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Abstract 

Background  Crown scorch—the heating of live leaves, needles, and buds in the vegetative canopy to lethal temper-
atures without widespread combustion—is one of the most common fire effects shaping post-fire canopies. Despite 
the ability of computational fluid dynamic models to finely resolve fire activity and buoyant plume dynamics includ-
ing heterogenous 3D distributions of forest canopy heating, these models have had only limited use in simulating 
fire effects and have not been used to evaluate crown scorch. Here, we demonstrate a method of evaluating crown 
scorch using a computational fluid dynamics model, FIRETEC, and validate this approach by simulating the experi-
ments that were used to develop Van Wagner’s 1973 crown scorch model.

Results  The average scorch height prediction from FIRETEC compares well with the empirical model derived by Van 
Wagner, which is the most widely used empirical model for crown scorch. We further find that the 3D buoyant plume 
dynamics from a steady and homogeneous idealized heat source on the ground results in a spatially heterogenous 
crown scorch pattern reflecting complex heating dynamics that are best represented by percent scorch rather 
than height of scorch.

Conclusions  The ability of the computational fluid dynamics model to capture variation in crown scorch due to 3D 
buoyant plume dynamics provides direct links between forest structure, fire behavior, and fire effects that can be used 
by forest managers and researchers to better understand how fires result in crown damage under various environ-
mental and management scenarios.
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Resumen 

Antecedentes  La escaldadura de copas, que es el calentamiento de hojas, agujas y yemas vivas en el dosel vegeta-
tivo hasta temperaturas letales sin combustión generalizada, es uno de los efectos de incendio más comunes que 
moldean los doseles después del fuego. A pesar de la capacidad de los modelos de dinámica de fluidos computa-
cional para resolver finamente la actividad del fuego y la dinámica de las plumas de flotación, incluyendo distribu-
ciones heterogéneas en 3D del calentamiento del dosel forestal, estos modelos han tenido un uso limitado en la 
simulación de los efectos del fuego y no se han utilizado para evaluar la escaldadura de copas. Aquí, demostramos un 
método para evaluar la escaldadura de copas utilizando un modelo de dinámica de fluidos computacional, FIRETEC, 
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Background
Crown scorch is one of the most visible and widely used 
fire effects measured to predict tree mortality and eco-
system response to wildland fire (Varner et  al. 2021). 
Forests affected by crown scorch experience changes in 
biological productivity and evapotranspiration (Nolan 
et al. 2014; Valor et al. 2018), thereby altering landscape 
carbon and water balances. Crown scorch also contrib-
utes to forest response to fire, as it is a major source of 
post-fire litter to forest soils and determines new canopy 
structures and sunlight environments. Understanding 
forest resiliencies and susceptibilities to crown scorch 
is therefore necessary to predict short- and long-term 
ecological effects from wildland fire (Hood et  al. 2018; 
O’Brien et al. 2018).

The most used crown scorch model in the western US 
relies on an empirical relationship linking Byram’s fireline 
intensity (I [kW/m]) to crown scorch height (Hts [m]). 
This model, referred to as Van Wagner’s crown scorch 
model, was developed from experimental data in jack 
pine (Pinus banksiana) and red pine (Pinus resinosa) 
plantations with an approximate midflame wind speed 
of 1  m/s (Van Wagner 1973). Byram’s (1959) fireline 
intensity (I) is related to the observed fire rate of spread 
(RoS [m/s]), mass of fuel consumed (MC [kg/m2]), and 
an energy release per mass of fuel (HC [kW/kg]) by the 
expression:

or to the RoS, residence time (τ [s]), and the rate of com-
bustion (Cr [kW/m2]) by

Following previous work from Taylor (1961) and 
Thomas (1963), Van Wagner assumed a power law rela-
tionship where the mean Hts increases as a function of 
the I raised to the two thirds. Using the empirical data, 
Van Wagner estimated an additional coefficient in the 

(1)I = RoS ×Mc ×Hc

(2)I = Cr × RoS × τ

model to best fit observed scorch height (Van Wagner 
1973). This resulted in the equation:

, which neglects the influences of variations in can-
opy structure, subcanopy winds, and ambient air tem-
perature. Note, that the 0.385 has units of [m1/3/kW2/3] 
when following the International System of Units (SI) 
and the coefficient changes for different units. Van Wag-
ner (1973) further surmised that wind speed influences 
crown scorch by changing the trajectory of the buoyant 
plume and thus suggesting a link between buoyant plume 
dynamics and crown scorch.

