, the fire-induced flows in both WUI Fire454

and WF Fire present a more significant transition against the ambient atmospheric flow455

(northwesterly) than their Flat Fire counterparts. Additionally, this transition is stronger456
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in WUI Fire than in WF Fire. This agrees with our argument that the WUI substantially457

modifies the atmospheric flows near the fire.458

3.5 Zero-crossing analysis459

To quantify heat pulsing in the simulations, the zero-crossing method was applied to460

the θ time series during the 30-minute fire period. We first obtained the pulsing signal461

by subtracting the 5-minute rolling mean from the original time series. With the pulsing462

behavior, the signal crosses its 5-minute rolling mean over time. By counting the number463

of crossing times and the duration between each crossing, the pulsing frequency can be464

estimated. The 5-minute interval was chosen for separating turbulent fluctuations from the465

evolution of the mean flow, based on the wavelet analysis described below (Section 3.6).466

Figure 9. Probability density function (PDF) of zero-crossing periods derived from the time

series of θ shown in Figures 7 and 8. The top panels (a-b) show results for the near-fire (WLN)

location, and the bottom panels (c-d) show results for the downwind (AAV) location. The left (a,

c) and right (b, d) columns are for θ at 14 m and 22 m, respectively. For all panels, both axes are

plotted on logarithmic scales to emphasize differences across a range of crossing periods.

Figure 9 shows the probability density functions (PDFs) of zero-crossing intervals for467

θ at WLN and AAV using the time series shown in Section 3.4. Across all panels, Flat Fire468

exhibits a contrasting profile compared to WF Fire and WUI Fire. At both 14 m and 22469

m, Flat Fire shows a largely monotonic decrease in the densities with increasing crossing470

interval, whereas WF Fire and WUI Fire display a secondary peak whose size and position471

change with height. In Flat Fire, moving from 14 m to 22 m generally results in increased472

densities at crossing intervals <10 s, reflecting stronger buoyancy-driven fluctuations aloft.473

This increase in densities with height is absent in WF Fire and WUI Fire, suggesting that474

the presence of forest canopy and urban surfaces modulates fire-induced flow variability.475

At WLN near mid forest canopy (14 m; Figure 9a), WF Fire and WUI Fire maintain476

higher densities below 20 s than Flat Fire, indicating more frequent and sustained pulsing477

near the fire in the presence of surface heterogeneity. Additionally, WUI Fire exhibits a478

secondary peak near 35-40 s, which is weaker in WF Fire (50-60 s) and absent in Flat Fire,479
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suggesting that the urban interface supports intermittent longer-period fluctuations along-480

side short-period pulsing. Only Flat Fire shows a long, low-amplitude tail beyond 60–100481

s, which likely results from small fluctuations rather than organized heat pulses.482

At AAV at 14 m (Figure 9c), peak crossing densities decrease across all cases, consistent483

with weakening fire influence downstream. This weakening is also reflected in the WF Fire484

and WUI Fire PDFs, where the second peaks shift to longer crossing intervals compared to485

their WLN counterparts. WUI Fire also sustains the highest density below 10 s, suggesting486

that short-period pulses persist farther in the urban interface case.487

Moving to the forest canopy top at WLN (22 m; Figure 9b), all simulations show a sharp488

drop in densities near 70 s and an increase shortly after. Flat Fire shows the fastest drop-489

off and the lowest densities at crossing intervals >10 s, suggesting brief, rapid fluctuations490

without longer-period variability. In contrast, WF Fire maintains elevated density in the491

20–30 s range, while WUI Fire has the broadest distribution, extending up to ∼60 s. This492

reflects a wider range of organized fluctuations in more complex surface environments.493

At AAV at 22 m (Figure 9d), the PDF of Flat Fire is similar to that at WLN (Figure 9b),494

unexpectedly showing the highest density between 10-20 s. Inspection of the time series (not495

shown) reveals that this results from low-amplitude, high-frequency fluctuations that cross496

the rolling mean frequently without representing meaningful pulsing. These fluctuations497

likely reflect undisturbed, weak thermal variability in the absence of canopy or buildings.498

