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Abstract

With increased urbanisation, fires in the wildland urban interface (WUI) have become a severe problem worldwide. The

unique features of WUI may influence fire-atmosphere interactions. This study utilises the parallelized large eddy simulation

model (PALM) system for fire-atmosphere simulations of Bottle Lake Forest, Christchurch, New Zealand. Over 3000 residential

buildings are situated around the 7 km2 forest, with many homes only 50 m away from the forest edge. We conducted

high-fidelity fire-atmosphere simulations with the finest grid spacing of 4 m. In comparison to WUI simulations, flat terrain

simulations were carried out as a reference for idealised scenarios. Fire-weather conditions for the 2022/2023 New Zealand

fire season were selected based on the Fire Weather Index (FWI). Data from previous fire field campaigns were obtained to

represent the fire heat forcing. Our results show that the WUI simulation coincides with fire heat transport going further

downwind than its flat terrain counterpart. Kelvin-Helmholtz waves were present in both the WUI and flat terrain simulations,

generating downdrafts from higher levels to the surface. However, downwind heat transport coincides with a pulsing behavior

only in the WUI. In addition to these characteristics, analysis of the ambient atmosphere shows that the WUI plays the main

role in modifying fire-atmosphere interactions. This study is the first to simulate fire-atmosphere interactions in WUI with

such a high fidelity. Our results provide insights into the impact of WUI on fire-atmosphere dynamics. More work is needed to

further understand how each component of WUI can alter fire-atmosphere interactions.
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Abstract16

With increased urbanisation, fires in the wildland urban interface (WUI) have become17

a severe problem worldwide. The unique features of WUI may influence fire-atmosphere18

interactions. This study utilises the parallelized large eddy simulation model (PALM) system19

for fire-atmosphere simulations of Bottle Lake Forest, Christchurch, New Zealand. Over20

3000 residential buildings are situated around the 7 km2 forest, with many homes only 50 m21

away from the forest edge. We conducted high-fidelity fire-atmosphere simulations with the22

finest grid spacing of 4 m. In comparison to WUI simulations, flat terrain simulations were23

carried out as a reference for idealised scenarios. Fire-weather conditions for the 2022/202324

New Zealand fire season were selected based on the Fire Weather Index (FWI). Data from25

previous fire field campaigns were obtained to represent the fire heat forcing. Our results26

show that the WUI simulation coincides with fire heat transport going further downwind27

than its flat terrain counterpart. Kelvin-Helmholtz waves were present in both the WUI and28

flat terrain simulations, generating downdrafts from higher levels to the surface. However,29

downwind heat transport coincides with a pulsing behavior only in the WUI. In addition30

to these characteristics, analysis of the ambient atmosphere shows that the WUI plays the31

main role in modifying fire-atmosphere interactions. This study is the first to simulate fire-32

atmosphere interactions in WUI with such a high fidelity. Our results provide insights into33

the impact of WUI on fire-atmosphere dynamics. More work is needed to further understand34

how each component of WUI can alter fire-atmosphere interactions.35

Plain Language Summary36

The wildland-urban interface (WUI) has its unique environment, and the fire risk in37

WUIs is increasing. We conducted very high resolutions simulations to understand how38

important WUI is in fire-atmosphere interactions. A high fire danger day was selected.39

The location we simulated is the Bottle Lake Forest, Christchurch, New Zealand, where40

many homes could be burnt if there is a forest fire. The simulations show that fire heat41

was transported further away from the fire when we included the WUI. We showed how42

winds differ with and without the WUI. Although Kelvin-Helmholtz waves were present in43

the ambient atmosphere, the results illustrate that the WUI is the main reason why the44

fire heat can be transported further along the wind. Our WUI fire simulations demonstrate45

high fidelity, which has not been previously achieved in other studies. Our results contribute46

to a better understanding of fire-atmospheric dynamics in the WUI. Further work is still47

required to better understand how WUI impacts fire-atmosphere interactions in detail.48

1 Introduction49

The intensity and impacts of wildfires have been growing across the world. From the50

Arctic to the Amazon, North America to Asia, and Europe to Australia, human settlements51

have suffered significantly due to wildfires, especially in the wildland-urban interface (WUI)52

(A. Sullivan et al., 2022). The WUI is usually defined as the area where human development,53

such as houses, comes into close contact with natural, undeveloped areas dominated by54

wildland vegetation (Radeloff et al., 2005). The WUI fire problem is usually two-fold,55

encompassing climate and human activities. Climate is the primary driver of fire activity56

(Andela et al., 2017). Many studies have found that natural processes are linked to increased57

wildfire intensity, such as a decrease in fire season precipitation (Holden et al., 2018), and58

an increase in temperatures (e.g. Gutierrez et al., 2021; Mueller et al., 2020). A drier and59

warmer climate could lead to longer, hotter, and drier fire seasons, coinciding with more60

intense fire events and higher mortality. The secondary driver is human activities associated61

with land-use changes. The expansion of human settlements changes the landscape of the62

natural wildland. The road development allows easier access to combustible fuels, and the63

expansion of electrical transmission lines adds more fire risks to the WUI (Chen et al., 2024).64
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Therefore, the WUI fire problem and its high social and economic costs have become a rising65

threat.66

Similar to countries like the United States, Canada, and Australia, New Zealand wit-67

nessed a considerable increase in the total WUI area (Chen et al., 2024). Although New68

Zealand has a population of only 5 million and covers a land area of approximately 268,02169

square kilometers, it has experienced a great number of wildfires in recent years. For the70

year between 1 July 2020 and 27 June 2021, 4,586 fires occurred, with 13,348 hectares burnt71

(Fire Emergency New Zealand, 2021). It should be noted that wildfires in New Zealand were72

relatively rare before the establishment of human settlement in the late 13th century (Perry73

et al., 2014). Although most of the fires in New Zealand are small (averaging less than 174

hectare; Pearce, 2018), a few large devastating wildfires have occurred during the past few75

years. In 2017, the Port Hills wildfire burned 1,660 hectares, forced over 1400 residents to76

evacuate, destroyed 9 homes, and cost millions to suppress, plus much more paid out by the77

insurers (Pearce, 2018, and citations therein). In 2020, the Lake Ōhau fire burned approxi-78

mately 5043 hectares and destroyed 48 homes and buildings (Fire Emergency New Zealand,79

2022). In 2024, close to the location of the 2017 wildfire, another fire occurred in the Port80

Hills, causing thousands of people to leave their homes. The exact damage and cause of the81

2024 Port Hills fire are still under investigation. Among the many WUIs in New Zealand, in82

this study, we focus on the WUI of Bottle Lake Forest (BLF), Christchurch, New Zealand.83

Since Christchurch is the largest city in the South Island of New Zealand, there is a rising84

concern around its WUI fire problem. Figure 1 shows the location and landscape of the85

BLF WUI. The BLF area contains a pine forest of over 7 km2 surrounded by more than86

3000 residential buildings. The pine forest height is approximately 22 m. Many buildings87

are within 100 m of the forest precinct, which could be under serious fire danger in case of88

a forest fire in the area.89

Various processes and drivers are involved in the WUI fire problem. Here, we focus90

on the fire-atmosphere interactions and dynamics. The atmospheric and fire processes are91

multiscale and nonlinear, making fire-atmospheric interactions complex. The atmospheric92

processes can impact fire from the microscale (sub-meter to kilometer) to the mesoscale93

(10 to 200 km), while fire modifies the atmospheric flows with its strong forcing of heat94

(e.g. Dickinson et al., 2021; Finney et al., 2015; A. L. Sullivan, 2017; Zhang et al., 2023).95

Furthermore, the WUI land surface imposes a heterogeneous forcing of heat and momentum96

on the Atmospheric Boundary Layer (ABL), making the understanding and prediction of97

WUI fire more difficult. Wildfire-atmosphere models have been used in the fire community98

to understand wildfires. Traditionally, wildfire models are constructed using either physical99

or empirical approaches (Bakhshaii & Johnson, 2019). The physical models focus on the100

fundamental physics of combustion and fire spread (A. L. Sullivan, 2009a). In contrast,101

the empirical models are based on analytical statistics of the rate of spread obtained from102

observations or experiments (A. L. Sullivan, 2009b). With technological advancements and103

model development, a new generation of wildfire models has been developed to include at-104

mospheric conditions in the physical and empirical fire models. This is usually done by105

coupling a fire model to a numerical weather prediction (NWP) model or a computational106

fluid dynamics (CFD) model (Bakhshaii & Johnson, 2019). As summarized by Bakhshaii107

and Johnson (2019), these new generation wildfire-atmosphere models include FIRETEC108

(Linn et al., 2002), the Wildland–urban interface Fire Dynamics Simulator (WFDS) (Mell109

et al., 2007), Coupled Atmosphere–Wildland Fire–Environment (CAWFE) (Clark et al.,110

1996b, 1996a, 2004; J. Coen, 2013), the Weather Research and Forecasting (WRF) system111

combined with a wildfire module (WRF-FIRE) (J. L. Coen et al., 2013; Mandel et al., 2011;112

Patton & Coen, 2004), the Advanced Regional Prediction System (ARPS) coupled with113

DEVS-FIRE (Dahl et al., 2015), and ForeFire/Meso-NH (Filippi et al., 2011, 2013). In114

addition to these models, FireFOAM (fireFoam dev, 2023; Trouvé & Wang, 2010; Wang et115

al., 2011) has been developed as a fire modelling extension within the OpenFOAM tool-116

box(https://www.openfoam.com/; last access: 31 May 31, 2024). The Parallelized Large117

Eddy Simulation Model (PALM) has also been used for fire research (Dal-Ri dos Santos118

–3–
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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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& Yaghoobian, 2023; Zhang et al., 2023). These coupled models are useful for a better119

understanding of and to gain more insights into fire-atmospheric dynamics and interactions.120

To capture the realistic weather conditions, the microscale ABL flows, and the high-121

resolution landscape of WUI, we have used PALM in this study to investigate the fire-122

atmosphere dynamics in the BLF WUI. PALM is an open-source Large Eddy Simulation123

(LES) model that enables very fine (grid spacing≤1 m) simulations for atmospheric and124

ocean research (Maronga et al., 2015, 2020). With its offline-nesting module, PALM can125

include realistic weather conditions obtained from NWP models (Kadasch et al., 2021; Lin126

et al., 2021). Several features have been developed in PALM to resolve land surface physics127

covering the two key factors of WUI: the urban surface model (Resler et al., 2017) for the128

urban built-ups, and the plant canopy model(Maronga et al., 2020) for the wildland forest129

canopy. High-resolution geospatial information of WUI can be easily integrated into PALM130

using community-developed modeling tools (e.g. Heldens et al., 2020; Lin et al., 2024, and131

citations therein). Given PALM’s high adaptability, many studies have used it to better132

understand the ABL flows in urban (e.g. Belda et al., 2021; Kurppa et al., 2020; Salim et133

al., 2022; Vogel et al., 2022; Wolf et al., 2020) and forest environments (e.g. Kanani-Sühring134

& Raasch, 2017; Neves et al., 2018; Serra-Neto et al., 2021; Zhang et al., 2022). PALM has135

been used to investigate fire–atmosphere turbulent energy transport (Zhang et al., 2023) and136

the impact of an idealized urban boundary layer on firebrand transport (Dal-Ri dos Santos137

& Yaghoobian, 2023). However, no former studies have examined the impact of WUI on138

fire-atmosphere dynamics using a high-resolution turbulence-resolving model like PALM.139

In this study, we investigate how the presence of the BLF WUI influences the atmo-140

spheric flows in the ABL and the fire-atmosphere dynamics. Section 2 describes the model141

and the design of the experimental case study. Section 3 examines the simulation results of142

fire heat transport, the flow characteristics, and the evolution of the ABL. The results of143

this study are further discussed in Section 4, along with future aspects. The conclusions of144

this paper are given in Section 5.145

2 Model configuration and experiment design146

PALM version 22.10 is used in this study. PALM solves the turbulent flow based on147

the non-hydrostatic incompressible Navier-Stokes equations under the Boussinesq approx-148

imation (Maronga et al., 2015). The assumption of incompressibility is appropriate for149

fire-atmosphere interaction simulations (Tang, 2017; Zhang et al., 2023). The turbulence150

closure is based on a modified three-dimensional Deardorff 1.5-order scheme, assuming a151

proportional relationship between the energy transport by sub-grid-scale eddies and the152

local gradient of the average quantities (Deardorff, 1980; Maronga et al., 2015).153

The domain configuration of simulations conducted in this study is shown in Table 1 and154

Figure 2. The data sets and tools used to produce the PALM static geospatial information155

input are identical to those described in Lin et al. (2024). The first domain (D01) has156

flat terrain only with a homogeneous land use type of grassland. Christchurch is mainly157

surrounded by grassland. The flat terrain domain is designed to transfer synoptic forcing158

to the child domains while preventing numerical instability stemming from steep terrain159

near the lateral boundaries (Lin et al., 2023). Regarding the nested domains, the second160

domain (D02) only includes topography with land use information derived from the New161

Zealand Land Cover Database (LCDB) V5.0 (Landcare Research, 2020). In addition to162

topography and land use information, the third and fourth domains (D03 and D04) include163

information on pavements and streets, buildings, and plant canopy. All domains switched164

on the radiative transfer model (Krč et al., 2021) and the land surface model (Gehrke et al.,165

2021). Only D03 and D04 include the urban surface (Resler et al., 2017) and plant canopy166

models (Maronga et al., 2020). The landscape of D04 is shown in Figure 2b. The forest167

area in D04 can be identified by a high leaf area index (LAI>2.5 m2 m−2). We focus on168

D04 for analysis and discussions.169

–5–
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Table 1. PALM domain configuration.

