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ABSTRACT

Background. Accurate simulation of wildfires can benefit pre-ignition mitigation and prepared-
ness, and post-ignition emergency response management. Aims. We evaluated the performance
of Weather Research and Forecast-Fire (WRF-Fire), a coupled fire-atmosphere wildland fire
simulation platform, in simulating a large historic fire (2018 Camp Fire). Methods. A baseline
model based on a setup typically used for WRF-Fire operational applications is utilised to simulate
Camp Fire. Simulation results are compared to high-temporal-resolution fire perimeters derived
from NEXRAD observations. The sensitivity of the model to a series of modelling parameters
and assumptions governing the simulated wind field are then investigated. Results of WRF-Fire
for Camp Fire are compared to FARSITE. Key results. Baseline case shows non-negligible
discrepancies between the simulated fire and the observations on rate of spread (ROS) and
spread direction. Sensitivity analysis results show that refining the atmospheric grid of Camp
Fire’s complex terrain improves fire prediction capabilities. Conclusions. Sensitivity studies
show the importance of refined atmosphere modelling for wildland fire simulation using VWWRF-
Fire in complex terrains. Compared to FARSITE, WRF-Fire agrees better with the observations
in terms of fire propagation rate and direction. Implications. The findings suggest the need for
further investigation of other possible sources of wildfire modelling uncertainties and errors.

Keywords: Camp Fire, coupled fire-atmosphere simulation, FARSITE, NEXRAD, sensitivity,
wildfire simulation, wind, WRF-Fire.

Introduction

In recent years, both the size and the intensity of wildfires have grown, partially due to
the effects of climate change (Westerling et al. 2006; Littell et al. 2009; Abatzoglou and
Williams 2016; Westerling 2016). On average, 2.8 million ha of land in the US have been
burned by 72 400 wildfires each year since 2000, which is more than double the average
hectares burned by wildfires between 1980 and 1999 (https://www.nifc.gov/fire-
information/statistics). Aside from the burned lands, wildfires also have economic
burdens such as the cost of suppression, loss of properties, and the cost of health impacts
related to air pollution caused by wildfires. In 2018, for instance, the California wildfires
resulted in an estimated US$148.5billion of economic damage (Wang et al. 2021).
Accurate simulations of wildland fire propagation can inform decision making related
to pre-ignition preparedness and mitigation and post-ignition emergency response man-
agement. Furthermore, accurate wildfire simulations, together with simulations of the
wind field, can provide a forecast of wildfire smoke dispersion (Li et al. 2020; Rooney
et al. 2020). Such a capability can eventually play a critical role in limiting the health
impacts of wildland fires. However, due to the complex multi-physics nature of the
wildfire combustion process, fire interactions with land surface features and atmosphere,
and various modelling uncertainties and errors, accurate simulation of the fire propaga-
tion process remains a challenge.
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Current wildland fire modelling approaches can be cate-
gorised into three groups: (1) semi-empirical models with-
out fire-atmosphere coupling; (2) semi-empirical models
with fire-atmosphere coupling; and (3) physics-based mod-
els. The first category uses semi-empirical models, such as
Rothermel’s rate of spread (ROS) (Rothermel 1972) model,
to propagate the surface fire (e.g. FARSITE (Finney 1998)
and ELMFire (Lautenberger 2013)). These models can run
on relatively coarse grids, require low computational
demands, and are currently widely used for operational
wildland fire simulation in the U.S. Nevertheless, they suffer
from the lack of coupling between the fire and atmosphere
and thus, cannot predict fire-induced winds, which may
alter the rate and direction of fire spread. The second cate-
gory includes the semi-empirical fire spread model with the
fire-atmosphere coupling (e.g. WRF-Fire (Coen et al. 2013)).
In this approach, an atmospheric model based on computa-
tional fluid dynamics is used to simulate the atmospheric state
and the fire-atmosphere coupling, resulting in more realistic
simulations compared to the first category. Moreover, while
these models require higher spatial resolution than the
first category, they have been used for operational pur-
poses as a result of algorithmic scalability and recent
advances in High-Performance Computing (Giannaros
et al. 2020). Finally, the third modelling category includes
physics-based models, which directly solve the combustion
process (e.g. FIRETEC (Linn 1997) and WFDS (Mell et al
2007)). More suited for research applications, these models
resolve the physical processes governing the combustion,
require a high-resolution domain, and are computationally
demanding. WRF-Fire, which stands in the second cate-
gory, is chosen for this study as the wildfire simulation
platform due to the reasonable compromise between com-
putational demand and adequate representation of the fire
propagation process.

WRF-Fire is a wildland surface fire spread forecast model
within Advanced Research WRF (ARW) atmospheric model
(Mandel et al. 2011; Coen et al. 2013). Further details on
WRF-ARW and WRF-Fire are presented in the WRF atmo-
spheric and WRF-Fire wildfire simulation platforms section.
In recent years, a number of studies have been conducted to
validate WRF-Fire, assess its sensitivity to various modelling
parameters, and guide prescribed burns. WRF-SFIRE, which
is a version of WRF-Fire, was used to simulate the FireFlux
prescribed-burn experiment, and the simulation results were
compared to various field measurements (Kochanski et al.
2012). The study concluded that the ability of WRF-SFIRE in
predicting fire arrival time to the measurement towers and
fire-atmosphere coupling is reasonable. However, due to the
measured data limitations, the model performance could not
be evaluated comprehensively. In another study, WRF-
SFIRE fire forecast results (e.g. the fire spread direction
and burned area predictions) were used to decide about
sensor placement in the FireFlux II prescribed burn experi-
ment (Clements et al. 2019).

B

The sensitivity of WRF-Fire configured in Large Eddy
Simulation (LES) to several modelling parameters, including
fuel type and wind speed, is investigated in a study by Coen
et al. (2013). The study, however, was limited to small
idealised flat domains. The effects and importance of LES
in simulating Low Intensity Prescribed Fire (LIPF) experi-
ments, which took place in New Jersey, were investigated in
Lai et al. (2020). This study showed that WRF-Fire could
produce more realistic and accurate results when configured
in the LES mode. Two Santa Ana fires from 2007 were
simulated using WRF-SFIRE (Kochanski et al. 2013), which
showed the ability of WRF-SFIRE to forecast the fire propa-
gation with reasonable accuracy and computational demand,
making it suitable for operational purposes. Moreover, the
study showed that the simulation accuracy highly depends
on the simulated wind field, and WRF atmospheric model
may overestimate weak winds and cannot capture the hourly
variations of wind direction. Another study investigated the
potential of using WRF-Fire in simulating a high-impact fire,
Chimney Tops II Fire (Jiménez et al. 2018a). The study
demonstrated that high-resolution coupled fire-atmosphere
simulation of Chimney Tops II fire could provide forecasts of
potential fire propagation process and pointed to the chal-
lenges presented by long-range spot fire ignitions. Currently,
no study exists in the literature that comprehensively evalu-
ates the sensitivity of WRF-Fire to modelling parameters and
its performance in simulating large-scale historic fires in
high-resolution LES configuration.