The Van Wagner formulation that links fireline inten-
sity to crown scorch height through buoyant plume 
theory is confirmed by empirical observations of crown 
scorch in prescribed and wildfire conditions e.g. (Save-
land et al. 1990; Molina et al. 2022). Likewise, winds and 
fire weather that either drive intensity or effect buoyant 
plume dynamics are also noted to influence crown dam-
age (Thompson and Spies 2009). Buoyant plume dynam-
ics is a first-order process that determines the spatial 
patterns of heat transfer to the canopy that results in 
plant tissue damage. However, buoyant plume dynamics 
are influenced by canopy structure characteristics such 
as canopy base height and canopy gaps, which also have 
an observed influence on scorch height or percent scorch 
(Molina et al. 2022). This suggests that canopy structure, 
which is not accounted for in Van Wagner’s empirical 
model, likely influences scorch height or percent can-
opy scorched. A more complete representation of forest 
structure will allow for volume or percent canopy scorch 
predictions, which is a more useful estimate of forest 
mortality as volume better estimates the percentage of 
effected biomass (Peterson 1985; Vega et al. 2011).

Crown scorch has been observed to vary greatly by 
forest type and within single burns (Burrows et al. 1989; 

(3)Hts = 0.385 I
2
/3

y validamos este enfoque simulando los experimentos que se utilizaron para desarrollar el modelo de escaldadura de 
copas de Van Wagner de 1973.

Resultados  La predicción promedio de la altura de escaldadura de FIRETEC se compara bien con el modelo empírico 
derivado por Van Wagner, que es el modelo empírico más utilizado para la escaldadura de copas. Además, encontra-
mos que la dinámica de la pluma de flotación en 3D de una fuente de calor idealizada, constante y homogénea en el 
suelo, resulta en un patrón espacialmente heterogéneo de escaldadura de copas que refleja dinámicas de calentami-
ento complejas que se representan mejor por el porcentaje de escaldadura en lugar de la altura de escaldadura.

Conclusiones  La capacidad del modelo de dinámica de fluidos computacional para capturar la variación en la 
escaldadura de copas debido a la dinámica de la pluma de flotación en 3D proporciona vínculos directos entre 
la estructura del bosque, el comportamiento del fuego y los efectos del fuego, que pueden ser utilizados por los 
gestores forestales e investigadores para comprender mejor cómo los incendios resultan en daños en las copas bajo 
diversos escenarios ambientales y de manejo.
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Finney and Martin 1993; Thompson et  al.  2011). Van 
Wagner’s model uses fireline intensities representative 
of fire areas that are large compared to individual trees, 
thus the predicted crown scorch height is meant to be 
representative of tree stands and not individual trees. 
While the basis of Van Wagner’s model is buoyant plume 
theory, the development of the empirical model occurred 
at the stand scale and thus does not include spatially het-
erogeneous fire activity, local wind speeds, or variability 
in buoyant plume dynamics. In nature, the heterogenous 
surface fuels, canopy structure, and subcanopy winds 
contribute to observed variability of crown damage from 
fire within single burns. The inability of the Van Wagner 
model to account for local variability in the fire environ-
ment or fire activity, and thus scorch variability within a 
stand, not to mention within a single tree, limits the abil-
ity to predict variability of tree mortality or fire effects at 
stand scales.