Domain Number of grid
points (x, y, z)

Domain size (x,
y, z)

Horizontal
grid spacing
(dx, dy)

Vertical grid
spacing (dz)

D01 324*324*192 11664 m *11664 m
*6912 m

36 m 36 m

D02 216*216*144 7776 m*7776
m*5184 m

36 m 36 m

D03 360*360*360 4320 m*4320
m*4320 m

12 m 12 m

D04 468*612*648 1872 m*2448
m*2592 m

4 m 4 m

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.

–6–
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To reproduce fire weather, we examined the fire weather index (FWI) during the170

2022/2023 New Zealand fire season. The FWI was calculated based on data obtained from171

an automatic weather station (AWS) located in the BLF area operated by Fire Emergency172

New Zealand (FENZ) (location see blue pin in Figure 1). The data are freely accessible via173

the New Zealand Modeling Consortium Open Environmental Digital Library (envlib.org;174

last access 6 June 2024). The 5th of February, 2023, was identified as a high FWI day.175

The FWI was around 24.3, which is the second highest between December 2022 and May176

2023. This number is above the median FWI for high-fire weather days in the BLF area177

(see long-term analysis in Brody-Heine et al., 2023). The high FWI on 5th February 2023178

coincides with a foehn event picking up in the late afternoon, bringing strong and dry north-179

westerlies over Christchurch. A SoDAR (Sonic Detection And Ranging; location see yellow180

pin in Figure 1) was operating inside the BLF area between November 2022 and April 2023.181

It recorded wind speed of approximately 4.4 m s−1 near the canopy top (approximately182

30 m above ground level) and 25 m s−1 at around 300 m above ground level. With such183

weather conditions, fire is likely to occur, spreading from the forest into the residential area184

in the south.185

Figure 3 shows the vertical profiles used to initialize the simulations. These profiles186

were obtained from the SoDAR (up to 450 m) and WRF simulations (above 450 m). The187

WRF simulations were operated and are hosted by the New Zealand Modeling Consortium188

(envlib.org; last access 6 June 2024). The long-wave and short-wave radiation fields were189

obtained from the WRF simulations for a more realistic representation of radiative forcings.190

All simulations started at 0700 UTC on 5th February 2023 (equivalent to 1900 local standard191

time), and the simulation time is 2.5 hours. The fire was switched on for the last 30 minutes192

of the simulation. The first hour of the simulations is considered as model spin-up. To193

understand the role of the WUI in fire-atmosphere dynamics, we conducted two sets of194

simulations. One has the full WUI environment, and the other has flat terrain with land195

use configured as grassland only for all nested domains. For each set of the simulations, a196

baseline simulation with no fire throughout the entire simulation was conducted along with197

a simulation with fire switched on after 2 hours into the simulation. Hereafter, we denote198

these simulations as WUI Fire (WUI environment with fire switched on), WUI Base (WUI199

environment with no fire), Flat Fire (flat terrain with fire switched on), and Flat Base (flat200

terrain with no fire).201

The fire fields prescribed in the simulations were derived from an infrared overhead202

video acquired during an instrumented prescribed burn experiment that took place in Rakaia203

Gorge, Canterbury, New Zealand. An unmanned Aerial Vehicle (UAV) was used to acquire204

the footage, and the resulting temperature profile was compared with 25 in-situ temperature205

probes evenly spaced inside the experimental plot. For more details, readers are referred206

to Katurji et al. (2022); Valencia, Melnik, Kelly, et al. (2023); Valencia, Melnik, Sanders,207

et al. (2023). To derive a normalized temperature curve (hereafter the fire curve), 20,000208

data points of brightness temperatures were analyzed from the infrared footage. Only209

measurements exceeding fireline intensities of 1000 kWm−2 were included to minimize errors210

related to footage stabilization and flame visualization. All measurements of brightness211

temperatures were adjusted to 100 ◦C for consistency. The fire curve describing the fire212

temperature Tfire varying over the distance (x) takes the form of213

Tfire(x) = 1.035
b

a
∗ exp

(
−x− c

b
− exp

(
−x− d

e

))
∗ Tpeak [K] (1)214

where a, b, c, d, and e are least-square fitting coefficients. Their values are -0.135, -0.632,215

1.782, 0.925, -0.036, respectively. Tpeak represents the highest temperature of fire. Since we216

do not have the exact temperature curve for the pine forest, we obtained the normalized217

fire curve and prescribed the highest temperature of 993 K. The temperature of 993 K was218

selected based on the oak wood and pine wood fire brand temperature described in Dal-219

Ri dos Santos and Yaghoobian (2023); Matvienko et al. (2022); Tse and Fernandez-Pello220

–7–
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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.

(1998). The temperature curve shown in Figure 4 represents the temperature characteristics221

of fire (preheating, combustion, and smoldering). However, it should be noted that in this222

study, we only prescribed part of the fire curve (gray box in Figure 4) as a representation of223

fire heat forcing only. This temperature field was prescribed from the surface to the height224

of the forest canopy. Similar to Zhang et al. (2023), the location of the prescribed heat225

forcing is static, and no initiation/combustion processes are discussed in this study. The226

implementation of the fire curve in the simulations is illustrated in Figure 2b.227

3 Results228

This section shows the simulation results. To investigate the flow characteristics in229

the BLF WUI, we compare the results between the WUI simulations and the flat terrain230

simulations. Analysis of the baseline simulations with the fire switched off is presented for the231

understanding of ABL evolution. The analysis presented in this section mainly focuses on the232

30-minute period after the fire was switched on. Hereafter, the time within the simulations233

is reported in HH:MM:SS format relative to the start time, with “00:00:00” corresponding234

to the model initialization time (0700 UTC on 5th February 2023). Subsequent times are235

denoted in hours, minutes, and seconds from this start point, e.g., “01:40:50” for 1 hour 40236

minutes and 50 seconds into the simulation (0840 UTC + 50 s) and “02:30:00” for 2.5 hours237

into the simulation (0930 UTC).238

3.1 Fire in the WUI239

Figures 5 and 6 show the horizontal cross-sections of potential temperature (θ), u, v, and240

w at 2 m above the surface for WUI Fire and Flat Fire, respectively. Here, instantaneous241

snapshots of three timestamps were chosen to demonstrate the dynamic and turbulent nature242

of the simulations. For readers interested in more details of the simulations, animations243

showing the entire fire simulation can be found in the supplements. One-minute averages244

–8–
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Figure 4. 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 char-

acteristics of the fire temperature curve are marked in green (preheating), red (combustion), and

yellow (smoldering).

for Figures 5, 6, and 7 are shown in Figures S1-3, respectively. Refer to Figures S4-7 for the245

horizontal cross sections of the simulations at mid-canopy (14 m above the surface) and the246

canopy top (22 m above the surface). Note that PALM uses the Arakawa Cartesian grid247

staggering (staggered Arakawa C-grid, Harlow & Welch, 1965; Arakawa & Lamb, 1977),248

where the first level for w is 4 m. Here, we use the notation of 2 m for the convenience249

of communication. The horizontal component of winds (u and v) show similar patterns in250

WUI Fire and Flat Fire. The heat forcing of fire induces strong buoyancy, causing the flow251

to converge near the fire front. The east side of the fire coincides with a strong positive252

u, while u is strongly negative on the west side of the fire (Figure 5d-f and Figure 6d-f).253

This is similar in v that strong southerly can be identified in the south of the fire front,254

associating with strong northerly behind the fire (Figure 5g-i and Figure 6g-i). In terms of255

w, strong updrafts (positive w) are present at the fire front with downdrafts (negative w)256

near the west and east side of the prescribed heat patch (Figure 5j-l and Figure 6j-l).257

However, one can notice that the presence of WUI significantly modifies the near-surface258

flows. The impacts of buildings and forests are visible in Figure 5. The second hour of the259

simulation (02:00:00) corresponds to the local sunset time. After this, the surface cools260

down as the simulation continues. This cooling is present in both WUI Fire and Flat Fire261

(Figure 5a-c and Figure 6a-c). The cooling is more significant in the forest compared to262

the urban area in WUI Fire and the entire area in Flat Fire (Figure 5a-c and Figure 6a-263

c). The WUI coincides with greater surface roughness compared to the flat terrain. The264

reduction of winds is more significant where the forest is dense (LAI>3.5 m2 m−2 in Figure265

2b). The flat terrain presents a more organized pattern in the down-wind transport of266

heat and the downwind flows (u, v, and w). While the dominant ambient winds are north-267

westerlies, Figures 5 and 6 show a divergence of inflow ahead of the fire (south side). The268

fire introduces a strong easterly flow to its east (negative u in Figures 5d-f and Figures269

6d-f), and a strong southerly flow to its south (positive v in Figures 5j-l and Figures 6j-l).270

The easterly and southerly components of winds in Flat Fire are present over a smaller area271

than their counterparts (westerly and northerly components of winds, respectively). The272

patterns of w at the downwind side of the fire are almost symmetrical along the fire center273

line (dashed red line in Figure 6a) in Flat Fire (Figure 6j-l). In contrast, in WUI Fire,274

the areas associated with the easterly and southerly wind components are much larger,275

changing the wind patterns downwind of the fire with a scale of a few hundred meters.276

–9–
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The symmetrical patterns of w at the downwind side of the fire are broken into cells of up-277

and downdrafts due to the obstructions of the WUI landscape. In Flat Fire, the downwind278

transport of heat near the surface is similar across the three timestamps (Figure 6a-c),279

while WUI Fire coincides with nearly no downwind transport of heat (Figure 5a), strong280

downwind transport of heat of approximately 200 m from the fire front (Figure 5b), and a281

downwind transport of heat of around 100 m from the fire front (Figure 5c). Hereafter, we282

refer to this turbulent and dynamic behavior in WUI Fire as heat pulsing.283

The vertical cross-sections of θ and w along the fire are shown in Figure 7. The heat284

pulsing near the surface is visible in the vertical cross-sections of WUI Fire (Figure 7a-b),285

but is absent in Flat Fire (Figure 7e-f). In Flat Fire, most of the heat goes upwards due to286

buoyancy, transporting little heat toward the surface and downwind. In contrast, WUI Fire287

shows a strong downdraft at the fire front with downwind transport of heat towards the288

buildings (circled area in Figure 7b). In the snapshots shown in Figure 7, one can notice289

that the heat plume in WUI Fire tilts more towards the surface with a more scattered290

structure, while the heat plume in Flat Fire is more contained. The structures of w differ291

between the two simulations, too. Strongly positive w is presented in Flat Fire (Figure292

7g-h), whereas WUI Fire coincides with negative w around the heat plume. The locations293

of negative w in Figure 7c-d resemble the locations where the heat plume (θ ≥300 K) is294

absent in Figure 7a-b. Near the surface, WUI Fire shows cells of weakly negative w from295

the fire front to 600 m in front of the fire. This weakly negative w is only present after 400296

m in front of the fire in Flat Fire. It should be noted that the south side of the BLF canopy297

height is approximately 22 m above the ground. These snapshots shown in Figures 5, 6, and298

7 illustrate that the WUI changes the way fire and atmosphere interact and, subsequently,299

the downwind transport of heat from the fire.300

Due to the turbulent nature of LES, different results could be produced at every single301

time step. Instantaneous snapshots do not conclude the general feature of the simulations.302