The main objective of this study is to examine the per-
formance and the accuracy of the WREF-Fire platform in
simulating large-scale wildland fires, as well as the sensitiv-
ity of the simulation platform to several modelling parame-
ters and assumptions. Here, WRF-Fire is used to simulate
and study the 2018 Camp Fire, the deadliest and most
destructive wildfire in California history. Aside from the
societal impact of this historic fire, the availability of
radar-estimated high-temporal-resolution fire perimeters
(Lareau et al. 2022) provides an outstanding opportunity
to compare WREF-Fire simulation results with real-world fire
behaviour and to overcome the shortcoming of previous
studies in which the comparison of simulation results with
low-spatial and low-temporal resolution fire perimeter
observations cannot portray the complete history of
simulation-observation discrepancies as also mentioned in
Kochanski et al. (2013).

These radar-based perimeters are estimated from local
maxima in radar reflectivity, which is associated with
Pyrometeors loading in updrafts rising from regions of
active combustion. The radar estimates for the Camp Fire
(and other fires) compare well with sporadically available
infrared observations from satellite (e.g. VIIRS) and air-
borne (e.g. NIROPs) sensors but provide higher temporal
and spatial resolution (e.g. 10 min, 250 m) and thus, enable
more specific error identification in the simulated fire
spread. While uncertainty in the radar estimates can arise
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due to displacement of the smoke column from the fire at
the surface, in the case of the Camp Fire, the radar scans are
‘ground skimming,” thus minimising these uncertainties and
making the data suitable for model validation.

Furthermore, the sensitivity of the model to a series of
modelling parameters and assumptions governing the simu-
lated wind field is investigated. The sensitivity analyses
provide insights into the performance and challenges of
wildland fire prediction with coupled fire-atmosphere mod-
els such as WRF-Fire and can guide the simulation of wind-
driven fires in complex terrains.

The structure of the rest of this paper is as follows. In the
first two sections, the 2018 Camp Fire and the WRF-Fire
simulation platform are briefly introduced. Next, the model
parameterisation for Camp Fire sensitivity studies is
explained in the Model setup section. The results of the
sensitivity analysis are presented in the Results. The WRF-
simulated wind field is compared to several Remote
Automatic Weather Stations (RAWS) following the Results
section. Next, WRF-Fire simulations are compared to
FARSITE for Camp Fire. The computational demand of
Camp Fire case studies for both WRF-Fire and FARSITE is
presented in the Computational demand section. Lastly, the
findings are summarised in the Discussion section, followed
by a Summary and Conclusions.

Camp Fire

The Camp Fire started on the morning of 8 November 2018
around 06:20 hours Pacific Standard Time (PST) near the
community of Pulga in Butte County, CA due to failure of
electrical transmission lines. The Camp Fire lasted for about
18 days before being completely contained, with most of the
damage occurring in the first 24 h of fire growth. It burned a
total of 62 053 ha, destroyed 18 804 structures, and resulted
in 85 civilian fatalities and several firefighter injuries. The
low fuel moisture content and dangerous fire conditions,
including strong downslope winds, low humidity, and
warm temperatures (Brewer and Clements 2020; Mass and
Ovens 2021), resulted in an explosive fire rapidly burning to
the east into Pulga and to the west into Concow, Paradise,
Magalia, and the outskirts of east Chico (Maranghides et al.
2021). With the overall estimated loss of US$16.6 billion,
the Camp Fire is the most destructive and deadliest fire so
far in California history and the costliest natural disaster
worldwide in 2018 (Maranghides et al. 2021).

The Camp Fire was first reported by a civilian call to 911
around 06:25 hours (PST). The fire quickly became well
established in steep canyon terrain moving toward
Concow at around 07:00 hours (PST), and the main fire
front reached Pentz road at around 08:30 hours (PST). Camp
Fire generated about 30 spot fires in Paradise before 08:30
hours (PST). Most of the spot fires were within 1km of
wildland, while some spots reached as far as 3.4 km into

Paradise. The spot fires in Paradise were well-established in
the town between 09:00 hours and 10:00 hours (PST), and
the civilians were stuck on Pentz, Bille, and Pearson roads
due to the impacts of the fire. The detailed fire progression
timeline is described in NIST’s Camp Fire report
(Maranghides et al. 2021), and the final fire perimeter,
along with the topography of its area, is shown in Fig. 1.

In this study, the WRF-Fire version 4.2.2 wildland fire
simulation platform is used, and WRF-Fire is slightly mod-
ified to support Scott and Burgan’s 40 fuel model (Scott and
Burgan 2005). The Camp Fire is simulated from 06:00 hours
to 17:00 hours (PST), 8 November 2018, which is the fire’s
main progression time span. The results of WRF-Fire are
compared to the fire boundaries identified from NEXRAD
radar observations as it provides estimates of fire perimeter
in high temporal resolution (i.e. every 15 min).

WRF atmospheric and WRF-Fire wildfire
simulation platforms

The Advanced Research WRF (ARW) dynamical core is a
widely used community mesoscale Numerical Weather
Prediction (NWP) system designed for both atmospheric
research and operational forecasting applications (Skamarock
et al. 2008). The model serves a wide range of meteorological
applications across scales from tens of metres to thousands of
kilometres. Numerical domains in WRF-ARW are usually
divided into several nested domains, with an increasing
mesh resolution from the outer to inner domains. Recent
developments expanded the application of WRF-ARW to multi-
scale simulations, bridging mesoscale, where turbulent fluxes
are parameterised, and microscales, where large turbulent
eddies are resolved (e.g. Muinoz-Esparza et al. 2014, 2017,
Mazzaro et al. 2017; Haupt et al. 2019).

The multiscale simulation approach is used to simulate
Camp Fire. The outer coarse meteorological domain allows
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Fig. 1. Final perimeter of Camp Fire (black line) along with topog-
raphy (coloured contour).
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the WRF model to capture large synoptic flows that feed the
fine inner domains, which are run in LES to capture and
simulate small flows and turbulent eddies. Furthermore,
features such as land use and topography are static data
used in the WRF model to simulate the wind field, which
is one of the key components affecting fire propagation.
WRF-ARW also uses a terrain-following vertical grid to
better represent the airflow over topography. The nested
domains and detailed land surface setup, together with the
other features and capabilities of WRF-ARW, such as radia-
tion and microphysics schemes, provide the ability of loca-
lised weather prediction at significantly finer resolutions
than currently available weather data such as those obtained
from the HRRR (Benjamin et al. 2016) forecast system and
ERAS (Hersbach et al. 2020) reanalysis.

Input data and steps to create and run WRF and WRF-Fire
simulations are shown in Fig. 2. In general, the input data,
which consists of land coverage and topography map, fuel
map (for WRF-Fire only), and forcing data are passed
through the WRF Preprocessing System (WPS), and the
resulting preprocessed data are fed to the WRF platform,
which consists of WRF-ARW and WRF-Fire. The results can
then be post-processed using various methods such as
VAPOR (Visualization & Analysis Systems Technologies
2022) or in-house scripts with the aid of WRF-Python
(Ladwig 2017), which is used in this study. Further infor-
mation on the input data and model creation can be found in
WRF’s User’s Guide (WRF 2020) and WRF-Fire Wikipage
(Shamsaei et al. 2022).

WREF-Fire is a two-way coupled atmosphere-wildland sur-
face fire simulation platform. The fire spread model in WRF-
Fire is based on Rothermel’s semi-empirical Rate of Spread
(ROS) model (Rothermel 1972) within the Advanced
Research WRF (ARW) dynamical core (Mandel et al. 2011;
Coen et al. 2013). The fire behaviour model does not simu-
late the physical processes governing the combustion, but
instead uses the semi-empirical Rothermel ROS model to
advance fire perimeter. As a two-way coupled wildland
fire-atmosphere model, the fire behaviour model receives
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Land coverage
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Fig. 2.

the wind components from the WRF atmospheric model to
propagate the fire and feeds the sensible and latent heat flux
back to the atmospheric model to disturb the atmosphere
state allowing the fire to ‘create its own weather’ (Mandel
et al. 2011; Coen et al. 2013), a feature that is not available
in other commonly used operational wildland fire simula-
tion platforms such as FARSITE (Finney 1998), which is an
uncoupled surface fire propagation platform based on the
Rothermel’s ROS model and Huygen’s wave principle
(Miller 1991). The computational process at each time
step is summarised in the next paragraph.