Computational fluid dynamics (CFDs) models, such as 
the Wildland Urban Interface Fire Dynamics Simulator 
(WFDS: Mell et al. 2007, 2009; Bova et al., 2016), FIRES-
TARD3D (Frangieh et al. 2018; Morvan et al. 2018), FIRE-
TEC (Linn 1997; Linn et al. 2002), and a simplified CFD, 
QUIC-Fire (Linn et al. 2020), have been developed over 
the last 25 years to provide a new framework to simulate 
fire effects on vegetation structures by resolving buoyant 
plume dynamics as functions of the local fire environ-
ment and associated fire activity. These models simulate 
wind fields using Navier–Stokes equations and a mul-
tiphase formulation that accounts for the heterogenous 
effects of vegetation structure on localized aerodynamic 
drag and thus the dynamic three-way feedbacks between 
vegetation structure, the fire, and atmospheric conditions 
(Linn and Cunningham 2005), which compare well with 
fire behavior observations in field experiments (Linn et al. 
2012; Hoffman et  al. 2016; Ritter et  al. 2023). Although 
many of these models are too computationally expen-
sive for operational fire management use, they allow 
for a fully 3D description of the forest, enabling them 
to capture how forest structure influences fire behavior 
(Pimont et al. 2011; Parsons et al. 2017) and subsequent 
fire effects of crown consumption (Hoffman et al. 2012; 
Sieg et al. 2017; Ritter et al. 2020). The representation of 
the 3D forest structures, which impart heterogenous drag 
within the wind field and result in intermittent gusts and 
lulls (Pimont et al. 2009; Atchley et al. 2021), provides a 
methodology for studying where and how canopy struc-
tures heat or cool during fire, including within-tree varia-
tions of fire effects. By tracking heating and cooling of the 
vegetation structures, localized estimates of fire effects 
and associated 3D heterogeneous patterns can be made 
assuming biophysical responses to threshold tempera-
tures (O’Brien et al. 2018).

Here we demonstrate a CFD approach to estimating 
crown scorch height. We also compute volume and per-
cent of canopy impacted by scorch as additional metrics. 
We assess this approach against Van Wagner’s crown 
scorch height observations in jack pine plantation fire 
experiments by simulating a rectangular heat source 
of specific energy intensities moving through a homog-
enous plantation-like forest with similar characteristics 
as a jack pine plantation. We compare the CFD model 
estimated crown scorch heights from eight different sur-
face fire intensities to the Van Wagner data and empirical 
model results. We then illustrate that even with this ide-
alized, homogenous heat source in the CFD model that 
buoyant plume interactions within the atmosphere result 
in complex scorching patterns.

Methods
Crown scorch tracking and temperature threshold 
assessment
The FIRETEC CFD model is formulated based on con-
servation of energy, mass, and momentum to capture 
the dynamic interactions occurring between fire, fuels, 
and the atmosphere. A multi-phase flow variation of 
the Navier–Stokes equations is solved to capture the 
complex wind dynamics that are influenced by heterog-
enous drag introduced by 3D fuel structures and buoyant 
plume dynamics. Fuel structures in FIRETEC, which are 
synonymous with biomass of leaves, needles, and twigs, 
are represented in finite volume grid cell structures as a 
porous media describing fine fuel characteristics in terms 
of bulk or cell-averaged properties such as density, mois-
ture content, surface area per unit volume. With this for-
mulation, FIRETEC represents bulk momentum and heat 
exchange between gas and solid phases within the volume 
of each grid cell (Linn et al. 2005). Convective heat fluxes 
between the solid (fuels) and gas phases in the model are 
determined based on the temperature gradients between 
fuels and gases moving past each other. Therefore, the 
temperature of the fuels is a result of gradient heat fluxes 
from or toward that gas phase over time and given the 
transient nature of buoyant plume dynamics solid phase 
temperatures are rarely at equilibrium with the gas phase. 
Since FIRETEC simulates the transient and heteroge-
neous plume dynamics, which are compounded by the 
heterogeneous flow patterns resulting from wind interac-
tions with canopy structures, it also captures the spatial 
and temporal variability of buoyant plume dynamics and 
represents dynamic heating environments in 3D space.