Therefore, we present Figure 8 to summarise the downwind impact of fire. Figure 8 shows303

the percentage of time that a grid point sees an increase in θ of more than 1 K after the fire304

is switched on. The temperature difference was calculated by subtracting a fire simulation305

from its baseline counterpart. The total time of the fire is 1800 seconds, and one-second306

output is used in this analysis, allowing sufficient data points for this kind of analysis. This307

analysis gives us an overview of the heat footprints, showing the potential downwind impact308

of fire heat. The footprints were calculated for both 2 m above the surface and near the309

canopy top (22 m above the surface). Refer to Figure S8 for footprints at mid-canopy. We310

picked the two streets in front of the fire to reference the distance and the impact of the311

downwind heat. Willoughby Lane (WLN) is approximately 45 m in front of the prescribed312

fire, and down to the south-east of WLN is Anglesea Avenue (AAV). The locations of WLN313

and AAV are marked by dashed and solid red lines in Figures 8a-d, respectively. AAV is314

around 95 m away from WLN.315

In general, the heat footprints are more spatially confined near the location of the316

prescribed fire in Flat Fire, occupying a smaller, more defined area in both the horizontal317

and vertical directions (Figure 8a,c, and e). Figures 8a and 8c show that almost no heat is318

transported to AAV near the surface, and little heat reached over AAV at the canopy top.319

The shape of Flat Fire footprints shows a dual-peak structure at both 2 m and 22 m above320

the surface, with a longer distance of downwind heat transport near the west and east sides321

of the fire and a shorter distance near the center line. The footprints at 22 m (Figure 8c)322

have a more symmetrical structure, which resembles the symmetrical patterns in w as shown323

in Figure 6. In WUI Fire, the downwind heat reaches AAV from the surface to the canopy324

top (Figures 8a and 8d). The near-surface footprints in WUI Fire (Figure 8b) do not show a325

dual-peak pattern as in Flat Fire (Figure 8a). The density of the footprints decreases with326

distance ahead of the fire, encompassing high values of 75% close to the center line of the327

fire patch near WLN. The dual-peak pattern, however, is noticeable at the canopy height in328

WUI Fire for values greater than 87% (Figure 8d). We consider this as an indication that329
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Figure 5. Instantaneous snapshots showing horizontal cross sections of θ (a-c), u (d-f), v (g-i),

and w (j-l) at 2 m above the surface obtained from WUI Fire. From left to right, the first column is

for 02:08:51, the second column for 02:13:51, and the third column for 02:24:51. Here, timestamps

represent the hours, minutes, and seconds relative to the start time of the simulation. In panel (a),

the dashed red line indicates the location of vertical cross sections shown in Figure 7. The dashed

black box marks the area shown in Figure 8.

–11–



manuscript submitted to JGR: Atmospheres

Figure 6. Similar to Figure 5, but for the Flat Fire simulation. Note the differences in the

colormap scales compared to Figure 5.
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Figure 7. Instantaneous snapshots at 02:13:30 showing vertical cross sections obtained from

WUI Fire (a-d) and Flat Fire (e-h). Panels (a-b) and (e-f) are for θ. Panels (c-d) and (g-h) are

for w. The first column shows the entire vertical cross-section up to 1000 m high, and the second

column is a zoomed-in of the first column. The zoomed-in area is marked by the dashed black box in

(a). The red circle in (b) highlights the downwind heat transport near the surface in WUI Fire. The

black rectangles near the surface in (a-d) are buildings. The location of the vertical cross-sections

is shown in Figures 5a and 6a.
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the impact of the WUI surface decreases with height. Despite such a decrease, the impact330

of the WUI on the fire-atmosphere interactions does not simply diminish above the canopy331

height. As shown in Figure 8e and 8f, the heat plumes travel much further downwind at332

all heights in WUI Fire than those in Flat Fire. Some of the plume-affected areas have an333

occurrence rate of more than 63%, equivalent to 19 minutes. The results shown here are in334

agreement with Figure 7. The vertical footprints of the heat plume bend more towards the335

surface in WUI Fire than those in Flat Fire.336

3.2 WUI flow characteristics337

To further explore the impact of WUI and the dynamics at the downwind side of the338

fire, time series of θ and winds at WLN and AAV are presented in Figure 9. The time339

series were obtained at two heights: 2 m and 22 m above the surface. The time series for340

mid-canopy is presented in Figure S9. Mean values were derived for WLN and AAV at the341

locations marked in Figure 8. Note that in Figure 9e and 9m, the time series of θ for AAV342

appear to be straight lines due to the difference in the scale of fire-impacted temperature and343

the ambient atmosphere temperature. The downwind heat barely reaches AAV (as shown344

in Figure 8a and 8c). In Flat Fire, with a high concentration of heat transported to WLN,345

θ is well above 400 K most of the time at 2 m and 22 m (Figure 9e and 9m). In WUI Fire,346

however, the heat is more sparsely distributed downwind, leading to a less intense increase347

in temperature (below 400 K at 2 m). The heat pulsing can be identified in Figure 9 that348

the temperature increase in WUI Fire coincides with short-lived spikes while the increase in349

Flat Fire is long-lasting and more steady. As WLN is closer to the fire than AAV, it shows350

a stronger impact from the fire.351

Before the fire is switched on, the magnitude of winds in WUI Fire is smaller than352

that in Flat Fire due to a higher surface roughness associated with the WUI. After the353

fire is switched on, the changes in the winds in WUI Fire differ significantly from those in354

Flat Fire at both the surface and the canopy height. Near the surface, both WLN and AAV355

in WUI Fire have a strong shift to negative in u (easterly; Figure 9b), whereas this negative356

shift in u is weaker in Flat Fire (Figure 9f). Regarding v, in WUI Fire, both WLN and357

AAV show a strong shift to southerlies (positive v; Figure 9c), with a greater magnitude at358

WLN. On the contrary, Flat Fire shows a strong northerly shift of v at WLN (Figure 9g),359

with v fluctuating around 0 m s−1 approximately 2 minutes after the fire was switched on.360

w in Flat Fire rises markedly to over 5 m s−1 at WLN after the fire was switched on (Figure361

9h). The magnitude of such a rise is weaker at AAV with a magnitude of about 2 m s−1 at362

maximum. The increase in w in WUI Fire is less steep (Figure 9d), while the time series363

show noticeable periods of negative w at WLN and AAV. The time series near the canopy364

height (Figure 9i-p) generally show a similar pattern compared to their 2 m counterparts.365

However, the intensity of the changes in the winds varies. In WUI Fire, u exhibits a more366

pronounced easterly shift at WLN, with westerlies being recorded occasionally. At AAV,367

the magnitudes of u are greater than those at 2 m, while the mean flow centers around 0 m368

s−1 (Figure 9j), indicating a weaker easterly transition compared to u at 2 m (Figure 9b).369

For WUI Fire, the time series of u at AAV also centers around 0 m s−1, whereas u turns to370

strong westerly at WLN (Figure 9n), which is opposite to the same u at 2 m (Figure 9f). In371

terms of v, WUI Fire shows that the positive maxima are comparable near the surface and372

near the canopy top, while v ramps down from positive (southerly) to negative (northerly)373

more markedly at the canopy top (Figure 9k). However, the time series of v in Flat Fire374

only show a slight northerly displacement at the canopy top (Figure 9o) compared to those375

near the surface (Figure 9f). Moving further from the surface, the vertical motion gets376

stronger. At the canopy height, the upward motion intensifies at WLN in both WUI Fire377

and Flat Fire (Figure 9l, p). The amplification of the vertical motion with height is less378

notable for AAV in Flat Fire, suggesting a weaker downwind fire impact. In contrast, AAV379

in WUI Fire is associated with higher values of w (both positive and negative; Figure 9l).380

In general, the fire-impacted flows in WUI Fire present a more significant transition against381
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Figure 8. Percentage of occurrence when temperature increase of 1 K is captured at each grid

point, comparing fire simulations to their baseline counterparts. Panels (a-b) are for 2 m above

the surface, panels (c-d) are for the canopy height (22 m), and panels (e-f) are for the vertical

cross-sections shown in Figure 7. The first column is for the flat terrain simulations, and the second

column is for the WUI simulations. The WUI landscape of Figure 2b is shown in (b) and (d).

Refer to Figures 5a and 6a for locations of (a-d). 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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Figure 9. Time series of θ, u, v, and w for WLN and AAV at 2 m (a-h) and 22 m (i-p) above the

surface. The first column is for WUI Fire, and the second column is for Flat Fire. Refer to panels

(a) 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 8.
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the ambient atmospheric flow (northwesterly) than their Flat Fire counterparts. This agrees382

with the fact that the WUI modifies fire-atmosphere interactions substantially.383

To examine the WUI flow characteristics more extensively, violin plots of u, v, w, and384

turbulence kinetic energy (TKE) at 2 m and 22 m above the surface are shown in Figures385

10 and 11. The violin plots for mid-canopy are illustrated in Figure S10. These violin plots386

compare the last 30 minutes of baseline simulations and fire simulations to investigate the387

impact of the fire. Based on the dominant land use, D04 was classified into three parts:388

forest, interface, and urban. The details of the land use classification are shown in Figure389

A1. This classification is done based on the satellite imagery shown in Figure 1 and the390

New Zealand Land Cover Database (Landcare Research, 2020). The north of D04 is covered391

by the wildland forest, the south of D04 is the residential area with urban built-ups, and392

the grassland between the forest and the urban areas is considered the interface. Data for393

the entire simulation domain (denoted as All) are also presented in Figures 10 and 11 as a394

reference of the overall feature of the simulation. Note that the forest area has more data395

points than the interface and urban area. The violin plots are scaled such that the widest396

part is the maximum density.397

All subplots in Figures 10 and 11 show an increase in the variable magnitudes when398

the fire is switched on. The impact of the fire is the least significant over the forest area399

in all simulations at both heights. The forest area is located upwind behind the prescribed400

heat source and hence experiences the least disturbances. Looking at 2 m above the surface,401

the amplification in u is the strongest in the interface, followed by the urban area in both402

WUI and flat terrain simulations (Figure 10a-b). In WUI Base, u in the interface presents403

a higher median value, indicating an acceleration of the flow entering this area where the404

friction is lower (Figure 10a). In Flat Base, the difference in u is subtle across the areas,405

since the surface roughness is homogeneous across the entire domain, and the only difference406

is the data extraction locations (Figure 10b). In Flat Fire, u has a high distribution where407

u >8 m s−1. This is absent in WUI Fire. The figures of v show analogous patterns to u.408

The interface in the WUI simulations coincides with the most significant intensification of409

v wind velocity in both WUI Base and WUI Fire (Figure 10c). In Flat Fire, one can notice410

a secondary peak in v distribution where v <-6 m s−1. This secondary peak appears in the411

location of the urban area in Flat Fire, further downwind than the location of the interface412

(Figure 10d), but it is absent in WUI Fire, where an urban surface is present. This suggests413

that the WUI interface prevents the development of a certain structure of the flow such414

that it aids a further downwind transport of heat, as shown in Figure 8. The violin plots415

of w show that the interface and the urban areas amplify the vertical motions of the flow416

(Figure 10e), which is absent in Flat Base (Figure 10f). Nevertheless, in the fire simulations,417

the impact of WUI is less pronounced in w, while the intensification of w grows from the418

interface to the urban areas (along the downwind direction). This may be because of the419

fact that violin plots only capture the bulk characteristics of the flow. The characteristics420

of w may require a more detailed analysis of its turbulent features, where instantaneous421

snapshots, like Figures 5 and 6, should be considered. This is out of the scope of this paper.422

In Figures 10g-h, the fire simulations present a notable intensification of TKE compared to423

their baseline counterparts. This is expected due to the extra heat forcing introduced into424

the fire simulations. In WUI Base, high TKE is exhibited in the interface compared to the425

forest and the urban areas (Figures 10g). Moreover, in WUI Fire, the increase in TKE is426

strongest in the interface, followed by that in the urban. This is similar in the flat terrain427

simulations, while the amplification of TKE in the location of the interface is comparable428

to that in the location of the urban (Figures 10h). The magnitude of TKE is higher in the429

WUI simulations compared to their flat terrain counterparts. This supports our assumption430

that the WUI modifies the downwind flow, and hence, the downwind heat transfer is able431

to reach further away from the fire.432

At the canopy height (22 m; Figure 11), the violin plots for u and v (Figure 11a-d)433

resemble those near the surface (2 m; Figure 10a-d), except that the magnitudes are greater.434
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It is noticeable that the forest area sees more changes when the fire is on, especially in v. This435

indicates that fire could interact with the ambient atmosphere upwind. This interaction may436

grow with height but is relatively weak. Regarding w, in the WUI simulations, WUI Fire437

shows a slightly negative shift in urban compared to WUI Base (Figure 11e). Such shift438

towards negative w is barely noticeable in Flat Fire (Figure 11f). Moving from the surface439

to the canopy top, TKE rises in the WUI simulations (Figure 11g). In contrast to TKE at440