At each time step, the local wind components at the fire
line along with the surface fuel characteristics and topogra-
phy gradients are used to calculate the local fire ROS using
Rothermel’s model, then the fire is propagated on the sur-
face using a level-set implementation of the local ROS
(Munoz-Esparza et al. 2018). After advancing the fire, the
amount of fuel consumed by the fire is calculated using a
semi-empirical algorithm that characterises the fuel con-
sumption rate for different fuel types (Mandel et al. 2011).
Next, the sensible and latent heat fluxes are calculated using
the consumed fuel and fuel moisture content. The calculated
sensible and latent heat fluxes are then inserted, respec-
tively, as temperature and water vapour tendencies into
the vertical levels of the WRF atmospheric model using an
exponential decay height. These tendencies will impact the
atmospheric flow, modifying both the wind speed and
direction.

Model setup

Sensitivity studies in this paper are focused on three main
modelling assumptions (Table 1): (1) forcing weather
model; (2) spin-up time; and (3) domain resolution. For
the effects of the forcing weather model, the baseline
model is initialised using High-Resolution Rapid Refresh
(HRRR) (Benjamin et al. 2016) forecasting system, and the
fire propagation results are compared to another case study

1
]
1
1
]
' 1
' 1
! . WRF and Post-
' i -
: Metgrid ' WRF-Fire processing
: 1
'
)
)
]
]

Steps to produce WRF-Fire simulations in real data cases.
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Table I. Case studies for Camp Fire sensitivity analysis.
Case Abbreviation Domain Weather Spin-
study setup model up
time

Baseline Base 2-domain HRRR 25 min
Effects of Weathl| 2-domain ERA5 25 min
weather
Effects of Spin3 2-domain ERAS5 3h
spin- Spiné 2-domain ERAS 6h
up time
Effects of 3dom 3-domain ERAS 25 min
domai

omain 3domspin3 3-domain ERAS 3h
resolution

that uses the fifth generation of ECMWF Reanalysis (ERA5)
(Hersbach et al. 2020) product. For the effects of spin-up
time, three case studies with 25 min (baseline), 3 and 6 h of
spin-up are considered. For the effects of domain resolution,
the 111 m atmospheric grid in the baseline case (Fig. 3a) is
further refined using a 3-domain setup (Fig. 3b) in order to
increase the innermost domain resolution to match the 30 m
topographic map. The effects of spin-up time are also inves-
tigated in the 3-domain setup using 25 min and 3 h of spin-
up. Further details on the model setup and modelling
assumptions are provided in the following paragraphs.

The baseline model setup chosen for this study is based
on the assumptions often used in operational wildfire simu-
lations by Colorado Fire Prediction System (CO-FPS)
(Jiménez et al. 2018a, 2018b; Knievel et al. 2020). It has
two one-way nested domains with 1km and 111 m grid
sizes (i.e. the parent to child grid ratio is nine) (Fig. 3a).
While larger than usual values of three or five, the ratio is
set to nine and kept constant throughout this study to avoid
simulation in the so-called ‘Terra Incognita’ (Wyngaard
2004), where neither one-dimensional Planetary Boundary
Layer (PBL) parameterisations nor LES are appropriate
(Mufioz-Esparza et al. 2017). Furthermore, WRF’s nesting
capability is used to resolve turbulent eddies and develop a
well-mixed boundary layer. The parent and the child
domains are 270 by 360 km and 30 by 40 km, respectively
(i.e. 360 and 270 grid cells in X and Y directions, respec-
tively, in both domains). Both domains are centred at
(39.75°N, 121.55°W), hence covering parts of northern
California and Nevada (Fig. 3a). The outermost domain
uses MYNN Level 2.5 (Nakanishi and Niino 2006) PBL
parameterisation to represent turbulent mixing in the
boundary layer while the fine inner domain is configured
in LES mode (i.e. PBL parameterisation is turned off and
3D 1.5-order TKE closure sub-grid scale mixing scheme is
activated) to allow resolving the turbulent eddies (Bauer
et al. 2020).

To achieve a well-mixed boundary layer in LES mode, the
WRF atmospheric model must run for what is referred to as
the spin-up time prior to the fire simulation. The baseline

case simulation is initiated 25 min prior to the fire ignition
at 06:25 hours (PST). Moreover, vertical levels include 46
exponentially spaced levels based on operational applica-
tions of WRF-Fire as increasing the number of vertical levels
increases the computational demand. The lowest vertical
level is located at about 7 m above ground level (AGL).
The fire mesh is located in the innermost domain, which is
four times finer than the child domain to allow for better
resolution of fire perimeter and consequent heat and mois-
ture release. To represent the terrain, a 100 m resolution
topography map is used in the outer domain. In the inner
domain, due to the complex terrain of the area, 30 m reso-
lution topography from the NASA SRTM database is used for
representing the topography more accurately and allowing
the atmospheric model to better simulate the wind field over
the complex terrain. The time-step size in the parent domain
is 2 s and the parent-to-child time step ratio is nine.

Other modelling parameters and assumptions are as fol-
lows. The land coverage is set using 2011 National Land
Coverage Database (NLCD 2011) (Homer et al. 2015), and
the surface is parameterised using Noah land-surface model
(Chen and Dudhia 2001), and the Revised Monin—-Obukhov
surface layer scheme (Jiménez et al. 2012). The Dudhia
shortwave radiation (Dudhia 1989), Rapid Radiative
Transfer Model (RRTMG) longwave radiation (Iacono et al.
2008), Xu-Randall cloud fraction (Xu and Randall 1996),
and WRF Single-Moment 6-class (WSM6) microphysics
(Hong et al. 2004) are activated in all domains. In the
outer domain the vertical turbulent mixing is calculated
by the PBL, and the horizontal diffusion is calculated
using horizontal Smagorinsky first-order closure (Deardorff
1972). However, in the inner domain, full 3D 1.5-order
Turbulent Kinetic Energy (TKE) (Deardorff 1980) closure
is used to calculate the eddy coefficients. The positive-
definite advection scheme for moisture, scalars, and TKE is
used in all the domains. Moreover, sixth-order positive-
definite horizontal hyper diffusion scheme (Knievel et al.
2007), which acts as a numerical noise filter, is also acti-
vated in all the domains.

The 2014 LANDFIRE fuel data that classifies surface fuel
using Scott and Burgan 40-category fuel classifications
(Scott and Burgan 2005) is used in all simulations (Fig. 4).
The 2014 fuel map is the closest fuel data to the simulation
date. Although LANDFIRE also offers 2020 fuel data, it
includes fire disturbances, meaning that the disturbances
caused by the 2018 Camp Fire are included in the 2020
fuel data. Therefore, the 2020 fuel data is deemed to be
unsuitable for this study. All the fuel categories are assumed
to be static fuels, and the fuel moisture content is assumed to
be temporally and spatially constant at 8%, which is the
typical value in fuel classifications literature. Based on the
NIST’s Camp Fire report (Maranghides et al. 2021), the fire
is ignited from a point source located at (39.815°N,
121.434°W), where the faulty transmission line is believed
to ignite the fire.
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Fig. 4. Fuel map for Camp Fire simulations from 2014 LANDFIRE
data. Fuel acronyms are based on Scott and Burgan’s 40 fuel catego-
ries (Scott and Burgan 2005).