To represent crown scorch in the CFD model, we com-
pare the temperatures of solid fuels in each computa-
tional cell to a user-defined scorch threshold temperature 
value (Fig. 1), which is the culmination of heat fluxes over 
time from the gas phase. Note that this value is based on 
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empirical data, but questions remain regarding the lag 
times of measurements and the thermally thin assump-
tion for the fine fuels in the model, which also has an 
equilibrium time scale associated with it. However, for 
the purposes of this paper, we assumed that the threshold 
value was 334 °K (61 °C), which is slightly more conserva-
tive compared to the generally accepted 333°K tempera-
ture above which plant tissue necrosis (i.e., crown scorch) 
occurs (Michaletz and Johnson 2006a, b). However, dif-
ferent critical threshold values could be used to capture 
species-specific responses for scorch (Varner et al. 2021) 
or the seasonal bud structures and physiological plant 
characteristics that moderate heat exchange between hot 
gasses and temperature-sensitive foliage (Michaletz and 
Johnson 2006a, b; Bison et al. 2022).

Estimating crown scorch effects to simulated trees
To map crown scorch effects to individual trees we uti-
lize a spatial tree accounting system that tracks the fuel 
loading and temperatures in cells associated with each 
tree. The meter-scale resolution of FIRETEC results in 
the use of multiple grid cells to represent a single tree, 
and in the case of overlapping canopy’s fuel elements, 
multiple trees can also contribute to the fuel loading in 
a single grid cell. In the cases where multiple trees over-
lap in a single cell, the masses are assumed to intermingle 
and are at the same temperature and the changes in mass 
within the grid cell are associated with individual trees 
in proportion to their initial mass contributions to the 
cell. Grid cells that experience or exceed a solid tempera-
ture greater than 334°K, and therefore experience crown 
scorch, are mapped onto each tree. This accounting sys-
tem tracks the percent crown scorch per individual and 
the spatial location of that scorch, including height.

Crown scorch approach assessment
To compare our CFD crown scorch approach to the Van 
Wagner data and the associated empirical model, we 
used an idealized uniform rectangular heat source on 
the surface (referred to here as hotplate) to capture fire 
intensities of 300, 400, 550, 775, 900, 1000, 1200, and 
1500 kW/m for a total of eight simulations. This hotplate 
application, described in detail below, provides a precise 
control of energy fluxes and therefore can be used to 
control a simulated fire intensity while strictly maintain-
ing a consistent surface rate of spread and fire depth to 
relate to crown scorch height, as modeled by Van Wag-
ner (1973). The combustion of fuels within FIRETEC was 
turned off while using the hotplate heat source approach 
to maintain specific simulated intensities.

Hotplate formulation
The hotplate specifies a specific fireline intensity (kW/m) 
within the designated area that can be compared directly 
to Van Wagner’s empirical data reported as Byram’s fire-
line intensity. Moving the hotplate along the direction of 
wind then mimics the RoS or τ, and assuming a constant 
HC, a flexible Mc is also assumed to maintain the reported 
fireline intensity through Eqs.  1 and 2. The effect here 
is to maintain similar conditions between intensities to 
provide the simplest relationship between fire inten-
sity and simulated crown scorch height. We limited the 
heat flux to the surface cells of the domain. The hotplate 
dimensions were 30 m in the crosswind and 4 m in the 
streamwise direction for an area of 0.012 ha for all sim-
ulations. The hotplate was initiated following the wind 
field spin-up starting 50  m downstream of the upwind 
side of the domain and centered in the middle of the 
domain in the lateral direction (Fig. 2). The hotplate was 

Fig. 1  Conceptualization of discretized domain representing fuel elements, fine fuels consumed by the combustion process, and resulting 
scorched fuel
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translated in the streamwise direction at a RoS of 0.2 m/s. 
The residence time of the heat source for each simulation 
was held constant at 20  s, which is within the range of 
reported residence time and rate of spread values (Van 
Wagner 1977; Alexander and Cruz 2011; Cruz and Alex-
ander 2010). With these quantities specified, the intensity 
becomes proportional to a mass loss rate or combustion 
rate. Each simulation lasted for 250  s during which the 
hotplate traveled a distance of 50 m.