2 m, TKE at 22 m in WUI Fire is the highest in urban, followed by the interface. In the441

flat terrain simulations, the change in height does not show considerable changes in TKE442

(Figure 11h). This again suggests that the presence of WUI may aid the heat and energy443

transport away from the fire.444

3.3 Evolution of the boundary layer445

The ambient atmosphere has been identified to have an impact on the fire-induced446

flows (e.g. Sun et al., 2009; Kiefer et al., 2015; Zhang et al., 2023). In the instantaneous447

snapshots of vertical cross-sections shown in Figure 7, one can notice a wave-like structure448

between 400 m and 600 m in height. This location mirrors the wind shear location shown449

in Figure 3. These waves are recognised as Kelvin-Helmholtz waves (hereafter KH waves)450

induced by the strong wind shear. As shown in Figure 3a, the simulations were initialised451

with a stable surface layer, a near-neutral layer below 600 m, and a stable layer above 1000452

m. These conditions are favourable for the formation of KH waves (e.g. Jiang et al., 2017;453

Dong et al., 2023). For readers’ interest, an animation showing vertical cross-sections (as in454

Figure 7) of the entire fire simulation is provided in the supplements. Here, we only analyse455

the mean vertical structure of the boundary layer between the front of the fire and AAV456

for simplicity. The time series of vertical profiles of θ and anomalies of θ (θ′/θ̄) are shown457

in Figure 12. The anomalies were calculated using a 5-minute rolling mean with a data458

frequency of 10 seconds.459

As 02:00:00 is equivalent to the local sunset time (0900 UTC), WUI Base and Flat Base460

show cooling near the surface after sunset (Figure 12a-b). This cooling is less pronounced in461

Flat Base due to its surface being configured as grassland only. The WUI surface enhances462

the stratification of air near the surface. The growth of the surface layer is more prominent463

in θ′/θ̄. Before 02:00:00, θ′/θ̄ is weak near the surface in WUI Base and Flat Base, mostly464

near zero and slightly positive (Figure 12c-d). The anomalies were strengthened after sunset.465

Negative phases of θ′/θ̄ start to appear and the magnitude of θ′/θ̄ increases to more than466

±1.3× 10−4. This growth of θ′/θ̄ is stronger in WUI Base than that in Flat Base, meaning467

the WUI surface possesses stronger modification of the surface layer flows.468

At higher levels, the 296.5 K lines shown in Figure 12a-b fluctuate around 400 m469

over time. This fluctuation is considered to be caused by disturbances from the KH waves470

shown in Figure 7. Although all simulations were initialised with the same meteorological471

profiles and radiative forcing, the profiles of the ambient atmosphere shown in Figure 12a472

(WUI Base) and Figure 12b (Flat Base) are not identical. However, the differences between473

WUI Base and Flat Base are difficult to identify from Figure 12a-b above 200 m. This474

is the same in θ′/θ̄ (Figure 12c-d). The locations of warm and cold anomalies vary over475

time. For example, at 01:40:00, WUI Base coincides with a cold anomaly at 400 m and476

a warm anomaly around 250 m (Figure 12c), while Flat Base shows the opposite (Figure477

12d). These differences suggest that the WUI surface could have an impact on the ambient478

atmosphere, but this impact is relatively small and subtle. Despite such differences, both479

simulations show a wave-like structure of θ′/θ̄. One can notice streaks of downdraft from480

500 m towards the surface, fading around 200 m. Disregarding the size and intensity of481

the anomaly streaks, a warm anomaly streak is always followed by a cold anomaly streak,482

and vice versa. These wave-like downdrafts could potentially be a driver of the heat pulsing483

presented in Section 3.1, but they are not the main driver. First of all, this wave-like484

downdraft feature is exhibited in both WUI Base and Flat Base, but no fire pulsing is485
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Figure 10. Violin plots comparing u (a-b), v (c-d), w (e-f), and TKE (g-h) at 2 m above the

surface for the forest, interface, and urban areas between baseline simulations (blue) and their fire

counterparts (red). The first column is for WUI simulations, and the second column is for flat

terrain simulations.
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Figure 11. Similar to Figure 10, but for data obtained at 22 m above the surface.
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Figure 12. Time-height displays of θ (a-b) and θ′/θ̄ (c-d). Panels (a) and (c) are for WUI Base,

and panels (b) and (d) are for Flat Base. In (a-b), the black contour lines highlight θ of 295.5 K,

296.0 K, and 296.5 K (from bottom to top). These vertical profiles were taken from the vertical

cross-sections along the fire center (Figure 7) between the front of the fire and AAV. A 5-minute

rolling mean was applied to calculate the anomalies. Hence, no data were displayed for θ′/θ̄ at the

first and the last 5 minutes of the simulations.
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observed in Flat Base. Secondly, the cycles of these downdrafts (every 2-3 minutes) do not486

exhibit a clear correlation with the heat pulsing shown in Figures 9a and 9i.487

However, we believe that the wave-like downdrafts induced by the KH waves are not488

insignificant for fire-atmosphere interactions. Given that the land use configuration is the489

only difference between the simulations, we believe that the WUI is the main factor that490

modifies the fire-atmosphere interactions. The presence of WUI induces heat pulsing and491

a further downwind transport of heat. The forcing from the WUI may intensify the inter-492

actions between the KH waves and heat plumes. More analysis is required to understand493

whether and how these wave-like features impact fire-atmosphere interactions. As this is494

out of the scope of this paper, we will discuss it as part of future work presented below.495

4 Discussions and future aspects496

Although we presented several aspects of the fire-atmosphere dynamics in the BLF497

WUI, many components have yet to be explored. One of the most intriguing questions498

surrounds the detailed dynamics causing the heat pulsing. In flat terrain, the upward499

motion and convergence of flow are strong around the fire, and most of the heat ascends with500

buoyancy. The horizontal cross-sections in Figure 6 show a relatively symmetric structure501

of the flow downwind. The violin plots (Figures 10 and 11) also present a secondary peak502

in u and v near the surface and at the canopy height downwind of the fire. Based on this503

evidence, we assume that there could be symmetric circulation diverging ahead of the fire504

that supports the upward motion of heat. The presence of WUI deconstructs the symmetric505

circulations and suppresses the upward motion.506

It is, however, difficult to isolate each component of the BLF WUI due to its significant507

heterogeneity. The downdrafts caused by flows exiting the forest canopy could be considered508

as one of the factors. For example, Kiefer et al. (2016) found that forest gaps potentially509

impact the vertical and horizontal transport of heat away from the fire. Desai et al. (2024)510

investigated ramp–cliff structures in the temperature signal of forest canopy fires. In Figure511

13 of Desai et al. (2024), they discussed that in a fire condition, the downdrafts at the512

forest edge could be stronger than those in no-fire conditions, leading to steeper drops in513

the temperature ramp-cliff structures. Different from most forest fire studies, we included514

an urban area in our simulations. The downwind flow is further modified by the buildings515

in the residential area. The arrangement of the buildings has long been reported to change516

the flow regimes downwind (Oke, 1988). However, to the best of our knowledge, no previous517

study has investigated fire-atmosphere dynamics in a WUI with high fidelity. In addition518

to the complex surface flow in WUI, we also found that under certain fire weather, the519

wind shear at the upper level may impact fire-atmosphere interactions. The WUI has the520

potential to play a role in how the KH waves induced by the wind shear interact with the521

heat transport from the fire. To further understand the roles of WUI and the ambient522

atmosphere, a more detailed analysis is needed in the future. The spectral of the downwind523

heat transport from the fire should be analyzed, similarly to the turbulence spectra shown in524

e.g. Seto et al. (2013). To isolate the factors impacting fire-atmosphere interactions in the525

WUI, future work should include wavelet analysis (e.g. Desai et al., 2024), characterizing526

atmosphere turbulent structures and fire sweeps (Katurji et al., 2022), and spectral filtering527

of the wave signals (e.g. Kiladis et al., 2009).528

It should be noted that high-fidelity simulations presented in this study are computa-529

tionally expensive. A simulation of one hour presented here takes a wall clock time of 24530

hours to finish on 900 Intel Skylake CPUs (running at 2.4 Ghz) distributed on the Cray531

XC50 platform. Moreover, this simulation is only one case study. To further understand the532

impact of WUI, one should conduct idealized simulations on, for example, the locations of533

the fire, the sizes of buildings and the gaps between the buildings, the size of the gap between534

wildland and urban areas, and so on. The design of the idealized studies should be careful,535

balancing the fidelity needed and the constraints on computation resources. Furthermore,536
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the simulations presented here only included heat forcing from fire, and no fire spread was537

simulated. The detailed fire behavior, such as combustion and fire flames, are not discussed.538

To include fire behavior with high-fidelity meteorological conditions and geospatial infor-539

mation, one of our future work centers around coupling PALM and WFDS. The coupled540

PALM-WFDS model would serve as a better tool to explore fire-atmospheric interactions.541

5 Conclusions542

In this study, we conducted high-fidelity simulations to investigate fire-atmosphere543

dynamics under a particular fire weather condition in the WUI of Bottle Lake Forest,544

Christchurch, New Zealand. Four simulations were conducted: WUI without fire (WUI Base),545

WUI with fire (WUI Fire), flat terrain without fire (Flat Base), and flat terrain with fire546

(Flat Fire). The fire heat forcing was obtained from field experiments. With the high-547

fidelity turbulence-resolving model PALM, we are able to investigate the three-dimensional548

fire-atmosphere interactions in great detail. To the best of our knowledge, no previous work549

has investigated fire-atmosphere interactions in WUIs with such a high resolution (finest at550

4 m) in 3D. Comparing results between WUI and flat terrain simulations, we found that the551

presence of WUI brings huge modification and complexity to the flow structures. The fire552

heat footprints were illustrated for both WUI Fire and Flat Fire. The heat transfer from the553

prescribed fire reaches further downwind at all heights in WUI Fire than that in Flat Fire.554

The WUI landscape also causes a pulsing behavior of the downwind heat transport, which555

is absent in Flat Fire.556

To investigate the role of the WUI, the general flow characteristics were analyzed using557

violin plots. The WUI was split into three categories based on land use: forest, interface,558

and urban. Our results show that near the surface, the fire has little impact on the upwind559

flow but has a great impact on the downwind flow. Near the canopy height, the forest behind560

the fire experiences an increase in fire impact. On the downwind side, this increase is steeper561

over the interface and urban areas. The impact of the fire on the flows is intensified when562

WUI is present, especially in the increase in TKE. The analysis of the ambient atmosphere563

shows wave-like features induced by the KH waves. The differences between WUI Base and564

Flat Base are miniature, indicating that the WUI plays the main role in modifying fire-565

atmosphere interactions. Therefore, it is important to conduct high-resolution simulations566

with a realistic representation of the WUI environment for fire-atmosphere studies. Our567

results suggest that the presence of WUI could potentially worsen the fire spread and fire568

damage. Given that the WUI fire problem is escalating all over the world, results from this569

study could be helpful for future investigation of fire-atmosphere dynamics and fire manage-570

ment. Where to build the houses? How dense should the houses be? How do we design forest571

gaps? The high-fidelity simulations will be useful to answer these questions. Furthermore,572

high-fidelity simulations are important to understand ember transport. Ember transport is573

turbulent and has been identified as an important factor in fire danger management. These574

high-fidelity simulations can potentially provide more insights for future investigation of the575

fire-atmosphere turbulent flows.576

This study mainly focuses on investigating the importance of the WUI environment577

in fire-atmosphere interactions. Although we documented several aspects of the WUI fire578

simulations, much work remains. Given the complexity of the simulations, the details of579

the dynamics are not explored. Future efforts will focus on explaining the causes of the580

heat pulsing and how WUI aids the transport of heat away from the fire. Future work also581

revolves around developing a coupled model of PALM and WFDS for better fire behavior582

modeling. The development of the coupled model will provide more insights into the role of583

WUI in fire-atmosphere interactions.584
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Figure A1. Land use classification for the violin plots shown in Figures 10 and 11.