The level-set equation governing the fire propagation
process is spatially and temporally discretised using a
fifth-order weighted essentially non-oscillatory (WENO5)
scheme and third-order explicit Runge-Kutta temporal inte-
gration (Mufoz-Esparza et al. 2018), respectively. The level-
set reinitialisation scheme of WRF-Fire is turned on in all the
simulations, and the reinitialisation equation is solved for
one iteration at each time step (Munoz-Esparza et al. 2018).
The height at which the wind components are calculated for
Rothermel’s model, which is called the fire wind height, is
set to 6.5m. To calculate the wind components at the fire
wind height, an extrapolation option is used to avoid creat-
ing artificial feedback loops between the fire and wind. The
artificial feedback loop is caused by modification of wind
speed at half-flame length used in the rate of spread model
as a result of heat release and resulting flow field conver-
gence or divergence from the fire. This can result in an
increase in horizontal wind speed that then results in an
increased ROS and a larger heat release that can result in a
further increase in the rate of spread (i.e. a positive feedback
loop), leading to an unrealistic ROS value. In this study, the
wind at the fire wind height is calculated using the extra-
polation scheme from the wind components at a reference
height (60 m), where the effects of flow field convergence or
divergence and modifications of horizontal wind speed are
less affected by the fire compared to the half-flame length
level.

The WRF atmospheric model is initialised using the ini-
tial wind speed, wind direction, temperature, and water
vapour content of the air provided by the forcing weather
model. The lateral boundary condition of the outermost
domain is also imposed at 60 min intervals using the forcing
model throughout the simulation. The baseline case uses

HRRR forcing data, while all other sensitivity analyses
utilise ERA5 forcing data. HRRR is an hourly updated,
cloud-resolving, convection-allowing operational weather
prediction system that covers Contiguous U.S. HRRR
horizontal resolution is 3 km with 50 vertical levels, and it
is initialised by 3km grids with 3km radar assimilation
every 15min (Benjamin et al. 2016). ERA5 (Hersbach
et al. 2020) is a reanalysis product available in hourly
intervals. Its accuracy is improved by post-processing obser-
vations not available to a forecasting system in real time.
ERAS horizontal grid resolution is 30 km with 137 vertical
levels from the surface to 80 km AGL. ERAS data is available
to the users with about 5 days of delays, whereas HRRR data
is available in real time.

The 3-domain setup (Fig. 3b) is similar to the baseline
2-domain setup, except the inner domain resolution is
refined to match the resolution of the topography map,
and a second nest (i.e. middle domain) is added to smooth
the downscaling from the outer domain to the inner domain.
For the 3-domain, the parent-to-child ratio of the middle
and the inner domains are nine and four, resulting in the
grid size of 111 and 28 m for the middle and the inner
domains, respectively. The middle domain size is 60 km X
40 km (i.e. 540 and 405 grid cells in X and Y directions,
respectively), and the inner domain size is 40 km x 30 km
(i.e. 1080 and 810 grid cells in X and Y directions, respec-
tively). The terrain is presented in the middle domain using
the same 100 m topography map as the outer domain. The
time step of the outermost domain is 2's, and the parent-to-
child time step ratio is nine and four, resulting in a time step
of about 0.22 and 0.05s in the middle and inner domains.

Results

Baseline case

The initial atmospheric state of the outer domain, including
geopotential height, temperature, relative humidity, and
wind field derived from the HRRR forcing model, is pre-
sented in Fig. 5 at 850 and 500 mb (1 mb = 100 Pa) pres-
sure levels. At 850mb level, very strong, near-surface
pressure-driven flow is present in the domain (i.e. the
wind is directed across the geopotential height contours so
that the flow is from high pressure to low pressure). The
flow can be considered highly ageostrophic and has a sub-
stantial downslope component over the fire area (i.e. the
wind is blowing from higher to lower terrain).
Accompanying this flow regime, a strong west-to-east gradi-
ent in relative humidity is apparent, reflecting the adiabatic
warming and drying of the air mass as it descends the
western slopes of the Sierra Nevada. Combined, the strong
near-surface winds and low humidity set the stage for explo-
sive fire growth. At 500 mb level, strong geostrophic north-
westerly flow is apparent. The performance of the HRRR

G
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(I mb = 100 Pa). Contours and arrows represent geopotential height (m) and wind field, respectively.

model during the Camp Fire event is discussed in Mass and
Ovens (2021), which concludes the HRRR’s ability to pro-
vide an accurate simulation of wind field.

The fire propagation in the baseline model is compared to
radar-driven observed Camp Fire boundaries in Fig. 6, set-
ting the stage for the follow-up sensitivity analyses. The
simulated fire propagates slower and more to the south-
southwest than the observed fire. While the simulated fire
boundary better matches the observed boundary near the
end of the simulation, the rate and direction of spread differ
from observations at the beginning of the simulation.

H

Moreover, the simulated fire passes Route 70 (to the
south), likely due to inaccurate fuel map pixels — since
WREF-Fire lacks the ability to simulate spotting, the fire
spread should theoretically stop at the no fuel boundaries.
This can also be seen in Fig. 4 where Route 70 is not
identified as non-burnable fuel category. Furthermore, sev-
eral island-like fire perimeters are evident in this figure,
which is due to the presence of non-burnable fuel pixels
(e.g. small lakes) that cannot be burned.

To further investigate the fire spread, an along-wind
cross-section (red line in Fig. 6) showing the head-fire
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location with respect to the topography and a time-history
of ROS at the fire head are shown in Fig. 7. The head-fire
ROS is calculated using the Euclidean distance of head-fire
locations at two consecutive output intervals divided by the
15 min output interval. These data show that the simulated
fire has a slow ROS at the Feather River and West Feather
River canyons located at (39.81°N 121.44°W) and (39.75°N
121.56°W), respectively (also shown in Fig. 6). In fact, the
simulated ROS decreases to below 0.1ms~ ' in the first
canyon around 08:00 hours (PST), causing the fire

progression to stall until 10:30 hours (PST). The fire then
creeps uphill (i.e. ROS of ~0.2ms™ ') until it passes the
summit and accelerates with maximum ROS of ~3ms™!
until it reaches the West Feather River canyon at ~15:30
hours (PST), where it again stalls in the valley bottom until
the end of the simulation (17:00 hours; PST). This contrasts
with the observed fire, which never slowed and propagated
through Paradise.

The reason for the slow spread at the two canyons is
likely due to the simulated wind conditions at the fire
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head. To investigate this, we examine the near-surface wind
fields when the fire stalls in the canyons (Fig. 8). Notably,
the wind vectors in the two canyons are either parallel to or
against the fire line, causing the fire to propagate either

J

parallel to the canyon axis or stall instead of ascending the
unburned side of the canyon. This issue indicates that
the WRF-ARW atmospheric model either fails to simulate
the wind field accurately at the two canyons or a different
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process drives the fire across or out of the canyons
(e.g. spotting).