In contrast, WF Fire and WUI Fire maintain higher density above 20 s, consistent with499

intermittent, longer-period pulses transported downwind through forest canopy-driven or500

urban-modulated flows. Above 100 s, both WUI Fire and Flat Fire show a drop in densities501

that is absent in WF Fire, further suggesting that the inclusion of an urban canopy alters502

the downstream flow.503

3.6 Wavelet analysis504

To further investigate the temporal characteristics of fire-induced flows and show the505

differences in the flow dynamics in a more quantitative way, we apply wavelet analysis to506

θ and w time series at the midpoint grid cell of WLN and AAV. Wavelet transforms allow507

for examination of frequency variability across time, making them suited for boundary layer508

turbulence simulation analysis. The resulting power spectra reveal when and at what period509

dominant fluctuations occur. We focus on θ and w as they most directly represent thermal510

transport and vertical motion. Figures 10 and 11 show the wavelet power spectra of θ and511

w, respectively.512

Overall, the pulsing behavior is represented by elongated streaks or “fingers” of en-513

hanced power in the θ spectra, extending up to ∼100 s. Note that although we have de-514

trended the time series before wavelet analysis, the fire-induced temperature perturbation515

is magnitudes higher than the ambient and could overshadow the dynamical features of the516

ambient atmosphere. Therefore, the high-power fingers are noticeable in the θ spectra, but517

not in the w spectra. These fingers reflect recurrent, organized bursts of thermal variability.518

They are most prominent in WUI Fire and WF Fire, particularly at WLN (Figure 10a-b).519

In contrast, Flat Fire displays weaker and more diffuse power, especially at AAV, suggesting520

a lack of sustained or coherent pulsing as heat disperses more freely in the absence of surface521

complexity. The zero-crossing and wavelet analyses capture different aspects of the pulsing522

behavior. While zero-crossing PDFs reflect how often the signal fluctuates (Figure 9), the523

wavelet spectra reveal the intensity and duration of fluctuations at different time scales.524

In WUI Fire, long-period pulses are less frequent but more energetic, resulting in strong525

wavelet power at ∼100 s, even though they contribute little to the zero-crossing density at526

that scale.527

In the w spectra, all simulations show consistent short-period variability (4–16 s), but528

Flat Fire at AAV exhibits unusually low power even at these scales. This indicates that ver-529
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Figure 10. Continuous wavelet power spectra of θ at 22 m above ground level computed using

time series extracted from the midpoint grid cell of WLN (top row) and AAV (bottom row) for

each simulation. The analysis uses Morlet wavelets, with time on the x-axis and period (s) on the

y-axis. Power (log scale) is shown using the color bar, where warmer colors indicate higher energy

oscillations at a specific period. The black-hatched region indicates the cone of influence where the

distortion of wavelet calculations becomes significant due to insufficient data.

Figure 11. Similar to Figure 10, but for the continuous wavelet power spectra of w at 22 m

above the surface.
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tical motions weaken significantly with distance in the absence of forest canopy or buildings.530

Without the mechanical turbulence generated by forest canopy shear or building-induced531

flow separation, fire-driven buoyant plumes in Flat Fire rise more freely but exhibit smoother532

and more continuous vertical motion, with fewer sharp fluctuations. In contrast, the forest533

canopy and urban buildings in WF Fire and WUI Fire introduce entrainment and shear-534

driven mixing, allowing ambient air to penetrate the plume and generate intermittent verti-535

cal accelerations. These interactions sustain vertical variability farther downwind, resulting536

in stronger short-period (period < 4 s) wavelet power in w.537

4 Conclusions and Discussions538

This study used high-resolution large-eddy simulations to explore how different land-539

scape types (flat terrain, forested wildland, and WUI) influence atmospheric flow in the540

presence of a low-intensity fire. Focusing on the BLF WUI, we designed this work as a541

process-level case study rather than a general-purpose operational model. By prescribing542

a realistic WUI environment and using turbulence-resolving simulations, we gained new543

insight into how urban and vegetated structures impact buoyant fire-induced flows.544