Appendix A WUI land use classification585

Open Research586

We used the 22.10 release of the PALM model available from https://gitlab.palm587

-model.org/releases/palm\ model\ system/-/releases/v22.10 (last access: 10 June588

2024). The modified version of PALM used in this study is available from (10.5281/zenodo589

.12798253; last access: 23 July 2024). The simulation output data can be shared upon590

request to the corresponding author.591
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Abstract16

With increased urbanisation, fires in the wildland urban interface (WUI) have become17

a severe problem worldwide. The unique features of WUI may influence fire-atmosphere18

interactions. This study utilises the parallelized large eddy simulation model (PALM) system19

for fire-atmosphere simulations of Bottle Lake Forest, Christchurch, New Zealand. Over20

3000 residential buildings are situated around the 7 km2 forest, with many homes only 50 m21

away from the forest edge. We conducted high-fidelity fire-atmosphere simulations with the22

finest grid spacing of 4 m. In comparison to WUI simulations, flat terrain simulations were23

carried out as a reference for idealised scenarios. Fire-weather conditions for the 2022/202324

New Zealand fire season were selected based on the Fire Weather Index (FWI). Data from25

previous fire field campaigns were obtained to represent the fire heat forcing. Our results26

show that the WUI simulation coincides with fire heat transport going further downwind27

than its flat terrain counterpart. Kelvin-Helmholtz waves were present in both the WUI and28

flat terrain simulations, generating downdrafts from higher levels to the surface. However,29

downwind heat transport coincides with a pulsing behavior only in the WUI. In addition30

to these characteristics, analysis of the ambient atmosphere shows that the WUI plays the31

main role in modifying fire-atmosphere interactions. This study is the first to simulate fire-32

atmosphere interactions in WUI with such a high fidelity. Our results provide insights into33

the impact of WUI on fire-atmosphere dynamics. More work is needed to further understand34

how each component of WUI can alter fire-atmosphere interactions.35

Plain Language Summary36

The wildland-urban interface (WUI) has its unique environment, and the fire risk in37

WUIs is increasing. We conducted very high resolutions simulations to understand how38

important WUI is in fire-atmosphere interactions. A high fire danger day was selected.39

The location we simulated is the Bottle Lake Forest, Christchurch, New Zealand, where40

many homes could be burnt if there is a forest fire. The simulations show that fire heat41

was transported further away from the fire when we included the WUI. We showed how42

winds differ with and without the WUI. Although Kelvin-Helmholtz waves were present in43

the ambient atmosphere, the results illustrate that the WUI is the main reason why the44

fire heat can be transported further along the wind. Our WUI fire simulations demonstrate45

high fidelity, which has not been previously achieved in other studies. Our results contribute46

to a better understanding of fire-atmospheric dynamics in the WUI. Further work is still47

required to better understand how WUI impacts fire-atmosphere interactions in detail.48

1 Introduction49

The intensity and impacts of wildfires have been growing across the world. From the50

Arctic to the Amazon, North America to Asia, and Europe to Australia, human settlements51

have suffered significantly due to wildfires, especially in the wildland-urban interface (WUI)52

(A. Sullivan et al., 2022). The WUI is usually defined as the area where human development,53

such as houses, comes into close contact with natural, undeveloped areas dominated by54

wildland vegetation (Radeloff et al., 2005). The WUI fire problem is usually two-fold,55

encompassing climate and human activities. Climate is the primary driver of fire activity56

(Andela et al., 2017). Many studies have found that natural processes are linked to increased57

wildfire intensity, such as a decrease in fire season precipitation (Holden et al., 2018), and58

an increase in temperatures (e.g. Gutierrez et al., 2021; Mueller et al., 2020). A drier and59

warmer climate could lead to longer, hotter, and drier fire seasons, coinciding with more60

intense fire events and higher mortality. The secondary driver is human activities associated61

with land-use changes. The expansion of human settlements changes the landscape of the62

natural wildland. The road development allows easier access to combustible fuels, and the63

expansion of electrical transmission lines adds more fire risks to the WUI (Chen et al., 2024).64
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Therefore, the WUI fire problem and its high social and economic costs have become a rising65

threat.66

Similar to countries like the United States, Canada, and Australia, New Zealand wit-67

nessed a considerable increase in the total WUI area (Chen et al., 2024). Although New68

Zealand has a population of only 5 million and covers a land area of approximately 268,02169

square kilometers, it has experienced a great number of wildfires in recent years. For the70

year between 1 July 2020 and 27 June 2021, 4,586 fires occurred, with 13,348 hectares burnt71

(Fire Emergency New Zealand, 2021). It should be noted that wildfires in New Zealand were72

relatively rare before the establishment of human settlement in the late 13th century (Perry73

et al., 2014). Although most of the fires in New Zealand are small (averaging less than 174

hectare; Pearce, 2018), a few large devastating wildfires have occurred during the past few75

years. In 2017, the Port Hills wildfire burned 1,660 hectares, forced over 1400 residents to76

evacuate, destroyed 9 homes, and cost millions to suppress, plus much more paid out by the77

insurers (Pearce, 2018, and citations therein). In 2020, the Lake Ōhau fire burned approxi-78

mately 5043 hectares and destroyed 48 homes and buildings (Fire Emergency New Zealand,79

2022). In 2024, close to the location of the 2017 wildfire, another fire occurred in the Port80

Hills, causing thousands of people to leave their homes. The exact damage and cause of the81

2024 Port Hills fire are still under investigation. Among the many WUIs in New Zealand, in82

this study, we focus on the WUI of Bottle Lake Forest (BLF), Christchurch, New Zealand.83

Since Christchurch is the largest city in the South Island of New Zealand, there is a rising84

concern around its WUI fire problem. Figure 1 shows the location and landscape of the85

BLF WUI. The BLF area contains a pine forest of over 7 km2 surrounded by more than86

3000 residential buildings. The pine forest height is approximately 22 m. Many buildings87

are within 100 m of the forest precinct, which could be under serious fire danger in case of88

a forest fire in the area.89

Various processes and drivers are involved in the WUI fire problem. Here, we focus90

on the fire-atmosphere interactions and dynamics. The atmospheric and fire processes are91

multiscale and nonlinear, making fire-atmospheric interactions complex. The atmospheric92

processes can impact fire from the microscale (sub-meter to kilometer) to the mesoscale93

(10 to 200 km), while fire modifies the atmospheric flows with its strong forcing of heat94

(e.g. Dickinson et al., 2021; Finney et al., 2015; A. L. Sullivan, 2017; Zhang et al., 2023).95

Furthermore, the WUI land surface imposes a heterogeneous forcing of heat and momentum96

on the Atmospheric Boundary Layer (ABL), making the understanding and prediction of97

WUI fire more difficult. Wildfire-atmosphere models have been used in the fire community98

to understand wildfires. Traditionally, wildfire models are constructed using either physical99

or empirical approaches (Bakhshaii & Johnson, 2019). The physical models focus on the100

fundamental physics of combustion and fire spread (A. L. Sullivan, 2009a). In contrast,101

the empirical models are based on analytical statistics of the rate of spread obtained from102

observations or experiments (A. L. Sullivan, 2009b). With technological advancements and103

model development, a new generation of wildfire models has been developed to include at-104

mospheric conditions in the physical and empirical fire models. This is usually done by105

coupling a fire model to a numerical weather prediction (NWP) model or a computational106

fluid dynamics (CFD) model (Bakhshaii & Johnson, 2019). As summarized by Bakhshaii107

and Johnson (2019), these new generation wildfire-atmosphere models include FIRETEC108

(Linn et al., 2002), the Wildland–urban interface Fire Dynamics Simulator (WFDS) (Mell109

et al., 2007), Coupled Atmosphere–Wildland Fire–Environment (CAWFE) (Clark et al.,110

1996b, 1996a, 2004; J. Coen, 2013), the Weather Research and Forecasting (WRF) system111

combined with a wildfire module (WRF-FIRE) (J. L. Coen et al., 2013; Mandel et al., 2011;112

Patton & Coen, 2004), the Advanced Regional Prediction System (ARPS) coupled with113

DEVS-FIRE (Dahl et al., 2015), and ForeFire/Meso-NH (Filippi et al., 2011, 2013). In114

addition to these models, FireFOAM (fireFoam dev, 2023; Trouvé & Wang, 2010; Wang et115

al., 2011) has been developed as a fire modelling extension within the OpenFOAM tool-116

box(https://www.openfoam.com/; last access: 31 May 31, 2024). The Parallelized Large117

Eddy Simulation Model (PALM) has also been used for fire research (Dal-Ri dos Santos118
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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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& Yaghoobian, 2023; Zhang et al., 2023). These coupled models are useful for a better119

understanding of and to gain more insights into fire-atmospheric dynamics and interactions.120

To capture the realistic weather conditions, the microscale ABL flows, and the high-121

resolution landscape of WUI, we have used PALM in this study to investigate the fire-122

atmosphere dynamics in the BLF WUI. PALM is an open-source Large Eddy Simulation123

(LES) model that enables very fine (grid spacing≤1 m) simulations for atmospheric and124

ocean research (Maronga et al., 2015, 2020). With its offline-nesting module, PALM can125

include realistic weather conditions obtained from NWP models (Kadasch et al., 2021; Lin126

et al., 2021). Several features have been developed in PALM to resolve land surface physics127

covering the two key factors of WUI: the urban surface model (Resler et al., 2017) for the128

urban built-ups, and the plant canopy model(Maronga et al., 2020) for the wildland forest129

canopy. High-resolution geospatial information of WUI can be easily integrated into PALM130

using community-developed modeling tools (e.g. Heldens et al., 2020; Lin et al., 2024, and131

citations therein). Given PALM’s high adaptability, many studies have used it to better132

understand the ABL flows in urban (e.g. Belda et al., 2021; Kurppa et al., 2020; Salim et133

al., 2022; Vogel et al., 2022; Wolf et al., 2020) and forest environments (e.g. Kanani-Sühring134

& Raasch, 2017; Neves et al., 2018; Serra-Neto et al., 2021; Zhang et al., 2022). PALM has135

been used to investigate fire–atmosphere turbulent energy transport (Zhang et al., 2023) and136

the impact of an idealized urban boundary layer on firebrand transport (Dal-Ri dos Santos137

& Yaghoobian, 2023). However, no former studies have examined the impact of WUI on138

fire-atmosphere dynamics using a high-resolution turbulence-resolving model like PALM.139

In this study, we investigate how the presence of the BLF WUI influences the atmo-140

spheric flows in the ABL and the fire-atmosphere dynamics. Section 2 describes the model141

and the design of the experimental case study. Section 3 examines the simulation results of142

fire heat transport, the flow characteristics, and the evolution of the ABL. The results of143

this study are further discussed in Section 4, along with future aspects. The conclusions of144

this paper are given in Section 5.145

2 Model configuration and experiment design146

PALM version 22.10 is used in this study. PALM solves the turbulent flow based on147

the non-hydrostatic incompressible Navier-Stokes equations under the Boussinesq approx-148

imation (Maronga et al., 2015). The assumption of incompressibility is appropriate for149

fire-atmosphere interaction simulations (Tang, 2017; Zhang et al., 2023). The turbulence150

closure is based on a modified three-dimensional Deardorff 1.5-order scheme, assuming a151

proportional relationship between the energy transport by sub-grid-scale eddies and the152

local gradient of the average quantities (Deardorff, 1980; Maronga et al., 2015).153

The domain configuration of simulations conducted in this study is shown in Table 1 and154

Figure 2. The data sets and tools used to produce the PALM static geospatial information155

input are identical to those described in Lin et al. (2024). The first domain (D01) has156

flat terrain only with a homogeneous land use type of grassland. Christchurch is mainly157

surrounded by grassland. The flat terrain domain is designed to transfer synoptic forcing158

to the child domains while preventing numerical instability stemming from steep terrain159

near the lateral boundaries (Lin et al., 2023). Regarding the nested domains, the second160

domain (D02) only includes topography with land use information derived from the New161

Zealand Land Cover Database (LCDB) V5.0 (Landcare Research, 2020). In addition to162

topography and land use information, the third and fourth domains (D03 and D04) include163

information on pavements and streets, buildings, and plant canopy. All domains switched164

on the radiative transfer model (Krč et al., 2021) and the land surface model (Gehrke et al.,165

2021). Only D03 and D04 include the urban surface (Resler et al., 2017) and plant canopy166

models (Maronga et al., 2020). The landscape of D04 is shown in Figure 2b. The forest167

area in D04 can be identified by a high leaf area index (LAI>2.5 m2 m−2). We focus on168

D04 for analysis and discussions.169
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Table 1. PALM domain configuration.

Domain Number of grid
points (x, y, z)

Domain size (x,
y, z)

Horizontal
grid spacing
(dx, dy)

Vertical grid
spacing (dz)

D01 324*324*192 11664 m *11664 m
*6912 m

36 m 36 m

D02 216*216*144 7776 m*7776
m*5184 m

36 m 36 m

D03 360*360*360 4320 m*4320
m*4320 m

12 m 12 m

D04 468*612*648 1872 m*2448
m*2592 m

4 m 4 m

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.