Domain
We constructed a 200-m by 200-m domain with a 
2-m × 2-m horizontal grid resolution. The computational 
grid is stretched vertically with cells getting larger higher 
in the domain to resolve both fine-scale fire dynamics 
near the surface and within the canopy while extend-
ing the height of the domain sufficiently to avoid the top 
boundary conditions influencing the near plume and 
canopy simulated environment. The equation for this 
vertical stretching is:

where Cn is the cell number from the bottom of the 
domain, dz is the base vertical discretization set to 7, a 
is the stretching coefficient set at 0.1. Using these param-
eters, the vertical cell discretization is under a meter for 
the first 10 cells (to a height of 9 m) and under 2 m for the 
first 24 cells (to a height of 30 m). The domain is 80 cells 
total in the vertical and extends to 560 m in total reach-
ing a far field top boundary condition.

(4)CellHeight =

[

2.8699e−6
× (cn × dz)

3
]

+ [a(Cn × dz)]

To reconstruct the jack pine plantations used in the 
Van Wagner crown scorch experiments we used the full 
stocked Jack pine plantation with a 0.8  kg/m2 foliage 
weight and 1600 trees/ha. Trees spaced in plantation 
rows and columns 2.5 m apart with crown radii of 3 m, 
thus resulting in overlapping crowns, approximating 
5 kg of foliage per tree. Following the methods outlined 
in Linn et al. (2005), the maximum tree crown fine fuel 
density (including small branches in addition to foli-
age) was set to 0.446  kg/m3, based on the jack pine 
plantation description provided in Van Wagner (1977) 
and is within the subsequently reported ranges (Cruz 
et  al. 2005). Fuel moisture percent, defined as mass of 
water over dry biomass was set to 112.5%. Two forest 
canopy heights were tested depending on the heat flux 
intensity. A canopy height of 22 m with a canopy base 
height of 10 m was tested for the five simulations with 
intensities between 775 and 1500  kW/m, while a can-
opy height of 16 m and canopy base height of 4 m was 
tested for the three simulations with intensities below 
775 kW/m.

Windspeeds for the Van Wagner experiments were 
measured to be less than 1 m/s. The subcanopy wind-
speeds for our simulations are initiated to be under 
0.5 m/s and less than 1 m/s for all cells less than 15 m 
in height, which includes portions of the canopy. To 
achieve these windspeeds a 3-m/s windspeed at 25  m 
height with a 1/7th power law functions by height was 
applied as an upwind boundary condition. This resulted 
in a 10-m open reference wind speed of just over 3 m/s. 
Winds were spun up to produce low-speed turbulent 

Fig. 2  Plot a is a domain map with a moving hotplate in orange, and the area the hotplate moved across is in gray, note visualizations of the forest 
canopy are absent. Plot b shows the trees in the domain and the two different canopy heights tested
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conditions below the forest canopy before implement-
ing the moving hotplate conditions.

Crown scorch height measurement
The reported values from Van Wagner (1973) were 
plot-averaged crown scorch heights describing the local 
demarcation line in the canopy fuels where a clear dis-
tinction between dead foliage below and live foliage 
above was observed. To compare to Van Wagner’s crown 
scorch observations, we found the highest scorched cell 
for each tree, where solid temperatures exceeded the 
specified threshold, 334°K. We assumed the cell center 
of the cell to be the height of demarcation between dead 
foliage below and live foliage above. We then calculated 
the average crown scorch height of the trees within the 
affected area and the standard deviation of that crown 
scorch height. The primary reasoning for computing the 
standard deviation of the simulated crown scorch height 
was to provide a range that could be compared to the Van 
Wagner reported data. However, a secondary benefit for 
standard deviation is it illustrates the variability of crown 
scorch within a stand, even with an idealized uniform 
heat source.