While our simulations were constrained to a single meteorological scenario and fire con-545

figuration, they offer several generalizable insights. Comparison across Flat Fire, WF Fire,546

and WUI Fire revealed that surface complexity strongly modulates fire-induced fluctuations547

and subsequently fire heat transport downwind. Specifically, in Flat Fire, the buoyant plume548

rises more freely in the absence of surface obstacles, resulting in smoother, more continuous549

vertical motion and reduced variability both near the surface and downstream. In contrast,550

the forest canopy and buildings in WF Fire and WUI Fire introduced near-surface turbu-551

lence, allowing ambient air to interact with the fire heat plume, leading to a transition from552

buoyancy-dominated to turbulence-modulated regimes.553

One intriguing feature observed across all fire simulations was a wave-like structure554

around 400–600 m in height (Figure S4), consistent with Kelvin–Helmholtz (KH) waves555

induced by wind shear as shown in Figure 3b-c. Although KH waves produced periodic556

downdrafts, they were also present in Flat Fire where heat pulsing was weak or absent,557

and the downdraft cycles (∼2–3 minutes) did not match the observed pulsing frequencies558

as shown in zero-crossing (Section 3.5) and wavelet analyses (Section 3.6). Therefore, we559

conclude that KH waves likely contribute but are not the primary driver of heat puls-560

ing. Instead, downdrafts exiting the forest canopy, as discussed in recent work by Desai561

et al. (2024), are more likely responsible for generating the observed temperature ramp-562

cliff structures and pulsed flows. In our simulations, urban structures further modulate the563

downwind thermal field by extending and dispersing heat pulses through wake interactions564

and building-induced mixing.565

While this study addresses several aspects of WUI fire–atmosphere flows, it is based566

on a single case study. Ensemble simulations are often required for non-stationary, tur-567

bulent systems such as fire-induced atmospheric flows to obtain robust quantities. Recent568

work by Keskinen and Hellsten (2025) demonstrated that relying solely on time averaging,569

rather than ensemble averaging, can substantially reduce the accuracy of both the mean570

and variance in urban LES. However, ensemble LES studies in urban environments remain571

rare due to the immense computational cost. Keskinen and Hellsten (2025) suggest that572

10–50 ensemble members are needed to balance accuracy and cost. A simulation of one hour573

presented here takes a wall clock time of 24 hours to finish on 900 Intel Skylake CPUs (run-574

ning at 2.4 GHz) distributed on the Cray XC50 platform. Given such a high computational575

demand, conducting ensemble simulations is currently infeasible for us. Nonetheless, our576

case study provides valuable insights into key flow features and dynamics that can inform577

the design of future ensemble or idealized sensitivity simulations.578
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Although the current simulations reveal the impacts of wildland forest and WUI on579

fire-induced flows, our analyses are limited to point-based wavelet and zero-crossing statis-580

tics. These represent an initial attempt to disentangle the flow characteristics across dif-581

ferent surface configurations (WUI, WF, and Flat), with pulsing behavior emerging as an582

important avenue for future study. Much remains to be explored in these high-fidelity sim-583

ulations. Advanced approaches, such as detailed zero-crossing analyses on turbulent flow584

integral length scale (e.g., Mora & Obligado, 2020), cross-wavelet coherence (e.g., Desai et585

al., 2024), structure-function methods (e.g., Gibbs & Fedorovich, 2020), and Lagrangian586

coherent structure techniques (e.g., Aksamit et al., 2024), offer promising ways to identify587

coherent features and quantify scale-dependent dynamics.588

The landscape sensitivity revealed here, where canopy and urban geometry modify589

plume structure and heat transport, motivates systematic exploration of variables such590

as building density, street orientation, vegetation type, interface width, and fire intensity.591

Idealized or semi-idealized simulations guided by these findings can help isolate the influence592

of individual components, while advanced spectral analyses (e.g., Kiladis et al., 2009; Katurji593

et al., 2022) may further characterize pulses, entrainment structures, and energy pathways.594

Finally, future work will extend beyond the prescribed low-intensity forcing used here by595

coupling PALM with the Wildland–Urban Interface Fire Dynamics Simulator (WFDS Mell596

et al., 2007) to incorporate fire spread, combustion, and feedback on fire behavior and597

atmospheric turbulence under more realistic and diverse conditions.598
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