–6–



manuscript submitted to JGR: Atmospheres

To reproduce fire weather, we examined the fire weather index (FWI) during the170

2022/2023 New Zealand fire season. The FWI was calculated based on data obtained from171

an automatic weather station (AWS) located in the BLF area operated by Fire Emergency172

New Zealand (FENZ) (location see blue pin in Figure 1). The data are freely accessible via173

the New Zealand Modeling Consortium Open Environmental Digital Library (envlib.org;174

last access 6 June 2024). The 5th of February, 2023, was identified as a high FWI day.175

The FWI was around 24.3, which is the second highest between December 2022 and May176

2023. This number is above the median FWI for high-fire weather days in the BLF area177

(see long-term analysis in Brody-Heine et al., 2023). The high FWI on 5th February 2023178

coincides with a foehn event picking up in the late afternoon, bringing strong and dry north-179

westerlies over Christchurch. A SoDAR (Sonic Detection And Ranging; location see yellow180

pin in Figure 1) was operating inside the BLF area between November 2022 and April 2023.181

It recorded wind speed of approximately 4.4 m s−1 near the canopy top (approximately182

30 m above ground level) and 25 m s−1 at around 300 m above ground level. With such183

weather conditions, fire is likely to occur, spreading from the forest into the residential area184

in the south.185

Figure 3 shows the vertical profiles used to initialize the simulations. These profiles186

were obtained from the SoDAR (up to 450 m) and WRF simulations (above 450 m). The187

WRF simulations were operated and are hosted by the New Zealand Modeling Consortium188

(envlib.org; last access 6 June 2024). The long-wave and short-wave radiation fields were189

obtained from the WRF simulations for a more realistic representation of radiative forcings.190

All simulations started at 0700 UTC on 5th February 2023 (equivalent to 1900 local standard191

time), and the simulation time is 2.5 hours. The fire was switched on for the last 30 minutes192

of the simulation. The first hour of the simulations is considered as model spin-up. To193

understand the role of the WUI in fire-atmosphere dynamics, we conducted two sets of194

simulations. One has the full WUI environment, and the other has flat terrain with land195

use configured as grassland only for all nested domains. For each set of the simulations, a196

baseline simulation with no fire throughout the entire simulation was conducted along with197

a simulation with fire switched on after 2 hours into the simulation. Hereafter, we denote198

these simulations as WUI Fire (WUI environment with fire switched on), WUI Base (WUI199

environment with no fire), Flat Fire (flat terrain with fire switched on), and Flat Base (flat200

terrain with no fire).201

The fire fields prescribed in the simulations were derived from an infrared overhead202

video acquired during an instrumented prescribed burn experiment that took place in Rakaia203

Gorge, Canterbury, New Zealand. An unmanned Aerial Vehicle (UAV) was used to acquire204

the footage, and the resulting temperature profile was compared with 25 in-situ temperature205

probes evenly spaced inside the experimental plot. For more details, readers are referred206

to Katurji et al. (2022); Valencia, Melnik, Kelly, et al. (2023); Valencia, Melnik, Sanders,207

et al. (2023). To derive a normalized temperature curve (hereafter the fire curve), 20,000208

data points of brightness temperatures were analyzed from the infrared footage. Only209

measurements exceeding fireline intensities of 1000 kWm−2 were included to minimize errors210

related to footage stabilization and flame visualization. All measurements of brightness211

temperatures were adjusted to 100 ◦C for consistency. The fire curve describing the fire212

temperature Tfire varying over the distance (x) takes the form of213

Tfire(x) = 1.035
b

a
∗ exp

(
−x− c

b
− exp

(
−x− d

e

))
∗ Tpeak [K] (1)214

where a, b, c, d, and e are least-square fitting coefficients. Their values are -0.135, -0.632,215

1.782, 0.925, -0.036, respectively. Tpeak represents the highest temperature of fire. Since we216

do not have the exact temperature curve for the pine forest, we obtained the normalized217

fire curve and prescribed the highest temperature of 993 K. The temperature of 993 K was218

selected based on the oak wood and pine wood fire brand temperature described in Dal-219

Ri dos Santos and Yaghoobian (2023); Matvienko et al. (2022); Tse and Fernandez-Pello220
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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.

(1998). The temperature curve shown in Figure 4 represents the temperature characteristics221

of fire (preheating, combustion, and smoldering). However, it should be noted that in this222

study, we only prescribed part of the fire curve (gray box in Figure 4) as a representation of223

fire heat forcing only. This temperature field was prescribed from the surface to the height224

of the forest canopy. Similar to Zhang et al. (2023), the location of the prescribed heat225

forcing is static, and no initiation/combustion processes are discussed in this study. The226

implementation of the fire curve in the simulations is illustrated in Figure 2b.227

3 Results228

This section shows the simulation results. To investigate the flow characteristics in229

the BLF WUI, we compare the results between the WUI simulations and the flat terrain230

simulations. Analysis of the baseline simulations with the fire switched off is presented for the231

understanding of ABL evolution. The analysis presented in this section mainly focuses on the232

30-minute period after the fire was switched on. Hereafter, the time within the simulations233

is reported in HH:MM:SS format relative to the start time, with “00:00:00” corresponding234

to the model initialization time (0700 UTC on 5th February 2023). Subsequent times are235

denoted in hours, minutes, and seconds from this start point, e.g., “01:40:50” for 1 hour 40236

minutes and 50 seconds into the simulation (0840 UTC + 50 s) and “02:30:00” for 2.5 hours237

into the simulation (0930 UTC).238

3.1 Fire in the WUI239

Figures 5 and 6 show the horizontal cross-sections of potential temperature (θ), u, v, and240

w at 2 m above the surface for WUI Fire and Flat Fire, respectively. Here, instantaneous241

snapshots of three timestamps were chosen to demonstrate the dynamic and turbulent nature242

of the simulations. For readers interested in more details of the simulations, animations243

showing the entire fire simulation can be found in the supplements. One-minute averages244
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Figure 4. 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 char-

acteristics of the fire temperature curve are marked in green (preheating), red (combustion), and

yellow (smoldering).

for Figures 5, 6, and 7 are shown in Figures S1-3, respectively. Refer to Figures S4-7 for the245

horizontal cross sections of the simulations at mid-canopy (14 m above the surface) and the246

canopy top (22 m above the surface). Note that PALM uses the Arakawa Cartesian grid247

staggering (staggered Arakawa C-grid, Harlow & Welch, 1965; Arakawa & Lamb, 1977),248

where the first level for w is 4 m. Here, we use the notation of 2 m for the convenience249

of communication. The horizontal component of winds (u and v) show similar patterns in250

WUI Fire and Flat Fire. The heat forcing of fire induces strong buoyancy, causing the flow251

to converge near the fire front. The east side of the fire coincides with a strong positive252

u, while u is strongly negative on the west side of the fire (Figure 5d-f and Figure 6d-f).253

This is similar in v that strong southerly can be identified in the south of the fire front,254

associating with strong northerly behind the fire (Figure 5g-i and Figure 6g-i). In terms of255

w, strong updrafts (positive w) are present at the fire front with downdrafts (negative w)256

near the west and east side of the prescribed heat patch (Figure 5j-l and Figure 6j-l).257

However, one can notice that the presence of WUI significantly modifies the near-surface258

flows. The impacts of buildings and forests are visible in Figure 5. The second hour of the259

simulation (02:00:00) corresponds to the local sunset time. After this, the surface cools260

down as the simulation continues. This cooling is present in both WUI Fire and Flat Fire261

(Figure 5a-c and Figure 6a-c). The cooling is more significant in the forest compared to262

the urban area in WUI Fire and the entire area in Flat Fire (Figure 5a-c and Figure 6a-263

c). The WUI coincides with greater surface roughness compared to the flat terrain. The264

reduction of winds is more significant where the forest is dense (LAI>3.5 m2 m−2 in Figure265

2b). The flat terrain presents a more organized pattern in the down-wind transport of266

heat and the downwind flows (u, v, and w). While the dominant ambient winds are north-267

westerlies, Figures 5 and 6 show a divergence of inflow ahead of the fire (south side). The268

fire introduces a strong easterly flow to its east (negative u in Figures 5d-f and Figures269

6d-f), and a strong southerly flow to its south (positive v in Figures 5j-l and Figures 6j-l).270

The easterly and southerly components of winds in Flat Fire are present over a smaller area271

than their counterparts (westerly and northerly components of winds, respectively). The272

patterns of w at the downwind side of the fire are almost symmetrical along the fire center273

line (dashed red line in Figure 6a) in Flat Fire (Figure 6j-l). In contrast, in WUI Fire,274

the areas associated with the easterly and southerly wind components are much larger,275

changing the wind patterns downwind of the fire with a scale of a few hundred meters.276
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The symmetrical patterns of w at the downwind side of the fire are broken into cells of up-277

and downdrafts due to the obstructions of the WUI landscape. In Flat Fire, the downwind278

transport of heat near the surface is similar across the three timestamps (Figure 6a-c),279

while WUI Fire coincides with nearly no downwind transport of heat (Figure 5a), strong280

downwind transport of heat of approximately 200 m from the fire front (Figure 5b), and a281

downwind transport of heat of around 100 m from the fire front (Figure 5c). Hereafter, we282

refer to this turbulent and dynamic behavior in WUI Fire as heat pulsing.283

The vertical cross-sections of θ and w along the fire are shown in Figure 7. The heat284

pulsing near the surface is visible in the vertical cross-sections of WUI Fire (Figure 7a-b),285

but is absent in Flat Fire (Figure 7e-f). In Flat Fire, most of the heat goes upwards due to286

buoyancy, transporting little heat toward the surface and downwind. In contrast, WUI Fire287

shows a strong downdraft at the fire front with downwind transport of heat towards the288

buildings (circled area in Figure 7b). In the snapshots shown in Figure 7, one can notice289

that the heat plume in WUI Fire tilts more towards the surface with a more scattered290

structure, while the heat plume in Flat Fire is more contained. The structures of w differ291

between the two simulations, too. Strongly positive w is presented in Flat Fire (Figure292

7g-h), whereas WUI Fire coincides with negative w around the heat plume. The locations293

of negative w in Figure 7c-d resemble the locations where the heat plume (θ ≥300 K) is294

absent in Figure 7a-b. Near the surface, WUI Fire shows cells of weakly negative w from295

the fire front to 600 m in front of the fire. This weakly negative w is only present after 400296

m in front of the fire in Flat Fire. It should be noted that the south side of the BLF canopy297

height is approximately 22 m above the ground. These snapshots shown in Figures 5, 6, and298

7 illustrate that the WUI changes the way fire and atmosphere interact and, subsequently,299

the downwind transport of heat from the fire.300

Due to the turbulent nature of LES, different results could be produced at every single301

time step. Instantaneous snapshots do not conclude the general feature of the simulations.302

Therefore, we present Figure 8 to summarise the downwind impact of fire. Figure 8 shows303

the percentage of time that a grid point sees an increase in θ of more than 1 K after the fire304

is switched on. The temperature difference was calculated by subtracting a fire simulation305

from its baseline counterpart. The total time of the fire is 1800 seconds, and one-second306

output is used in this analysis, allowing sufficient data points for this kind of analysis. This307

analysis gives us an overview of the heat footprints, showing the potential downwind impact308

of fire heat. The footprints were calculated for both 2 m above the surface and near the309

canopy top (22 m above the surface). Refer to Figure S8 for footprints at mid-canopy. We310

picked the two streets in front of the fire to reference the distance and the impact of the311

downwind heat. Willoughby Lane (WLN) is approximately 45 m in front of the prescribed312

fire, and down to the south-east of WLN is Anglesea Avenue (AAV). The locations of WLN313

and AAV are marked by dashed and solid red lines in Figures 8a-d, respectively. AAV is314

around 95 m away from WLN.315

In general, the heat footprints are more spatially confined near the location of the316

prescribed fire in Flat Fire, occupying a smaller, more defined area in both the horizontal317

and vertical directions (Figure 8a,c, and e). Figures 8a and 8c show that almost no heat is318

transported to AAV near the surface, and little heat reached over AAV at the canopy top.319

The shape of Flat Fire footprints shows a dual-peak structure at both 2 m and 22 m above320

the surface, with a longer distance of downwind heat transport near the west and east sides321

of the fire and a shorter distance near the center line. The footprints at 22 m (Figure 8c)322

have a more symmetrical structure, which resembles the symmetrical patterns in w as shown323

in Figure 6. In WUI Fire, the downwind heat reaches AAV from the surface to the canopy324

top (Figures 8a and 8d). The near-surface footprints in WUI Fire (Figure 8b) do not show a325

dual-peak pattern as in Flat Fire (Figure 8a). The density of the footprints decreases with326

distance ahead of the fire, encompassing high values of 75% close to the center line of the327

fire patch near WLN. The dual-peak pattern, however, is noticeable at the canopy height in328