Results
Van Wagner validation
Our numerical experiments compare well to Van Wag-
ner’s observations and we demonstrate the ability of a 
CFD model such as FIRETEC to reproduce observa-
tional data. For comparison, the root mean squared error 
of the Van Wagner data compared to the Van Wagner 
empirical model was 1.2 and the root mean squared error 
of the CFD model in comparison to the Van Wagner 
empirical model was 2.2. Plotting the simulated aver-
age crown scorch height against the fireline intensities 
(Fig.  3) shows that while the simulated average crown 
scorch was slightly but consistently below the empirical 
Van Wagner model, it was within the range or reported 
data used to build the empirical model. More impor-
tantly, the CFD approach followed the same I2/3 trend. 
We found that crown scorch was sensitive to small varia-
tions in canopy density and moisture content. Calibrating 
these two parameters to match experiments could yield 
an improved comparison to Van Wagner’s model. How-
ever, because the canopy density and moisture content 
reported by Van Wagner varied considerably between 
experimental plots, for example, fuel moisture varied 
between 95 and 135%, we chose not to aim for a precise 
comparison to the empirical equation. Nevertheless, the 
ability of the CFD approach to capture scorch height is 
demonstrated based on the agreement with the data pre-
sented from the Van Wagner experiments.

Using two different canopy heights in the simulation 
resulted in a step-like function of crown scorch height 
at between intensities of 550 and 775 kW/m. The effect 
of canopy structure, particularly canopy base height, was 
recently identified by Molina et al. (2022) and agrees with 
the simulated results presented here where the lower 
canopy height results in lower crown scorch height. Nev-
ertheless, the I2/3 trend was still followed by both cano-
pies, which suggests that while canopy characteristics 
may change the magnitude of scorch height, the trend 
between scorch height and I observed by Van Wagner 
holds at low windspeeds.

Discussion
An advantage to the CFD approach in simulating crown 
scorch is the explicit representation of the variation of 
height or percent crown scorch within a population of 
affected trees. The Van Wagner model only predicts the 
mean scorch height, thus ignoring within-site variations 
among trees. Yet the fire environment is heterogene-
ous and even in hyper-controlled conditions such as the 
hotplate-style simulations performed here, variability can 
be large due to buoyant plume dynamics interacting with 
forest structure-influenced wind fields. Such variation 
is likely important for predicting individual tree mortal-
ity and post-fire structure. Our simulations show that 
scorch height variability increases with taller canopies 
and increased fire intensities (Fig. 3) with a steady scorch 
height coefficient of variation ranging from 0.1 to 0.2 
within a stand of affected trees. At lower intensities, vari-
ation is low simply because only the lowest branches of 
the canopies were affected. At higher intensities, a larger 
range of scorch height is simulated because heterogenous 
plume dynamics have a larger area of canopy vegetation 

Fig. 3  Simulated average crown scorch plotted with the standard 
deviation of crown scorch as error bars, showing the variation 
of crown scorch for trees within the affected area. The black line 
shows scorch heights reported by Van Wagner’s empirical scorch 
model (1973) and the black points are the digitized data reported 
from the Van Wagner experiments
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to interact with. We should also note that the domain cell 
resolution decreases with height, which also contributes 
to the increasing coefficient of variation with height.

Percent scorch
Similar to the volume assessment to crown scorch (Peter-
son 1985; Vega et  al. 2011), the percent crown scorch 
per tree is an improved metric of evaluating the effects 
of crown scorch on outcomes like tree mortality because 
it more directly relates percent biomass affected, whereas 
assessing mortality from crown scorch height does not 
account for scorch patterns on specific canopy shapes. 
Plotting percent crown scorch versus intensity of the 

hotplate (Fig. 4) shows a greater sensitivity to I that is not 
captured in just evaluating crown scorch height (Fig. 3). 
Additionally, because the precent scorch automatically 
accounts for canopy height within the evaluation, we 
get a clearer picture of how canopy height affects per-
cent scorch for specific intensities (Fig.  4). Here we see 
that percent crown scorch is much more responsive to 
increasing I compared to crown scorch height, which 
suggests that increasing intensities may trigger mortal-
ity or increased crown damage that may not be detected 
if evaluating crown scorch on a relationship to on height 
alone.