Since the vector wind modulates fire spread rate and
direction, we infer that wind errors can be one of the likely
sources of spread errors. Possible errors in the simulated
wind field can be due to: (1) improper representation of the
terrain considering the complex terrain of the canyons area;
(2) lack of spin-up time, which prevents the atmospheric
model from resolving the terrain; (3) improper initial and
lateral conditions; and (4) errors from computing wind field
in steep terrain due to the WRF-ARW'’s terrain-following
coordinate. To further investigate the effects of the wind
field on fire propagation, a series of modelling parameters
and assumptions controlling the simulated wind field are
chosen for the sensitivity analysis. In the next sub-sections,
the effects of: (1) forcing model; (2) spin-up time; and
(3) atmospheric grid resolution are investigated.

Effects of forcing model

The forcing model can affect the simulated wind field since
it provides the initial atmospheric state and lateral boundary
conditions for WRF. To study these effects, the baseline case,
initialised from HRRR, is repeated here using ERA5
reanalysis, dubbed ‘Weath1’ henceforth (see Table 1).

Fig. 9 presents the difference between the initial atmo-
spheric state of the outer domain in Weath1, derived from
the ERA5 forcing model, and the baseline, derived from
the HRRR forcing model. At 850 mb level, the figure
shows that the temperature of both cases is almost similar
with the difference that the Weath1 case is slightly warmer
(i.e. <2K on average) and slightly cooler (i.e. <3K on
average) on the north-east and west side of the domain,
respectively. In contrast, the relative humidity on the east
side of the domain differs in the two cases, and the Weath1
case shows, on average, about 20% less humid structure.
In terms of the wind field, the wind speed and direction of
the two cases are different, and in some parts of the domain,
the wind speed is about 5m s~ ' larger in the ERA5 forcing
model as compared to the HRRR forcing model. At 500 mb
level, however, the atmospheric state and the flow of both
cases are almost identical. The temperature variation is
below 1K, and the maximum wind speed difference is
about 1-2ms~ ', The relative humidity is almost the same
as the baseline case, except the Weathl case is about 20%
less humid than the baseline case on a small part of the west
side of the domain. The different atmospheric states at lower
vertical levels (e.g. 850 mb level) can affect the simulated
atmospheric state and thus, the fire spread process.

Fig. 10 shows the time history of head fire ROS and its
respective location for the Weathl case study. Though the
fire still slows down in the Feather River canyon and stops at
West Feather River canyon, the fire stalls in the first canyon
for a shorter period (08:00-09:45 hours; PST) compared to
the baseline case (08:00-10:45 hours; PST). The fire in the

Weathl case also passes the hill after the Feather River
canyon faster than the baseline case and reaches the summit
around 11:00 hours (PST). Similar to the baseline case, the
fire in the Weath1 model propagates rapidly downhill after
passing the summit with a maximum ROS of about
2.5ms~'. The Weathl case reaches the West Feather
River canyon at around 14:30 hours (PST) compared to the
baseline case arrival time of 16:00 hours (PST), and finally,
the fire stops at the second canyon as it did in the base-
line case.

Fig. 11 shows the comparison of the snapshots of the
simulated fire perimeter of the Weathl model with radar-
driven observed fire perimeter. It should be noted that the
fire perimeter of all the cases is almost identical from 07:30
hours to 09:30 hours (PST) resulting in overlapping fire
perimeters. When comparing the overall fire perimeter in
baseline and Weathl cases in Fig. 11, there is a non-
negligible difference between the two forcing models. For
both models, fire propagates slower than the radar-observed
boundaries at the beginning of the simulation until 09:30
hours (PST). The primary direction of the fire propagation is
similar in the two cases, although the Weathl case also
generates north and north-westerly flanks in contrast to
the baseline case. This lateral uphill movement better
matches the observed fire progression, though the overall
fire direction and ROS still differ substantially from the
radar-observed fire perimeter. Despite these differences,
Weathl compares more favourably to the observations and
therefore, the rest of the sensitivity studies use ERA5 forcing
and initialisation. In the next step, the effects of spin-up
time, which can help the WRF atmospheric model to better
resolve large turbulent eddies and terrain, are investigated.

Effects of spin-up time

The spin-up time allows the innermost LES domain to
develop and resolve large turbulent eddies and develop a
well-mixed boundary layer. Due to the coarse horizontal
resolution of the forcing model (i.e. 30 km in ERA5), the
small-scale flow features and turbulent eddies are not
resolved in the weather data that feeds the atmospheric
model. Accurate prediction of the wildland fire spread in a
complex terrain requires resolving terrain-induced circula-
tions and turbulence. However, in multiscale simulations,
the turbulence does not develop instantaneously on the
inner LES domain since the flow is smooth on the mesoscale
domain, resolved with 1 km grid cells. Therefore, to investi-
gate the effects of different spin-up times, three case studies
are considered herein: (1) 25 min (baseline case); (2) 3h
(Spin3 model); and (3) 6 h (Spin6 model) of spin-up time.
The fire-height vector winds (at 6.5 m) prior to ignition
are shown for the three cases in Fig. 12. The dominant
north-easterly wind direction is similar across cases, but
the Spin3 and Spin6 cases yield 2-3 times stronger north-
easterly flow to the south-west of Paradise as compared to

K
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weaker northerly winds in the Weath1 case. In contrast, the
wind speed on the east side of the Route 70 is similar in all
cases. Furthermore, large terrain-induced eddies are appar-
ent in Spin3 (Fig. 12b) and Spin6 (Fig. 12¢) in the south-
west and north-west parts of the domain.

The impacts of these spin-up induced wind differences on
fire spread are summarised in Fig. 13. Notably, none of the
spin-up tests yield a fire perimeter similar to the radar obser-
vations. Moreover, while the fire perimeter in all the cases is
almost the same near the end of the simulation, the ROS

L

decreases as the spin-up time increases at the beginning of
the simulations. Moreover, the simulated fire still slows down
at the Feather River canyon and stops at the West Feather
River canyon. The reason is likely due to the relatively large
grid resolution (i.e. 111 m) of the innermost atmospheric
domain, which may result in poor representation of the
terrain, especially on the east side of the domain, where the
terrain is complex. Therefore, the innermost domain resolu-
tion is refined using the 3-domain setup to investigate the
sensitivity of the model to atmospheric grid resolution.
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Summary of 2-domain cases

Before moving to the 3-domain sensitivity simulations, and
to better compare the simulated and observed fire behaviour
in 2-domain cases, a similarity index (SI) is defined to
measure how well the simulated and observed burned
areas match at each time. SI varies from [0, 1], where 1
stands for a perfect match between the burned areas and 0
stands for no intersection between the burned areas.
area(A n B)

I= area(A U B) m)

where, A is the simulated burned area, and B is the observed
burned area derived from radar observations. Moreover, the

Burned Area Rate (BAR) is defined as follows to characterise
the rate at which the fire is burning.

_ Fire area;, — Fire area,
At

BAR (2

in which fire areas are the total burned area at two consec-
utive time steps, and At is the time step size, which is 15 min
in this study, same as WRF-Fire output interval.

The SI for all the 2-domain case studies is shown in
Fig. 14a as a function of time. As seen in Fig. 14a, the
maximum SI achieved is about 24% and belongs to the
Weathl case, while the baseline case has the lowest SI.
Moreover, BAR for all the 2-domain simulations and radar-
driven observations are shown in Fig. 14b as a function of

time. The BAR in all simulations is lower than observations
at the beginning of the simulation. The simulated BAR better
matches the observations in the middle of the simulations,
from 12:45 hours to 15:45 hours (PST). The simulated BAR
decreases near the end of the simulations, whereas the
radar-driven fire boundaries propagate at faster rates than
the simulation from 16:00 hours to 16:45 hours (PST).