WUI Fire for values greater than 87% (Figure 8d). We consider this as an indication that329

–10–



manuscript submitted to JGR: Atmospheres

Figure 5. Instantaneous snapshots showing horizontal cross sections of θ (a-c), u (d-f), v (g-i),

and w (j-l) at 2 m above the surface obtained from WUI Fire. From left to right, the first column is

for 02:08:51, the second column for 02:13:51, and the third column for 02:24:51. Here, timestamps

represent the hours, minutes, and seconds relative to the start time of the simulation. In panel (a),

the dashed red line indicates the location of vertical cross sections shown in Figure 7. The dashed

black box marks the area shown in Figure 8.
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Figure 6. Similar to Figure 5, but for the Flat Fire simulation. Note the differences in the

colormap scales compared to Figure 5.
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Figure 7. Instantaneous snapshots at 02:13:30 showing vertical cross sections obtained from

WUI Fire (a-d) and Flat Fire (e-h). Panels (a-b) and (e-f) are for θ. Panels (c-d) and (g-h) are

for w. The first column shows the entire vertical cross-section up to 1000 m high, and the second

column is a zoomed-in of the first column. The zoomed-in area is marked by the dashed black box in

(a). The red circle in (b) highlights the downwind heat transport near the surface in WUI Fire. The

black rectangles near the surface in (a-d) are buildings. The location of the vertical cross-sections

is shown in Figures 5a and 6a.
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the impact of the WUI surface decreases with height. Despite such a decrease, the impact330

of the WUI on the fire-atmosphere interactions does not simply diminish above the canopy331

height. As shown in Figure 8e and 8f, the heat plumes travel much further downwind at332

all heights in WUI Fire than those in Flat Fire. Some of the plume-affected areas have an333

occurrence rate of more than 63%, equivalent to 19 minutes. The results shown here are in334

agreement with Figure 7. The vertical footprints of the heat plume bend more towards the335

surface in WUI Fire than those in Flat Fire.336

3.2 WUI flow characteristics337

To further explore the impact of WUI and the dynamics at the downwind side of the338

fire, time series of θ and winds at WLN and AAV are presented in Figure 9. The time339

series were obtained at two heights: 2 m and 22 m above the surface. The time series for340

mid-canopy is presented in Figure S9. Mean values were derived for WLN and AAV at the341

locations marked in Figure 8. Note that in Figure 9e and 9m, the time series of θ for AAV342

appear to be straight lines due to the difference in the scale of fire-impacted temperature and343

the ambient atmosphere temperature. The downwind heat barely reaches AAV (as shown344

in Figure 8a and 8c). In Flat Fire, with a high concentration of heat transported to WLN,345

θ is well above 400 K most of the time at 2 m and 22 m (Figure 9e and 9m). In WUI Fire,346

however, the heat is more sparsely distributed downwind, leading to a less intense increase347

in temperature (below 400 K at 2 m). The heat pulsing can be identified in Figure 9 that348

the temperature increase in WUI Fire coincides with short-lived spikes while the increase in349

Flat Fire is long-lasting and more steady. As WLN is closer to the fire than AAV, it shows350

a stronger impact from the fire.351

Before the fire is switched on, the magnitude of winds in WUI Fire is smaller than352

that in Flat Fire due to a higher surface roughness associated with the WUI. After the353

fire is switched on, the changes in the winds in WUI Fire differ significantly from those in354

Flat Fire at both the surface and the canopy height. Near the surface, both WLN and AAV355

in WUI Fire have a strong shift to negative in u (easterly; Figure 9b), whereas this negative356

shift in u is weaker in Flat Fire (Figure 9f). Regarding v, in WUI Fire, both WLN and357

AAV show a strong shift to southerlies (positive v; Figure 9c), with a greater magnitude at358

WLN. On the contrary, Flat Fire shows a strong northerly shift of v at WLN (Figure 9g),359

with v fluctuating around 0 m s−1 approximately 2 minutes after the fire was switched on.360

w in Flat Fire rises markedly to over 5 m s−1 at WLN after the fire was switched on (Figure361

9h). The magnitude of such a rise is weaker at AAV with a magnitude of about 2 m s−1 at362

maximum. The increase in w in WUI Fire is less steep (Figure 9d), while the time series363

show noticeable periods of negative w at WLN and AAV. The time series near the canopy364

height (Figure 9i-p) generally show a similar pattern compared to their 2 m counterparts.365

However, the intensity of the changes in the winds varies. In WUI Fire, u exhibits a more366

pronounced easterly shift at WLN, with westerlies being recorded occasionally. At AAV,367

the magnitudes of u are greater than those at 2 m, while the mean flow centers around 0 m368

s−1 (Figure 9j), indicating a weaker easterly transition compared to u at 2 m (Figure 9b).369

For WUI Fire, the time series of u at AAV also centers around 0 m s−1, whereas u turns to370

strong westerly at WLN (Figure 9n), which is opposite to the same u at 2 m (Figure 9f). In371

terms of v, WUI Fire shows that the positive maxima are comparable near the surface and372

near the canopy top, while v ramps down from positive (southerly) to negative (northerly)373

more markedly at the canopy top (Figure 9k). However, the time series of v in Flat Fire374

only show a slight northerly displacement at the canopy top (Figure 9o) compared to those375

near the surface (Figure 9f). Moving further from the surface, the vertical motion gets376

stronger. At the canopy height, the upward motion intensifies at WLN in both WUI Fire377

and Flat Fire (Figure 9l, p). The amplification of the vertical motion with height is less378

notable for AAV in Flat Fire, suggesting a weaker downwind fire impact. In contrast, AAV379

in WUI Fire is associated with higher values of w (both positive and negative; Figure 9l).380

In general, the fire-impacted flows in WUI Fire present a more significant transition against381
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Figure 8. Percentage of occurrence when temperature increase of 1 K is captured at each grid

point, comparing fire simulations to their baseline counterparts. Panels (a-b) are for 2 m above

the surface, panels (c-d) are for the canopy height (22 m), and panels (e-f) are for the vertical

cross-sections shown in Figure 7. The first column is for the flat terrain simulations, and the second

column is for the WUI simulations. The WUI landscape of Figure 2b is shown in (b) and (d).

Refer to Figures 5a and 6a for locations of (a-d). 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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Figure 9. Time series of θ, u, v, and w for WLN and AAV at 2 m (a-h) and 22 m (i-p) above the

surface. The first column is for WUI Fire, and the second column is for Flat Fire. Refer to panels

(a) 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 8.
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the ambient atmospheric flow (northwesterly) than their Flat Fire counterparts. This agrees382

with the fact that the WUI modifies fire-atmosphere interactions substantially.383

To examine the WUI flow characteristics more extensively, violin plots of u, v, w, and384

turbulence kinetic energy (TKE) at 2 m and 22 m above the surface are shown in Figures385

10 and 11. The violin plots for mid-canopy are illustrated in Figure S10. These violin plots386

compare the last 30 minutes of baseline simulations and fire simulations to investigate the387

impact of the fire. Based on the dominant land use, D04 was classified into three parts:388

forest, interface, and urban. The details of the land use classification are shown in Figure389

A1. This classification is done based on the satellite imagery shown in Figure 1 and the390

New Zealand Land Cover Database (Landcare Research, 2020). The north of D04 is covered391

by the wildland forest, the south of D04 is the residential area with urban built-ups, and392

the grassland between the forest and the urban areas is considered the interface. Data for393

the entire simulation domain (denoted as All) are also presented in Figures 10 and 11 as a394

reference of the overall feature of the simulation. Note that the forest area has more data395

points than the interface and urban area. The violin plots are scaled such that the widest396

part is the maximum density.397

All subplots in Figures 10 and 11 show an increase in the variable magnitudes when398

the fire is switched on. The impact of the fire is the least significant over the forest area399

in all simulations at both heights. The forest area is located upwind behind the prescribed400

heat source and hence experiences the least disturbances. Looking at 2 m above the surface,401

the amplification in u is the strongest in the interface, followed by the urban area in both402

WUI and flat terrain simulations (Figure 10a-b). In WUI Base, u in the interface presents403

a higher median value, indicating an acceleration of the flow entering this area where the404

friction is lower (Figure 10a). In Flat Base, the difference in u is subtle across the areas,405

since the surface roughness is homogeneous across the entire domain, and the only difference406

is the data extraction locations (Figure 10b). In Flat Fire, u has a high distribution where407

u >8 m s−1. This is absent in WUI Fire. The figures of v show analogous patterns to u.408

The interface in the WUI simulations coincides with the most significant intensification of409

v wind velocity in both WUI Base and WUI Fire (Figure 10c). In Flat Fire, one can notice410

a secondary peak in v distribution where v <-6 m s−1. This secondary peak appears in the411

location of the urban area in Flat Fire, further downwind than the location of the interface412

(Figure 10d), but it is absent in WUI Fire, where an urban surface is present. This suggests413

that the WUI interface prevents the development of a certain structure of the flow such414

that it aids a further downwind transport of heat, as shown in Figure 8. The violin plots415

of w show that the interface and the urban areas amplify the vertical motions of the flow416

(Figure 10e), which is absent in Flat Base (Figure 10f). Nevertheless, in the fire simulations,417

the impact of WUI is less pronounced in w, while the intensification of w grows from the418

interface to the urban areas (along the downwind direction). This may be because of the419

fact that violin plots only capture the bulk characteristics of the flow. The characteristics420

of w may require a more detailed analysis of its turbulent features, where instantaneous421

snapshots, like Figures 5 and 6, should be considered. This is out of the scope of this paper.422

In Figures 10g-h, the fire simulations present a notable intensification of TKE compared to423

their baseline counterparts. This is expected due to the extra heat forcing introduced into424

the fire simulations. In WUI Base, high TKE is exhibited in the interface compared to the425

forest and the urban areas (Figures 10g). Moreover, in WUI Fire, the increase in TKE is426

strongest in the interface, followed by that in the urban. This is similar in the flat terrain427

simulations, while the amplification of TKE in the location of the interface is comparable428

to that in the location of the urban (Figures 10h). The magnitude of TKE is higher in the429

WUI simulations compared to their flat terrain counterparts. This supports our assumption430

that the WUI modifies the downwind flow, and hence, the downwind heat transfer is able431

to reach further away from the fire.432

At the canopy height (22 m; Figure 11), the violin plots for u and v (Figure 11a-d)433

resemble those near the surface (2 m; Figure 10a-d), except that the magnitudes are greater.434
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It is noticeable that the forest area sees more changes when the fire is on, especially in v. This435

indicates that fire could interact with the ambient atmosphere upwind. This interaction may436

grow with height but is relatively weak. Regarding w, in the WUI simulations, WUI Fire437

shows a slightly negative shift in urban compared to WUI Base (Figure 11e). Such shift438

towards negative w is barely noticeable in Flat Fire (Figure 11f). Moving from the surface439

to the canopy top, TKE rises in the WUI simulations (Figure 11g). In contrast to TKE at440

2 m, TKE at 22 m in WUI Fire is the highest in urban, followed by the interface. In the441

flat terrain simulations, the change in height does not show considerable changes in TKE442

(Figure 11h). This again suggests that the presence of WUI may aid the heat and energy443

transport away from the fire.444

3.3 Evolution of the boundary layer445

The ambient atmosphere has been identified to have an impact on the fire-induced446

flows (e.g. Sun et al., 2009; Kiefer et al., 2015; Zhang et al., 2023). In the instantaneous447

snapshots of vertical cross-sections shown in Figure 7, one can notice a wave-like structure448

between 400 m and 600 m in height. This location mirrors the wind shear location shown449

in Figure 3. These waves are recognised as Kelvin-Helmholtz waves (hereafter KH waves)450

induced by the strong wind shear. As shown in Figure 3a, the simulations were initialised451

with a stable surface layer, a near-neutral layer below 600 m, and a stable layer above 1000452

m. These conditions are favourable for the formation of KH waves (e.g. Jiang et al., 2017;453

Dong et al., 2023). For readers’ interest, an animation showing vertical cross-sections (as in454

Figure 7) of the entire fire simulation is provided in the supplements. Here, we only analyse455

the mean vertical structure of the boundary layer between the front of the fire and AAV456

for simplicity. The time series of vertical profiles of θ and anomalies of θ (θ′/θ̄) are shown457

in Figure 12. The anomalies were calculated using a 5-minute rolling mean with a data458

frequency of 10 seconds.459

As 02:00:00 is equivalent to the local sunset time (0900 UTC), WUI Base and Flat Base460

show cooling near the surface after sunset (Figure 12a-b). This cooling is less pronounced in461