In addition to capturing crown scorch variation among 
a population of affected trees, CFD models can also cap-
ture variations of crown scorch within the canopy of a 
single tree. Figure  5 illustrates that crown scorch may 
not evenly affect a tree, highlighting that scorch height 
does not always represent the percent scorch. For exam-
ple, if a larger buoyant plume structure occurs on one 
side of a tree, we might expect a higher or more com-
plete crown scorch on that side. Capturing this detail in 
fire effects and particularly crown scorch has implica-
tions in how a tree may respond to wildland fire, where 
the canopy can be shaped by the fire, or how new forest 
sunlight environments are formed in response to par-
tial canopy mortality. Similarly, we can also construct a 
heterogenous view of crown scorch on the population 
of trees within an affected area of crown scorch (Fig. 5). 
This illustrates areas where trees with higher scorch are 
grouped together, possibly reflecting areas with larger 
buoyant plume structures that at least momentarily 

Fig. 4  Average percent biomass of each tree in a simulation 
is plotted against intensity. Note two additional simulations at 750 
and 900 kW/m with the smaller canopy were added to demonstrate 
the effect of canopy base height on percent scorch

Fig. 5  Variable crown scorch on trees within the area affected by the hotplate. A single tree is viewed within the population of trees illustrating 
the uneven heating due to evolving plume dynamics
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engulf multiple trees, as well as adjacent cooler regions 
where crown scorch volume is not as high. Here, we do 
not investigate if these structures result in a predictable 
pattern, but instead demonstrate a method of resolving 
these structures using a CFD resulting in a complex map 
of canopy damage.

The detailed representation of crown scorch estimated 
from solid fuel temperature thresholds in an individual 
tree could help understand how phenological character-
istics and dose–response to crown heating dictate tree 
resiliency. The assumption of cell necrosis when plant 
tissue reaches 333 K, here conservatively assumed to be 
334 K, is a simplified representation of a complex plant 
response that is unique to species traits (West et  al. 
2016; Varner et  al. 2021; Bison et  al. 2022) and likely 
dependent on time of exposure in addition to tempera-
ture thresholds (Wahid et al. 2007; Subasinghe Achchige 
et al. 2021). Representing buoyant plume dynamics pro-
vides an opportunity to isolate temperature-dependent 
scorch processes by capturing specific and repeated heat 
pulses over time that either contribute to tissue tempera-
ture surpassing thresholds or a cumulative lethal dose. 
Moreover, the ability to capture buoyant plume interac-
tion with canopy structures can aid in delineating resil-
ient forest structures or species adaptations that regulate 
heat transfer to foliage and buds (Michaletz & Johnson 
2006b).

Buoyant plume dynamics
Buoyant plume activity is illustrated in Fig.  6 which 
shows an isosurface of 2 m/s vertical winds (w) is shown 
to have originated close to the surface and then pen-
etrated the lower and upper bounds of the canopy. The 
crosswind velocity (v) is used to color the w velocity iso-
surface, and the u velocity or streamwise ambient wind 
direction is illustrated by coloring the fuel density iso-
surfaces that indicate the upper and lower bound of the 
canopy and ground surface. This figure shows that even 
though the heat was being emitted from a uniform rec-
tangular source on the ground, the vertical w veloc-
ity illustrating the position of the heated plume was not 
homogenous. In this simulation, there were two domi-
nant columns with reduced upward motion in between 
them. This is important because it further suggests that 
a single crown scorch number is often not going to be 
representative of the actual fire effects on a stand. In this 
case, two updrafts of hot air formed along the outer edge 
of the hotplate from converging winds toward the center 
line mapped on the contoured updrafts in Fig. 6, plot a. 
These updraft structures then caused increased canopy 
heating reflected in the two parallel zones of increased 
crown scorch of affected trees (Fig.  6, plot b). This pat-
tern was consistent across all simulations and is similar 

to the shapes and patterns shown in Linn and Cunning-
ham (2005) for low wind cases. This pattern may change 
for different hotplate geometries and wind speeds. Simi-
larly, our simplified representation of a complex heat 
environment creates predictable buoyant plume charac-
teristics (Fig. 6). However, buoyant plume dynamics and 
subsequent crown scorch patterns observed in nature are 
likely to be much more heterogenous and variable due to 
naturally heterogenous fuel loads and combustion envi-
ronments. Nevertheless, the spatial patterns arising from 
complex plume dynamics are likely to add to the variabil-
ity in scorch height observed in nature.