The SI and BAR criteria can conclude that while the
simulated fire propagation process matches the observations
to some extent, there are significant differences between
real-world fire and WRF-Fire simulations of Camp Fire
when the 2-domain setup with 111 m resolution in the
innermost atmospheric domain is used.

Effects of atmospheric grid resolution

Representation of topography, especially in complex terrain,
affects the simulated wind field by creating turbulence,
mountain waves, and terrain-induced eddies, and thus,
affects fire spread. In the previous cases, the 111 m resolu-
tion of the innermost atmospheric domain is roughly three
times the available 30 m SRTM topography, meaning the
topography is smoothed in the atmospheric model. This
smoothing may degrade the model representation of the
winds and turbulence. To test the impact of the grid (and
thus terrain) resolution, the innermost domain resolution is
refined to ~28 m. To achieve a smooth transition from 1 km
outer domain to 28 m inner domain, a 3-domain case (3dom

M
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in Table 1) is used with the middle domain at 111 m and the
inner domain at 28 m (see Fig. 3a for domain setups).

Fig. 15 compares the snapshots of radar-driven observed
fire perimeter with the simulated fire perimeter obtained
from the baseline 3-domain case (3dom), 3-domain with 3h
of spin-up time (3domspin3), which will be discussed in the
next section, and 2-domain case with ERA5 forcing model
(Weath1), which was the best-performing 2-domain. When
compared to the observations, the fire perimeter obtained
from the 3dom case has a better overall agreement with the

N

observations compared to the Weathl case. Fig. 16 shows
the time history of fire ROS for the 3dom case, showing a
short ‘stalling’ at Feather River canyon (08:00-09:30
hours; PST) as compared to Weathl. The fire then propa-
gates uphill with larger ROS than the Weath1 case reaching
the maximum value of 1.9 ms ™', After passing the summit,
the fire quickly propagates downhill with average and maxi-
mum ROS of 2 and 3.2m s, respectively. The fire arrives at
the West Feather River canyon at around 14:15 hours (PST),
and it passes the canyon around 15:15 hours (PST).
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Fig. 12. Comparison of the simulated wind field at fire wind height in (a) Weathl, (b) Spin3, and (c) Spiné case studies.

Finally, the fire reaches the Pentz road at around 16:45
hours (PST) and stops at the road. Though the fire in the
3dom and Weath1 reaches the same location at 11:30 hours
(PST), the fire in the 3-dom case propagates with larger
overall ROS and slows at both canyons for less time com-
pared to the Weathl case, resulting in better matching
simulated and observed fire boundaries.

Furthermore, Fig. 17 shows the wind field at the two
canyons in the 3dom case when the fire slows down in the
canyons, which is the same as Fig. 8 plotted for the baseline
case. The figure shows significant differences in both the
wind speed and direction in the two canyons compared
to Fig. 8. In the 3dom case, the wind direction is upslope
(i.e. out of the canyon), contrasting with the downslope or
along canyon wind seen in the baseline case. The wind
speed is also higher in the 3dom case, which enables the
fire to propagate uphill and pass both canyons. In general,
it can be concluded that the model is highly sensitive to the
topography, and refining the terrain representation results
in an improved agreement between simulated and observed

fire perimeters. To study the effects of a well-mixed bound-
ary layer in the refined terrain, the effects of spin-up on the
3dom case are investigated in the next step.

Effects of spin-up time in 3-domain model

To allow WRF atmospheric model to resolve turbulent
eddies and investigate the effects of a well-mixed boundary
layer over refined topography on the fire propagation pro-
cess, the 3-domain case, the 3dom model, is run with 3 h of
spin-up time, which will be referred to as ‘3domspin3’ this
point forward (Table 1).

The wind fields at fire wind height (i.e. 6.5m) prior to
ignition for the 3-domain cases with 25 min and 3 h of spin-
up time, 3dom and 3domspin3, are shown in Fig. 18. When
compared to Fig. 12, Fig. 18 presents different wind fields in
Spin3 and 3domspin3 cases prior to ignition. On the east of
the Pentz road, the 3domspin3 case presents a larger wind
speed than the Spin3 case, and wind direction is also differ-
ent compared to the Spin3 case. Furthermore, the wind

o
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speed in the 3domspin3 case is larger compared to the 3dom
case in the inner domain, especially over and to the west of
Paradise.

Comparing the simulated fire perimeter snapshots with
the radar-driven perimeter presented in Fig. 15 indicates
that the increased wind speed due to higher spin-up time
resulted in increased fire ROS in the 3domspin3 case in
contrast to the 3dom case, and it better matches the obser-
vations. Still, the overall fire propagation direction differs
from the observation, and it is more southerly instead of

P

westerly. This is likely due to the incorrect overall wind
direction and probably related to the meteorological forcing
model. Further investigation of the results shows that the
fire fingers pass the Pentz road (Fig. 15), which indicates
possible inaccuracies in the fuel map compared to the real
world.

Inspecting the fire ROS time history and its location
shown in Fig. 19 indicates that the fire reaches the Feather
River canyon at around 07:45 hours (PST), and although it
slows down at the canyon, it starts moving uphill at the next
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output interval, which is 08:00 hours (PST). The fire propa-
gates with a relatively high ROS compared to all the previ-
ous simulations until it passes the summit between 09:15
hours and 09:30 hours (PST), and it propagates with a max-
imum ROS of about 3.5ms™ ' until it reaches the West
Feather River canyon at around 11:45 hours (PST), where
it slows down until 14:30 hours (PST). After passing the
second canyon, the fire continues propagating with a large
ROS, reaching 4.5ms ™! toward the end of the simulation.
In summary, the 3domspin3 case clearly indicates the effects
and the importance of properly representing the topography
and allowing the atmospheric model to resolve the terrain in
the Camp Fire simulation.

Summary of 3-domain cases

The SI and BAR defined in equations (1) and (2) are calcu-
lated for the 3-domain cases and shown in Fig. 20a, b,
respectively. Fig. 20a shows that while the simulated fire
in 3dom and 3domspin3 cases propagates at slower ROS
than observation and SI is small at the beginning of the
simulation; these cases have higher SI with the maximum
value of 36% compared to the best 2-domain case, which is
Weathl. Moreover, the SI of 3dom and 3domspin3 cases
remain higher than Weathl throughout the simulation.
When comparing SI in 3dom and 3domspin3 cases, the
3domspin3 case, in general, have higher SI compared to
the 3dom case. However, SI decreases in the 3domspin3

1 P :
Q 0,:A9,.290,.80,.00, A, .
BRI N2 R 2 R R

VRN 2R R R e R 26 R ReNe 2662

Time

(a) Similarity index (SI) between simulations and observations, and (b) fire burned area rate (BAR) in the 2-domain case

case between 12:15 hours and 14:45 hours (PST), which
shows that even though the ROS is in better agreement
with the observations for this case, the southward lateral
propagation of fire is causing the overall fire perimeter to be
less similar to the observations.