Flat Base due to its surface being configured as grassland only. The WUI surface enhances462

the stratification of air near the surface. The growth of the surface layer is more prominent463

in θ′/θ̄. Before 02:00:00, θ′/θ̄ is weak near the surface in WUI Base and Flat Base, mostly464

near zero and slightly positive (Figure 12c-d). The anomalies were strengthened after sunset.465

Negative phases of θ′/θ̄ start to appear and the magnitude of θ′/θ̄ increases to more than466

±1.3× 10−4. This growth of θ′/θ̄ is stronger in WUI Base than that in Flat Base, meaning467

the WUI surface possesses stronger modification of the surface layer flows.468

At higher levels, the 296.5 K lines shown in Figure 12a-b fluctuate around 400 m469

over time. This fluctuation is considered to be caused by disturbances from the KH waves470

shown in Figure 7. Although all simulations were initialised with the same meteorological471

profiles and radiative forcing, the profiles of the ambient atmosphere shown in Figure 12a472

(WUI Base) and Figure 12b (Flat Base) are not identical. However, the differences between473

WUI Base and Flat Base are difficult to identify from Figure 12a-b above 200 m. This474

is the same in θ′/θ̄ (Figure 12c-d). The locations of warm and cold anomalies vary over475

time. For example, at 01:40:00, WUI Base coincides with a cold anomaly at 400 m and476

a warm anomaly around 250 m (Figure 12c), while Flat Base shows the opposite (Figure477

12d). These differences suggest that the WUI surface could have an impact on the ambient478

atmosphere, but this impact is relatively small and subtle. Despite such differences, both479

simulations show a wave-like structure of θ′/θ̄. One can notice streaks of downdraft from480

500 m towards the surface, fading around 200 m. Disregarding the size and intensity of481

the anomaly streaks, a warm anomaly streak is always followed by a cold anomaly streak,482

and vice versa. These wave-like downdrafts could potentially be a driver of the heat pulsing483

presented in Section 3.1, but they are not the main driver. First of all, this wave-like484

downdraft feature is exhibited in both WUI Base and Flat Base, but no fire pulsing is485
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Figure 10. Violin plots comparing u (a-b), v (c-d), w (e-f), and TKE (g-h) at 2 m above the

surface for the forest, interface, and urban areas between baseline simulations (blue) and their fire

counterparts (red). The first column is for WUI simulations, and the second column is for flat

terrain simulations.
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Figure 11. Similar to Figure 10, but for data obtained at 22 m above the surface.
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Figure 12. Time-height displays of θ (a-b) and θ′/θ̄ (c-d). Panels (a) and (c) are for WUI Base,

and panels (b) and (d) are for Flat Base. In (a-b), the black contour lines highlight θ of 295.5 K,

296.0 K, and 296.5 K (from bottom to top). These vertical profiles were taken from the vertical

cross-sections along the fire center (Figure 7) between the front of the fire and AAV. A 5-minute

rolling mean was applied to calculate the anomalies. Hence, no data were displayed for θ′/θ̄ at the

first and the last 5 minutes of the simulations.
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observed in Flat Base. Secondly, the cycles of these downdrafts (every 2-3 minutes) do not486

exhibit a clear correlation with the heat pulsing shown in Figures 9a and 9i.487

However, we believe that the wave-like downdrafts induced by the KH waves are not488

insignificant for fire-atmosphere interactions. Given that the land use configuration is the489

only difference between the simulations, we believe that the WUI is the main factor that490

modifies the fire-atmosphere interactions. The presence of WUI induces heat pulsing and491

a further downwind transport of heat. The forcing from the WUI may intensify the inter-492

actions between the KH waves and heat plumes. More analysis is required to understand493

whether and how these wave-like features impact fire-atmosphere interactions. As this is494

out of the scope of this paper, we will discuss it as part of future work presented below.495

4 Discussions and future aspects496

Although we presented several aspects of the fire-atmosphere dynamics in the BLF497

WUI, many components have yet to be explored. One of the most intriguing questions498

surrounds the detailed dynamics causing the heat pulsing. In flat terrain, the upward499

motion and convergence of flow are strong around the fire, and most of the heat ascends with500

buoyancy. The horizontal cross-sections in Figure 6 show a relatively symmetric structure501

of the flow downwind. The violin plots (Figures 10 and 11) also present a secondary peak502

in u and v near the surface and at the canopy height downwind of the fire. Based on this503

evidence, we assume that there could be symmetric circulation diverging ahead of the fire504

that supports the upward motion of heat. The presence of WUI deconstructs the symmetric505

circulations and suppresses the upward motion.506

It is, however, difficult to isolate each component of the BLF WUI due to its significant507

heterogeneity. The downdrafts caused by flows exiting the forest canopy could be considered508

as one of the factors. For example, Kiefer et al. (2016) found that forest gaps potentially509

impact the vertical and horizontal transport of heat away from the fire. Desai et al. (2024)510

investigated ramp–cliff structures in the temperature signal of forest canopy fires. In Figure511

13 of Desai et al. (2024), they discussed that in a fire condition, the downdrafts at the512

forest edge could be stronger than those in no-fire conditions, leading to steeper drops in513

the temperature ramp-cliff structures. Different from most forest fire studies, we included514

an urban area in our simulations. The downwind flow is further modified by the buildings515

in the residential area. The arrangement of the buildings has long been reported to change516

the flow regimes downwind (Oke, 1988). However, to the best of our knowledge, no previous517

study has investigated fire-atmosphere dynamics in a WUI with high fidelity. In addition518

to the complex surface flow in WUI, we also found that under certain fire weather, the519

wind shear at the upper level may impact fire-atmosphere interactions. The WUI has the520

potential to play a role in how the KH waves induced by the wind shear interact with the521

heat transport from the fire. To further understand the roles of WUI and the ambient522

atmosphere, a more detailed analysis is needed in the future. The spectral of the downwind523

heat transport from the fire should be analyzed, similarly to the turbulence spectra shown in524

e.g. Seto et al. (2013). To isolate the factors impacting fire-atmosphere interactions in the525

WUI, future work should include wavelet analysis (e.g. Desai et al., 2024), characterizing526

atmosphere turbulent structures and fire sweeps (Katurji et al., 2022), and spectral filtering527

of the wave signals (e.g. Kiladis et al., 2009).528

It should be noted that high-fidelity simulations presented in this study are computa-529

tionally expensive. A simulation of one hour presented here takes a wall clock time of 24530

hours to finish on 900 Intel Skylake CPUs (running at 2.4 Ghz) distributed on the Cray531

XC50 platform. Moreover, this simulation is only one case study. To further understand the532

impact of WUI, one should conduct idealized simulations on, for example, the locations of533

the fire, the sizes of buildings and the gaps between the buildings, the size of the gap between534

wildland and urban areas, and so on. The design of the idealized studies should be careful,535

balancing the fidelity needed and the constraints on computation resources. Furthermore,536
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the simulations presented here only included heat forcing from fire, and no fire spread was537

simulated. The detailed fire behavior, such as combustion and fire flames, are not discussed.538

To include fire behavior with high-fidelity meteorological conditions and geospatial infor-539

mation, one of our future work centers around coupling PALM and WFDS. The coupled540

PALM-WFDS model would serve as a better tool to explore fire-atmospheric interactions.541

5 Conclusions542

In this study, we conducted high-fidelity simulations to investigate fire-atmosphere543

dynamics under a particular fire weather condition in the WUI of Bottle Lake Forest,544

Christchurch, New Zealand. Four simulations were conducted: WUI without fire (WUI Base),545

WUI with fire (WUI Fire), flat terrain without fire (Flat Base), and flat terrain with fire546

(Flat Fire). The fire heat forcing was obtained from field experiments. With the high-547

fidelity turbulence-resolving model PALM, we are able to investigate the three-dimensional548

fire-atmosphere interactions in great detail. To the best of our knowledge, no previous work549

has investigated fire-atmosphere interactions in WUIs with such a high resolution (finest at550

4 m) in 3D. Comparing results between WUI and flat terrain simulations, we found that the551

presence of WUI brings huge modification and complexity to the flow structures. The fire552

heat footprints were illustrated for both WUI Fire and Flat Fire. The heat transfer from the553

prescribed fire reaches further downwind at all heights in WUI Fire than that in Flat Fire.554

The WUI landscape also causes a pulsing behavior of the downwind heat transport, which555

is absent in Flat Fire.556

To investigate the role of the WUI, the general flow characteristics were analyzed using557

violin plots. The WUI was split into three categories based on land use: forest, interface,558

and urban. Our results show that near the surface, the fire has little impact on the upwind559

flow but has a great impact on the downwind flow. Near the canopy height, the forest behind560

the fire experiences an increase in fire impact. On the downwind side, this increase is steeper561

over the interface and urban areas. The impact of the fire on the flows is intensified when562

WUI is present, especially in the increase in TKE. The analysis of the ambient atmosphere563

shows wave-like features induced by the KH waves. The differences between WUI Base and564

Flat Base are miniature, indicating that the WUI plays the main role in modifying fire-565

atmosphere interactions. Therefore, it is important to conduct high-resolution simulations566

with a realistic representation of the WUI environment for fire-atmosphere studies. Our567

results suggest that the presence of WUI could potentially worsen the fire spread and fire568

damage. Given that the WUI fire problem is escalating all over the world, results from this569

study could be helpful for future investigation of fire-atmosphere dynamics and fire manage-570

ment. Where to build the houses? How dense should the houses be? How do we design forest571

gaps? The high-fidelity simulations will be useful to answer these questions. Furthermore,572

high-fidelity simulations are important to understand ember transport. Ember transport is573

turbulent and has been identified as an important factor in fire danger management. These574

high-fidelity simulations can potentially provide more insights for future investigation of the575

fire-atmosphere turbulent flows.576

This study mainly focuses on investigating the importance of the WUI environment577

in fire-atmosphere interactions. Although we documented several aspects of the WUI fire578

simulations, much work remains. Given the complexity of the simulations, the details of579

the dynamics are not explored. Future efforts will focus on explaining the causes of the580

heat pulsing and how WUI aids the transport of heat away from the fire. Future work also581

revolves around developing a coupled model of PALM and WFDS for better fire behavior582

modeling. The development of the coupled model will provide more insights into the role of583

WUI in fire-atmosphere interactions.584
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Figure A1. Land use classification for the violin plots shown in Figures 10 and 11.

Appendix A WUI land use classification585

Open Research586

We used the 22.10 release of the PALM model available from https://gitlab.palm587

-model.org/releases/palm\ model\ system/-/releases/v22.10 (last access: 10 June588

2024). The modified version of PALM used in this study is available from (10.5281/zenodo589

.12798253; last access: 23 July 2024). The simulation output data can be shared upon590

request to the corresponding author.591
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Contents of this file

1. Movies S1-S3: animations for the simulations.

2. Figures S1 to S7: cross-sections of one-minute averages.

3. Figures S8: fire footprint for mid-canopy (14 m above the surface).

4. Figures S9: time series for mid-canopy (14 m above the surface).

5. Figure S10: violin plots for mid-canopy (14 m above the surface).
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Movie S1. Animation of horizontal cross sections at 2 m above the surface for the

WUI Fire and Flat Fire simulation.

Movie S2. Animation of vertical cross sections for the WUI simulations.

Movie S3. Animation of vertical cross sections for the flat terrain simulations.
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Figure S1. Similar to Figure 5, but the cross-sections are for one-minute averages.
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Figure S2. Similar to Figure 6, but the cross-sections are for one-minute averages.
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Figure S3. Similar to Figure 7, but the cross-sections are for one-minute averages.
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Figure S4. Similar to Figure S1, but the cross-sections are for one-minute averages at 14 m

above the surface.



X - 8 LIN ET AL.: FIRE-ATMOSPHERE INTERACTIONS IN THE WUI

Figure S5. Similar to Figure S2, but the cross-sections are for one-minute averages at mid-

canopy (14 m above the surface).
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Figure S6. Similar to Figure S1, but the cross-sections are for one-minute averages at the

canopy top (22 m above the surface).
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Figure S7. Similar to Figure S2, but the cross-sections are for one-minute averages at the

canopy top (22 m above the surface).
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Figure S8. Similar to Figures 8a-b, but for mid-canopy (14 m above the surface).

Figure S9. Similar to Figures 9a-b, but for mid-canopy (14 m above the surface).



X - 12 LIN ET AL.: FIRE-ATMOSPHERE INTERACTIONS IN THE WUI

Figure S10. Similar to Figure 10, but for mid-canopy (14 m above the surface).