Variability of crown scorch impacts the subsequent 
patterns of canopy bulk density, short- and long-term 
needle accumulation, wind and sunlight penetration, 
and thus future surface vegetation growth and subse-
quent fire potential. The 3D resolution of crown scorch 

Fig. 6  View of the 1200 kW/m hotplate simulation (hotplate moving 
towards the camera). Visible are the 2 m/s vertical “w” velocity wind 
structures. Horizontal “v” velocity wind speeds are mapped to the w 
velocity contour showing how winds from the side converge 
on the hotplate. Negative v velocity values (shades of blue) equate 
to wind flowing right to left and positive v velocity values (shades 
of red) equate to wind flowing left to right. U velocity surrounding 
the hotplate is mapped onto a contour of fuel density (horizontal 
layers of surface fuel, lower canopy, and top of canopy) showing 
how slight ambient winds push the hot air forward along the sides 
and back toward the hotplate in the center. Note the illustration 
is tilted to better view the 3D properties of the wind structures. Plot 
b shows a crown scorch map of the 1200 kW/m simulation with each 
tree crown scorch height. Note the two parallel zones of increased 
crown scorch height
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locations provided by a CFD model provides a more 
detailed description of the crown scorch patterns in 
canopies and allows for additional metrics such as cor-
relations between scorch height and height to crown. 
Results from CFD wildfire models can provide individual 
tree and stand level quantities including the average and 
variability in crown scorch height, percent crown volume 
scorch, percent biomass scorched, and various estimates 
of canopy consumption. The added richness of these spa-
tial data provides an opportunity to link fire behavior 
to various tree mortality models and allows the user to 
look beyond the immediate impacts and tree mortality 
towards stand-level recovery and resilience.

Conclusions
We demonstrated the ability to employ a spatially 
explicit CFD model, FIRETEC, to simulate crown scorch 
within a 3D forest canopy. In our simulations, the tem-
perature of fine canopy fuels was used to assess if foliage 
reaches a threshold temperature of 334 °K and there-
fore experiences crown scorch. To test this application, 
we numerically replicated the Van Wagner experiments 
by approximating the forest canopy characteristics and 
tree  density of jack pine plantations that were used to 
develop the empirical fire intensity to crown scorch 
height model. Using a hotplate formulation within the 
model domain, our simulations show remarkable agree-
ment with Van Wagner’s empirical model and data, 
thereby demonstrating the validity of using CFD models 
to simulate the fire effect of crown scorch within a 3D 
forest canopy.

In addition to demonstrating that FIRETEC can pro-
vide realistic crown scorch height predictions that agree 
with observations, this effort highlighted that this type 
of model captures spatial heterogeneity in crown scorch 
patterns even for a homogenized heat source. This heter-
ogeneity is a result of the explicit representation of buoy-
ant plume dynamics in space and time and the interaction 
of the fire and winds with the three-dimensional vegeta-
tion structure. To illustrate the heterogeneity, we also can 
examine the simulated crown scorch variation on both a 
population of trees and on individual trees that will occur 
in the highly dynamic fire environment. This enables the 
ability to assess variation in injuries and provide a more 
detailed assessment of the impacts of crown scorch on 
tree function or mortality. Here we showed that by repre-
senting the 3D crown scorch and accounting for uneven 
canopy scorch, estimates of individual tree mortality can 
be made based on percent crown scorch rather than just 
potential crown scorch height. Our comparison to Van 
Wagner’s original work demonstrates that relying on sim-
ple fire intensity to crown scorch height estimates results 
in uniform predictions of fire effects, whereas simulating 

buoyant plume dynamics better reflects the true hetero-
geneity in fire behavior and effects.
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