Fig. 20b, which shows BAR for 3dom and 3domspin3
cases, indicates that BAR is lower than the radar-driven
observed fire at the first few hours of the simulations,
same as the 2-domain cases. However, it is in good agree-
ment with the observations from 09:00 hours-10:15
hours (PST) to 15:30 hours-16:00 hours (PST) in 3dom
and 3domspin3 cases, respectively. Setting aside the fire
perimeter that propagates more to the south-west compared
to observations, the 3domspin3 case better represents the
real-world fire beginning at 09:00 hours (PST) toward the
end of the simulation in terms of BAR. Moreover, the 3dom-
spin3 can predict the time of fire arrival into Paradise
correctly, indicating a success metric for this model even
though fire spotting is not accounted for.

Comparison of WRF-simulated wind field
with RAWS

Validation of the simulated wind field is one of the key
aspects of wildland fire simulation as wind is among the
main drivers of the fire propagation process. However, this

Q
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requires comprehensive real-world observations such as sev-
eral RAWS data. In the Camp Fire simulation, only one
RAWS, Jarbo Gap, is located in the inner LES domain,
which cannot lead into comprehensive validation of the
fine-scale simulated wind field. Furthermore, several RAWS
are located in the outer domain with which comparing the
simulated wind field can validate the performance of the
outer domain that feeds the inner domain. In this section,
comparison of the simulated wind field of the outer and inner
domains with the RAWS are presented. The names of the

R

RAWS along with their abbreviation and their respective
location to the simulation domains are presented in Table 2.

Fig. 21 compares the simulated wind speed and direction
with observed wind speed, gust speed, and wind direction
captured by the RAWS located in the outer domain of the
Camp Fire simulation (as indicated in Table 2). The figure
shows that the simulated wind speed and direction have rea-
sonable match with all the RAWS observation with the simu-
lated wind speed generally overestimated compared to the
observed wind speed. This is in agreement with Brewer and
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Clements (2020) that presented overestimation of wind speed

by WRF using mesoscale domain during Camp Fire event.
Furthermore, the simulated wind speed and direction of

the inner domain is compared with JBGC1 RAWS, the only

RAWS located in the inner domain, in Fig. 22. The simulated
wind speed in the 2-domain cases is in reasonable agree-
ment with the observed wind speed, whereas in the
3-domain cases, wind speed is between the observed wind
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and gust speed (Fig. 22a). The discrepancy in the 3-domain
cases with the observations increases between 14:00 hours
and 15:30 hours (PST), where the simulated wind speed is
~2-4ms~ ! larger than the observed gust speed. In terms of
the wind direction (Fig. 22b), all the cases present ~10-30
degrees discrepancy resulting in more north-easterly simu-
lated wind compared to the observations. This can be
the likely source of the incorrect spread direction in all
the cases of this study. However, the comparison with
only a single RAWS is not conclusive and highlights the

T

need for high-resolution RAWS data to improve the future
of wildland fire simulation capabilities.

Comparison of WRF-Fire and FARSITE for
Camp Fire simulation

Comparing WRF-Fire results as a coupled fire-atmosphere wild-
fire propagation model with currently used uncoupled models
such as FARSITE (Finney 1998) can provide insights into the
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Table 2. Remote Automatic Weather Stations (RAWS) used to
validate the simulated wind field in Camp Fire simulation and their
respective location to the simulation domains.

RAWS Abbreviation Outer | km Inner 111
domain m/28 m domain
Chester CESCI Yes No
Cashman CHACI Yes No
Colby Mountain CBXCI Yes No
Swain Mountain SWNCI Yes No
Jarbo Gap JBGCI Yes Yes
Humbug Summit HMRCI Yes No

effects and importance of fire-atmosphere coupling in wildfire
simulation. Heat flux generated from fire results in updrafts and
creates fire-induced circulations affecting the fire propagation.
Furthermore, the atmosphere states, such as wind speed and
direction, relative humidity, and temperature, are constantly
changing both temporally and spatially. Therefore, the exis-
tence of an atmospheric simulation model, such as WRF within
WREF-Fire, can provide temporally and spatially high-resolution
weather data for wildfire simulation. In this section, WRF-Fire
results for Camp Fire are compared to FARSITE, which is an
uncoupled wildland fire simulation model.

FARSITE is based on Reothermel’s ROS equation, the same
as WRF-Fire, and it propagates the fire on the surface using
Huygen’s wave principle (Finney 1998). FARSITE is a widely

A\E:,(.'Q,Q 89,00 A2,.20 . 89 .0, AD .20 'D‘\Q'D?\GA?\G-%B 59, .0, A’

D, 20, 50,00, A0 20 . 5D, 00, A, 20 . 4D .()?\Nf\bb(.rg,ﬂ \a} '09\67\?\63?\64&?\699\@\?62’9\6P‘6

AVTRAT AT AT IAL RS TR AT AT AN RS

Time

(a) Similarity index (SI) between simulations and observations, and (b) fire burned area rate (BAR) in the 3-domain case

used operational wildfire simulation platform in the U.S., and it
is deemed the most accurate operational wildfire simulation
model in literature (Sullivan 2009; Papadopoulos and Pavlidou
2011). FARSITE uses a detailed description of land features
(including topography, vegetation type, crown height, etc.)
and it uses user-defined constant atmospheric conditions.

FARSITE model setup for Camp Fire

The models used to simulate Camp Fire in FARSITE are similar
to the 3-domain WRF-Fire model setup outlined in the Model
setup. The land features are indicated using landscape files
provided by the 2014 LANDFIRE database, and fuels are
based on Scott and Burgan’s 40 fuel categories. Input weather
data - including wind speed and direction, relative humidity,
and temperature — are provided at 60-min intervals based on
the ERAS weather prediction model. The horizontal grid reso-
lution is set to 30 m. To simulate the spatial variation of the
wind field, Windninja (Forthofer et al. 2014) is activated with a
30m grid resolution. Two FARSITE models with and without
crown fire and fire spotting are considered to investigate the
effects of these features in FARSITE simulation results, and they
will be referred to as ‘FARCRSP’ and ‘FARBase’ in the following
sub-sections, respectively.

FARSITE results

The fire perimeter snapshots of FARSITE FARBase and
FARCRSP, WRF-Fire 3domspin3 model, and real-world fire

U
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are shown in Fig. 23. This figure shows that both FARSITE
models are propagating at significantly lower ROS com-
pared to the WRF-Fire 3domspin3 simulation results and
the observations. In terms of spread direction, the
FARSITE models better match the observations, but they
lack northerly lateral propagation. In contrast, the WRF-
Fire 3domspin3 simulated boundary has a northerly lateral
propagation, which helps the fire perimeter to better match
the observations. A comparison of the FARBase and
FARCRSP shows that crown fire and fire spotting features

increase the fire ROS and result in a better match with real-
world fire boundaries. This can demonstrate the importance
of crown fire and fire spotting to simulate wildland fire and
can pinpoint the need to implement these features in
WREF-Fire.

Fig. 24 presents SI and BAR for FARSITE FARBase and
FARCRSP models together with the WRF-Fire 3dom model.
Investigating SI in the figure shows that all the three models
have almost identical low similarity with the observations
until 10:00 hours (PST). After 10:00 hours (PST) until the

wW
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Fig. 24.
FARSITE case studies of Camp Fire.

end of the simulation, the WRF-Fire 3dom case has the
highest similarity (maximum of ~27%) with the observa-
tions among all the three cases, followed by FARCRSP (max-
imum of ~10%) and FARBase (maximum of ~3%).
Moreover, BAR in the figure shows a similar pattern as SI
for the three cases. WRF-Fire 3dom case has the highest
BAR, while FARCRSP and FARBase have the middle and
lowest BAR in all the cases. Compared to the observations,
WRF-Fire 3dom has a relatively better agreement with the
observations than the two FARSITE models.

Considering both WRF-Fire and FARSITE models use the
same fire ROS theory (i.e. Rothermel model) and fuel data,
the non-negligible differences between the two simulation
models highlight the effects and the importance of: (1) fire-
atmosphere coupling to allow the fire to ‘create its own
weather’; and (2) temporally and spatially high-resolution
atmospheric data to account for the weather changes, two
important factors that can increase the simulation agree-
ment with real-world fire behaviour.

Computational demand

All the WRF-Fire simulations of Camp Fire were run on
National Center for Atmospheric Research (NCAR)’s
Cheyenne supercomputer that includes 36 X Intel Xeon
E5-2697V4 CPU cores per node. The computational demand
of 2-domain and 3-domain configurations of Camp Fire are

X

Time

(a) Similarity index (SI) between simulations and observations, and (b) fire burned area rate (BAR) in WRF-Fire 3dom and

Table 3. Computational demand of WRF-Fire in Camp Fire
simulation using Cheyenne HPC.
Model setup No. No. Wall-clock CPU time
nodes CPUs time ratio ratio
2-domain 16 576 | 576
3-domain 16 576 77 4435

presented in Table 3. It should be noted that the purpose of
this study is not operational simulation and hence, the scal-
ability of the models is not thoroughly investigated. The
wall-clock and CPU time ratios in Table 3 is equal to the
required wall-clock and CPU time, respectively, divided by
the simulation time (e.g. wall-clock time ratio of eight
means 1h of simulation requires 8 h of wall-clock time).
Since only the horizontal grid resolution affects the compu-
tational demand of WRF-Fire from the parameters investi-
gated in the sensitivity analysis, the computational demand
of WRF-Fire is presented for 2- and 3-domains cases in the
table.

The FARSITE simulations of Camp Fire were run on a
desktop computer with Intel Xeon Gold 6130 CPU, though
FARSITE only uses one core for the simulations. Table 4
presents the computational demand of FARSITE Camp Fire
models. The table shows that adding crown fire and spotting
simulation to the FARSITE model in the FARCRSP case
increases the computational demand by a factor of five
compared to the FARBase case.
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Table 4. Computational demand of FARSITE in Camp Fire
simulation using a desktop computer.

Model setup No. Wall-clock CPU time
CPUs time ratio ratio
FARBase | 0.023 0.023
FARCRSP | 0.13 0.13
Discussion

The discrepancies between the simulated and the observed
fire boundaries in all the cases can be due to modelling
uncertainties and errors, which can stem from: (1) inaccurate
atmospheric forcing model; (2) inaccurate ignition location;
(3) lack of spotting in the model; (4) inaccurate high-
resolution, microscale wind field; and (5) inaccurate fuel
map and/or model. As mentioned in the Camp Fire section,
the ignition location is uncertain as the fire was first reported
by a 911 emergency call. Lack of the ability to simulate fire
spotting in WREF-Fire will likely result in slower ROS as
spotting was one of the key drivers of the Camp Fire spread
(Maranghides et al. 2021). The wind speed and direction, key
parameters controlling the fire propagation, can affect both
the fire ROS and spread direction. Consequently, simulating
the wind field more accurately can result in more accurate
fire propagation. Fuel is another key factor driving wildfire,
and an inaccurate fuel map and/or fuel model can result in
different fire propagation processes and time histories.

This study had a number of limitations. Lack of diverse
observational datasets during the event limited our ability to
evaluate different aspects of the simulation results. For
instance, real-world observations of weather, such as wind
speed and direction near the fire perimeter, could have been
useful to comprehensively assess WRF-Fire performance in
simulating the underlying atmospheric conditions. Moreover,
although the focus of this study was on atmospheric model-
ling effects, other possible sources of modelling uncertainties
and errors must be investigated in a systematic way to
achieve a thorough understanding of WRF-Fire performance
and best modelling practices. Future efforts are underway to
repeat similar studies for other major wildland fires to gain
more insight into WRF-Fire best modelling practices.

Summary and conclusions

This study assessed the performance of WRF-Fire, a fully
coupled fire-atmosphere wildland fire simulation platform,
in simulating the 2018 Camp Fire by comparing the simu-
lated and radar-driven fire perimeters. A sensitivity analysis
was performed on a number of modelling parameters and
assumptions to examine WRF-Fire performance and limita-
tions. We started simulating Camp Fire using a baseline
setup typically used for operational wildfire simulation by
Colorado Fire Prediction System (CO-FPS) (Jiménez et al.

2018a). A comparison of the results showed non-negligible
differences between the simulations and observations in
terms of fire ROS and direction. The simulated fire propa-
gated at much slower ROS and in the wrong direction
compared to the observations. Furthermore, the simulated
fire slowed down at Feather River and West Feather River
canyons in contrast to the radar-driven fire perimeters. The
similarity between the simulated and observed fire perime-
ters was measured using a SI, which is defined as the ratio of
the intersection of the simulated and observed fire areas
divided by their union. The SI index in the baseline case
did not exceed 20%, which showed a low similarity between
the simulated fire and the observations.

The sensitivity analysis was focused on a number of
modelling parameters and assumptions governing the simu-
lated wind field. The sensitivity analysis included the effects
of: (1) atmospheric forcing model; (2) spin-up time; (3)
refining atmospheric grid; and (4) spin-up time in the refined
domain. To study the effects of the atmospheric forcing
model on the baseline case, we compared the simulation
results of two models whose initial and lateral boundary
conditions were derived using the HRRR and ERA5 forcing
models. The simulated fire of the model that used ERA5
propagated with higher ROS and slowed down at the first
canyon for a shorter period compared to the baseline case
resulting in better agreement with the observations. Hence,
we used the ERAS forcing model in the other case studies.

For the effects of spin-up time, the spin-up time was
increased from 25 min to 3 and 6 h. The results showed that
the simulated fire ROS decreased as the spin-up increased. In
the next step, we refined the atmospheric grid resolution by a
factor of three to investigate the effects of horizontal atmo-
spheric grid resolution. The results of this case were in better
agreement with the observations compared to all the previous
cases in terms of fire ROS, with SI increasing to about 27%.
Next, the spin-up time of the model with a refined atmospheric
domain was increased from 25 min to 3 h. The increased spin-
up time resulted in the simulated fire propagating with ROS
almost equal to the observations, and SI reached 35% near the
end of the simulation. This clearly showed the importance of
properly representing the topography and allowing the model
to resolve terrain-induced circulations and turbulence, such as
mountain waves, in complex terrains.

The simulated wind field in this study was compared with
several RAWS data in the outer domain as well as Jarbo Gap
(JBGC1) RAWS data in the inner LES domain. While show-
ing overestimations in the simulated wind speed, the com-
parison showed that the simulated wind speed and direction
in the outer domain were in reasonable agreement with the
RAWS data. The inner domain, however, performed better
than the outer domain when compared to the JBGC1 station
in terms of the wind speed, whereas discrepancies with the
data were observed for the wind direction.

Comparison of WRF-Fire with FARSITE, which is a
widely-used operational uncoupled wildfire simulation
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model, showed non-negligible differences. The simulated
fire from the FARSITE model with crown fire and spotting
activated, the features that were not used in WRF-Fire sim-
ulations, were in less agreement with the observations com-
pared to WRF-Fire simulations. This showed the importance
of considering fire-atmosphere coupling in complex-terrain
fires such as the Camp Fire.
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